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The first section of this summary for policy-makers
presents in brief the prime concerns surrounding
today’s energy systems, while the second proposes
the criteria that need to be met to turn energy sys-
tems towards sustainability. The third section, build-
ing upon an exemplary scenario, sets out a possible
path for transforming the global energy system
within the 21st century; this will require a substantial
redirection of energy policies over the coming
decades. On that basis, the fourth section proposes a
roadmap with concrete goals and policy options for
action by which to implement this global transforma-
tion.

1
Why it is essential to transform energy systems
worldwide

The German Advisory Council on Global Change
(WBGU) illustrates in the present report that it is
essential to turn energy systems towards sustainabil-
ity worldwide – both in order to protect the natural
life-support systems on which humanity depends, and
to eradicate energy poverty in developing countries.
Nothing less than a fundamental transformation of
energy systems will be needed to return development
trajectories to sustainable corridors.A further impor-
tant aspect is that such a global reconfiguration of
energy systems would promote peace by reducing
dependency upon regionally concentrated oil
reserves.

1.1
The use of fossil energy sources jeopardizes
natural life-support systems

Today, 80 per cent of worldwide energy use is based
on fossil energy sources, and this share is rising. Burn-
ing these fuels releases emissions to the environment,
where they cause climatic changes, air pollution and
human disease. The effects of emissions can be local
(in the case of grit, benzene or soot), regional

(aerosols, short-lived gases) or global (persistent
greenhouse gases). Global climate protection is the
supreme challenge presenting an urgent need to
transform energy systems.

Emissions of persistent greenhouse gases – above
all carbon dioxide, but also methane and nitrous
oxide – contributed substantially over the past 100
years to a 0.6ºC increase in the mean ground-level air
temperature. For the next 100 years, the Intergovern-
mental Panel on Climate Change (IPCC) forecasts a
rise in mean temperature ranging between 1.4 and
5.8ºC, depending upon humanity’s behaviour and
without taking climate protection measures into con-
sideration.The Council considers a mean global tem-
perature change of more than 2ºC compared to pre-
industrial levels to be intolerable. The predicted shift
in climatic regions, in combination with more fre-
quent weather extremes such as floods and drought,
has the potential to impair severely, for millions of
people, the natural basis of human existence. Devel-
oping countries are particularly threatened. Damage
to sensitive ecosystems is already evident today. The
risk of irreversible ecosystem damage grows in line
with the level and rate of warming.

Besides carbon dioxide, the burning of fossil fuels
generates benzene and soot emissions with numer-
ous damaging effects on health and ecosystems. It
also generates nitrogen oxides, hydrocarbons and
carbon monoxide, which promote the formation of
ground-level ozone and reduce the self-purifying
capacity of the atmosphere. Nitrogen and sulphur
oxides, as well as ammonia, are converted chemically
in the atmosphere and enter soils through acid depo-
sition. Present energy systems damage the natural
environment in many and diverse ways, jeopardize
human health and exert massive influences upon bio-
geochemical cycles.
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1.2
Two thousand million people lack access to
modern forms of energy

Improving access to advanced energy in developing
countries is a fundamental contribution to poverty
reduction and key to attaining the United Nations
Millennium Development Goals. For some 2.4 thou-
sand million people, notably in rural parts of Asia
and Africa, energy supply depends largely or entirely
upon biomass use (firewood, charcoal or dung) for
cooking and heating. On average, 35 per cent of
energy consumed in developing countries derives
from biomass; in parts of Africa this share reaches 90
per cent. According to the World Health Organiza-
tion, emissions from the burning of biomass and coal

indoors cause the death of 1.6 million people every
year. This is substantially more than the one million
deaths caused by malaria. A transformation of
energy systems towards sustainability is therefore
essential in order to overcome development prob-
lems.

2
A corridor for sustainable energy policy: Guard
rails for a global transformation

Sustainable transformation paths are bounded by so
called ‘guard rails’. The Council defines these guard
rails as those levels of damage which can only be
crossed at intolerable cost, so that even short-term
utility gains cannot compensate for such damage

Box 1

Guard rails for sustainable energy policy

Ecological guard rails

Climate protection 
A rate of temperature change exceeding 0.2°C per decade
and a mean global temperature rise of more than 2°C com-
pared to pre-industrial levels are intolerable parameters of
global climate change.

Sustainable land use
10–20 per cent of the global land surface should be reserved
for nature conservation. Not more than 3 per cent should
be used for bioenergy crops or terrestrial CO2 sequestra-
tion. As a fundamental matter of principle, natural ecosys-
tems should not be converted to bioenergy cultivation.
Where conflicts arise between different types of land use,
food security must have priority.

Protection of rivers and their catchment areas 
In the same vein as terrestrial areas, about 10–20 per cent of
riverine ecosystems, including their catchment areas,
should be reserved for nature conservation.This is one rea-
son why hydroelectricity – after necessary framework con-
ditions have been met (investment in research, institutions,
capacity building, etc.) – can only be expanded to a limited
extent.

Protection of marine ecosystems
It is the view of the Council that the use of the oceans to
sequester carbon is not tolerable, because the ecological
damage can be major and knowledge about biological con-
sequences is too fragmentary.

Prevention of atmospheric air pollution
Critical levels of air pollution are not tolerable. As a pre-
liminary quantitative guard rail, it could be determined that
pollution levels should nowhere be higher than they are
today in the European Union, even though the situation
there is not yet satisfactory for all types of pollutants. A
final guard rail would need to be defined and implemented
by national environmental standards and multilateral envi-
ronmental agreements.

Socio-economic guard rails

Access to advanced energy for all
It is essential to ensure that everyone has access to
advanced energy. This involves ensuring access to elec-
tricity, and substituting health-endangering biomass use by
advanced fuels.

Meeting the individual minimum requirement for
advanced energy
The Council considers the following final energy quantities
to be the minimum requirement for elementary individual
needs: By the year 2020 at the latest, everyone should have
at least 500kWh final energy per person and year and by
2050 at least 700kWh. By 2100 the level should reach
1,000kWh.

Limiting the proportion of income expended for
energy
Poor households should not need to spend more than one
tenth of their income to meet elementary individual energy
requirements.

Minimum macroeconomic development
To meet the macroeconomic minimum per-capita energy
requirement (for energy services utilized indirectly) all
countries should be able to deploy a per-capita gross
domestic product of at least about US$3,000, in 1999 values.

Keeping risks within a normal range
A sustainable energy system needs to build upon technolo-
gies whose operation remains within the ‘normal range’ of
environmental risk. Nuclear energy fails to meet this
requirement, particularly because of its intolerable acci-
dent risks and unresolved waste management, but also
because of the risks of proliferation and terrorism.

Preventing disease caused by energy use
Indoor air pollution resulting from the burning of biomass
and air pollution in towns and cities resulting from the use
of fossil energy sources causes severe health damage world-
wide.The overall health impact caused by this should, in all
WHO regions, not exceed 0.5 per cent of the total health
impact in each region (measured in DALYs, disability
adjusted life years).
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(Box 1). For instance, if, in the interests of short-term
economic gains, the energy sector is transformed too
late, global warming will be driven to the point at
which the costs of inaction would be much higher
over the long term due to the economic and social
upheaval that is then to be expected. Guard rails are
not goals: They are not desirable values or states, but
minimum requirements that need to be met if the
principle of sustainability is to be adhered to.

3
Turning energy systems towards sustainability is
feasible: A test run for system transformation

The sustainability of scenarios for energy futures can
be tested against the guard rails set out in the previ-
ous section. In principle, many developments are
conceivable that would turn today’s worldwide
energy systems towards sustainability. Insofar, the
scenario created in this report should be viewed as
one example (Fig. 1). Building upon scenarios for the
stabilization of CO2 concentrations in the atmos-
phere at a maximum of 450ppm, this report shows
that the global transformation of energy systems
over the next 100 years is in principle technologically
and economically feasible.

The exemplary path charted by the Council
embraces four key components:
1. Major reduction in the use of fossil energy

sources;
2. Phase-out of the use of nuclear energy;
3. Substantial development and expansion of new

renewable energy sources, notably solar;
4. Improvement of energy productivity far beyond

historical rates.
Analysis of this path yields the following key find-
ings:
• Worldwide cooperation and approximation of liv-

ing conditions facilitate rapid technology develop-
ment and dissemination. High economic growth
can then, in conjunction with a strong increase in
energy productivity, lead to sustainable energy
supply.

• It will only be possible to meet minimum climate
protection requirements if binding CO2 reduction
requirements are in place.

• Energy policy activities need to be supported by
further measures to reduce greenhouse gas emis-
sions from other sectors (for instance nitrous
oxide and methane from agriculture) and to pre-
serve natural carbon stocks.
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• While the exemplary path developed here is based
upon a stabilization of atmospheric CO2 concen-
trations at 450ppm, due to uncertainties attaching
to climate system behaviour this can by no means
be taken as a safe stabilization level. The Council
recommends retaining options by which to
achieve lower stabilization concentrations.

• Even if climate protection goals are met, a fossil-
nuclear path entails substantially larger risks, as
well as much higher environmental impacts.
Moreover, it is significantly more expensive over
the medium to long term than a path relying upon
promoting renewables and improving energy effi-
ciency, mainly due to the costs of CO2 sequestra-
tion.

• Due to the long time lags, the next 10–20 years are
the decisive window of opportunity for transform-
ing energy systems. If this transformation is initi-
ated later, disproportionately high costs must be
expected.

• The transformation will only succeed if the trans-
fer of capital and technology from industrialized
to developing countries is intensified. To this end,
industrialized countries will need to strengthen
technology development significantly in the fields
of energy efficiency and renewable energy
sources, for instance by raising and redirecting
research and development expenditure, imple-
menting market penetration strategies, providing
price incentives and developing appropriate infra-
structure.This can reduce the initially high costs of
the new technologies and can accelerate attain-
ment of market maturity, thus in turn facilitating
transfer to developing countries.

• Over the short and medium term, it is essential to
swiftly tap those renewable energy sources which
are already technologically manageable and rela-
tively cost-effective today. These are in particular
wind and biomass. Over the long term, the rising
primary energy requirement can only be met
through vigorous utilization of solar energy – this
holds by far the largest sustainable potential. To
tap this potential in time, installed capacity will
need to grow ten-fold every decade – now and
over the long term.

• The utilization of fossil energy sources will con-
tinue to be necessary over the next decades.Wher-
ever possible, this needs to be done in such a fash-
ion that the efficiency potential is tapped and both
the infrastructure and generating technology can
be converted readily to renewable sources. In par-
ticular, the efficient use of gas, for instance in com-
bined heat and power generation and in fuel cells,
can perform an important bridging function on the
path towards a hydrogen economy.

• A certain volume of carbon sequestration in
appropriate geological formations (e.g. depleted
oil and gas caverns) will be necessary as a transi-
tional technology during this century in order to
remain within the climate guard rails. For ecologi-
cal reasons, the Council rejects use of the oceans
for carbon sequestration.

4
Milestones on the WBGU transformation roadmap:
Targets, time tables and policies

4.1
Protecting natural life-support systems

To keep global warming within tolerable limits,
global carbon dioxide emissions need to be reduced
by at least 30 per cent from 1990 levels by the year
2050 (overview: Fig. 2). For industrialized countries,
this means a reduction by some 80 per cent, while the
emissions of developing and newly industrializing
countries are allowed to rise by at most 30 per cent.
Without a fundamental transformation of energy sys-
tems, emissions must be expected to double or even
quadruple in developing and newly industrializing
countries over that period. This is why in these coun-
tries, too, a rapid redirection of energy production
and utilization is essential.The focus of such activities
needs to be placed on promoting renewables and
enhancing efficiency. In view of the considerable
uncertainties, e.g. regarding the behaviour of the cli-
mate system, these emissions reduction goals are
minimum requirements.

4.1.1
Improving energy productivity

In order to minimize resource consumption, global
energy productivity (the ratio of gross domestic
product to energy input) needs to be improved by 1.4
per cent every year initially, and then by at least 1.6
per cent as soon as possible. At that rate, energy pro-
ductivity would treble by 2050 from 1990 levels.
Moreover, minimum efficiencies of more than 60 per
cent should be aimed at by 2050 for large fossil-
fuelled power plants. To this end, the Council recom-
mends
• establishing international standards prescribing

minimum efficiencies for fossil-fuelled power
plants in a stepwise process from 2005 onwards,
based on the corresponding European Union
(EU) directive.
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Figure 2
Overview of the transformation roadmap proposed by the German Advisory Council on Global Change (WBGU).
CDM=Clean Development Mechanism, CHP=combined heat and power, GDP=gross domestic product, GEF=Global
Environment Facility, IPSE=Intergovernmental Panel on Sustainable Energy, ODA=Official Development Assistance,
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• generating, by 2012, 20 per cent of electricity in the
EU through combined heat and power (CHP)
production. There is a particular need to harness
the potential offered by distributed production.To
promote this, the German federal government
should argue within the EU for the swift setting of
binding national CHP quotas.

• initiating ecological financial reforms as a key tool
for creating incentives for more efficiency. This
includes measures to internalize external costs
(e.g. CO2 taxation, emissions trading) and the
removal of subsidies for fossil and nuclear energy.

• improving the information provided to end users
in order to promote energy efficiency, e.g. by
means of mandatory labelling for all energy-inten-
sive goods, buildings and services. In the case of
goods traded internationally, cross-national har-
monization of efficiency standards and labels is
recommendable.

• exploiting the major efficiency potentials in the
use of energy for heating and cooling through
instruments of regulatory law targeting the pri-
mary energy requirement of buildings.

4.1.2
Expanding renewables substantially

The proportion of renewable energies in the global
energy mix should be raised from its current level of
12.7 per cent to 20 per cent by 2020, with the long-
term goal of more than 50 per cent by 2050. Ecologi-
cal financial reforms will make fossil and nuclear
sources more expensive and will thus reduce their
share in the global energy mix. Consequently, the
proportion of renewables will rise. As this rise will
remain well below the envisaged increase to 20 per
cent and, respectively, 50 per cent, the Council rec-
ommends that renewables be expanded actively. In
particular, it recommends
• that countries agree upon national renewable

energy quotas. In order to minimize costs within
such a scheme, a worldwide system of internation-
ally tradable renewable energy credits should be
aimed at by 2030. Its flexibility notwithstanding,
such a system should commit each country to meet
a substantial part of its quota through domestic
generation.

• continuing and broadening market penetration
strategies (e.g. subsidy schemes over limited peri-
ods, guaranteed feed-in tariffs, renewable energy
quota schemes). Until significant market volume
has been achieved, guaranteed feed-in tariffs
under which payments decline over time are
amongst the particularly expedient options. When
a sufficiently large market volume of individual

energy sources has been reached, assistance
should be transformed into a system of tradable
renewable energy credits or green energy certifi-
cates.

• upgrading energy systems to permit the large-
scale deployment of fluctuating renewable
sources. This includes in particular enhancing grid
control, implementing appropriate control strate-
gies for distributed generators, upgrading grids to
permit strong penetration by distributed genera-
tors as well as expanding grids to form a global
link. This should be followed later by the estab-
lishment of an infrastructure for hydrogen storage
and distribution, using natural gas as a bridging
technology.

• providing vigorous support to disseminate and
further develop the technologies involved in solar
and energy-efficient construction.

• building and strengthening human-resource and
institutional capacities in developing countries
and intensifying technology transfer in order to
improve the framework conditions for the estab-
lishment of sustainable energy systems.

• setting within export credit systems, from 2005
onwards, progressive minimum requirements for
the permissible carbon intensity of energy produc-
tion projects.

4.1.3
Phasing out nuclear power

No new nuclear power plants should be given plan-
ning permission. The use of nuclear power should be
terminated worldwide by 2050.To this end, the Coun-
cil recommends
• seeking to launch international negotiations on

the phase-out of nuclear power.This process could
begin with an amendment to the statutes of the
International Atomic Energy Agency (IAEA).

• establishing by 2005 new, stricter IAEA safety
standards for all sites at which nuclear material is
stored, as well as expanded monitoring and action-
taking competencies of the IAEA in the field of
safeguards relating to terrorism and proliferation.

4.2
Eradicating energy poverty and seeking minimum
levels of supply worldwide

Access to advanced energy is a vital element for
poverty reduction and development. The Council
therefore recommends adopting as an international
target that access to advanced energy is safeguarded
for the entire world population from 2020, and that,
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from that time onwards, all individuals have access to
at least 500kWh per person and year to meet ele-
mentary final energy requirements (Fig. 2). In this
endeavour, care needs to be taken that socio-eco-
nomic disparities are reduced in connection with all
measures seeking to transform energy systems. The
proportion of household income spent on energy
should not exceed 10 per cent. Access to advanced
energy is also a key contribution to achieving the
United Nations Millennium Development Goals.

4.2.1
Focussing international cooperation on
sustainable development

Implementing new World Bank policy in
assistance delivery practice
The Council takes the view that the World Bank,
which supports countries in expanding their energy
systems, should also promote sustainable energy in
order to facilitate the leapfrogging of unsustainable
development stages. In efforts to promote the trans-
formation of energy systems, the World Bank has not
yet moved sufficiently from the conceptual to the
operational level. An urgent need thus remains to
redirect its assistance delivery procedures, which
until now have predominantly financed fossil fuels
according to the least-cost principle.The Council rec-
ommends that
• the new assistance delivery approach of the World

Bank is implemented in practice, starting immedi-
ately. The German federal government should use
its membership on the Board of Governors of the
World Bank to work towards this.

Integrating sustainable energy supply
within poverty reduction strategies
In late 1999, the International Monetary Fund (IMF)
and the World Bank began focussing their policies
vis-à-vis Least Developed Countries primarily on
poverty reduction. Poverty Reduction Strategy
Papers (PRSPs) serve to steer the medium-term
development of countries and provide a basis for
eliciting international support. The Council recom-
mends
• integrating sustainable energy supply within

PRSP processes in order to raise the profile of
energy-related issues in development coopera-
tion.

Strengthening the role of regional
development banks
The role of regional development banks should be
strengthened. These have good regional connections

and more intimate knowledge of local problems than
global institutions do. The Council recommends that
• Germany, in connection with its involvement in

these banks and within the EU context, works
towards the promotion of energy supply in devel-
oping countries through the regional development
funds;

• the EU makes targeted use of the European
Development Fund to promote renewables in the
ACP (African, Caribbean, Pacific) states.

4.2.2
Strengthening the capabilities of developing
countries

Promoting economic and social development
in low-income countries
To turn energy systems towards sustainability, a min-
imum degree of economic development is a precon-
dition. Many countries fall far short of the per-capita
income required for this. The Council therefore rec-
ommends not only intensifying development cooper-
ation in the field of basic services and sustainable
energy supply, but also intensifying cooperation with
low-income countries in particular, in both quantita-
tive and qualitative terms. Furthermore, within the
context of the WTO ‘Development Round’,
improved access for goods from all low-income coun-
tries to the markets of industrialized and newly
industrializing countries should be urged.

Launching new debt relief initiatives
In general, heavily indebted developing countries
have little scope to cope with price fluctuations on
world energy markets. Their ability to finance
improvements to the efficiency of their energy sup-
ply systems and to advance the deployment of renew-
able energy technologies is similarly limited. To
embark on transformation, wide-ranging debt relief
is needed. The Council recommends that
• the German federal government argues for new

debt relief initiatives within the G7/G8 context.

4.2.3
Combining regulatory and private-sector elements

It is essential to take measures on both the supply
and demand side in order to improve access to
advanced low-emission energy forms and to renew-
able energy sources, and to improve the energy effi-
ciency in developing, newly industrializing and tran-
sition countries.
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Supply side: Combining liberalization and
privatization with regulatory interventions
On the supply side, privatization and liberalization
need to be combined with regulatory interventions
undertaken by the state. The mix of these three
spheres will need to vary depending upon the specific
circumstances of a region. Liberalization and privati-
zation require an attractive environment for private-
sector investors and the tapping of international
sources of capital. Stronger state intervention
requires the setting of standards, and also an expan-
sion of public-private partnerships, possibly sup-
ported by bilateral and multilateral development
cooperation activities.

Demand side: Increasing the purchasing
power of the poor
On the demand side, the aim must be to increase pur-
chasing power in relation to energy, particularly of
the poor. This can be done by target-group specific
subsidies, or by expanding micro-finance systems. To
also increase the willingness to use energy more sus-
tainably, measures taken on the demand side need to
give consideration to culture-specific and gender-
specific framework conditions.

4.3
Mobilizing financial resources for the global
transformation of energy systems

To finance the global transformation of energy sys-
tems towards sustainability, there is an urgent need to
mobilize additional financial resources, as well as to
create new transfer mechanisms or strengthen exist-
ing ones in order to support economically weaker
countries in this transformation process.The Council
welcomes the programme on ‘Sustainable energy for
development’ geared to establishing strategic part-
nerships which the German government announced
at the World Summit on Sustainable Development.
Over the next five years, a total of €1,000 million will
be budgeted for this programme.

Mobilizing private-sector capital
To mobilize private-sector capital for the global
transformation of energy systems, the Council rec-
ommends
• facilitating access to developing country markets

for small and medium-sized suppliers of renew-
able energy technologies within the context of
public-private partnerships;

• establishing by 2010 a German and, if possible, EU
standard for the Clean Development Mechanism.
This standard should permit exclusively, with
exceptions to be substantiated in each case, pro-

jects that promote renewables (excluding large
hydroelectric dams due to currently unresolved
sustainability problems), improve the energy effi-
ciency of existing facilities or engage in demand-
side management.

Boosting development cooperation funding
At 0.27 per cent of gross domestic product (GDP) in
2001, German official development assistance
(ODA) funding is far from the internationally agreed
target of 0.7 per cent. However, Germany has com-
mitted itself to increasing ODA funding to a level of
0.33 per cent of GDP by 2006. Even an increase to
some 1 per cent of GDP would be commensurate to
the severity of the problems prevailing. The Council
recommends
• as a matter of urgency, raising ODA funding

beyond the level of 0.33 per cent announced for
2006, and proposes allocating, as a first step, at
least 0.5 per cent of GDP by 2010.

Harnessing innovative financing tools
To implement the global transformation of energy
systems, it will be essential to tap new sources of
finance. Specially, the potential of raising charges for
the use of global commons deserves examination.
The Council recommends 
• raising from 2008 onwards an emissions-based

user charge on international aviation, provided
that this sector is not yet subject by then to inter-
national emissions reduction commitments.

Strengthening the Global Environment
Facility as an international financing
institution
The Global Environment Facility (GEF), operated
jointly by UNDP, UNEP and the World Bank, should
be used as a catalyst for global environmental pro-
tection measures. The Council recommends 
• concentrating by 2005 the financial assistance pro-

vided for efficiency technologies and renewable
resources in a newly created GEF ‘window for sus-
tainable energy systems’. In order to be able to
give greater consideration to development policy
aspects in the deployment of funds, a simplifica-
tion of the incremental costs approach should be
considered. With a view to the high levels of fund-
ing required to promote the global transformation
of energy systems, GEF resources need to be
expanded considerably.
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4.4
Using model projects for strategic leverage, and
engaging in energy partnerships

Sending out signals through model projects
The Council argues in favour of using model projects
for the introduction of new renewables on a large
scale to deliver strategic leverage for a global trans-
formation of energy systems towards sustainability.
Such model projects could have global knock-on
effects. They would showcase how technology leaps
can be implemented in energy projects. The Council
recommends initiating the following model projects:
• A strategic energy partnership between the Euro-

pean Union and North Africa, integrating into
European power supply the potential of solar
energy use in a manner profitable for both sides;

• Developing the infrastructure needed to substi-
tute traditional biomass use by biogenic bottled
gas;

• Energy-efficient buildings in the low-cost sector,
piloted by South African townships;

• Improving the power quality in weak electric grids
in rural African regions;

• ‘1 million huts electrification programme’ for
developing countries, generating the necessary
internal dynamics for off-grid rural electrification.

Forming strategic partnerships to turn
energy systems towards sustainability
Existing or emergent policy initiatives promoting a
global transformation of energy systems towards sus-
tainability provide a framework for action. The
Council recommends that, in addition to the World
Conference for Renewable Energy due to take place
in 2004, the following policy processes in particular
are used as catalysts to promote this transformation:
• The international initiatives adopted at the World

Summit on Sustainable Development
– Energy Initiative for Poverty Eradication and

Sustainable Development,
– Global Village Energy Partnership,
– Global Network on Energy for Sustainable

Development.
• The economic partnership agreement currently

being negotiated between the EU and the ACP
states.

4.5
Advancing research and development

Turning energy systems towards sustainability is a
major technological and social challenge on a scale
comparable to that of a new industrial revolution.
For it to succeed, a major research and development

effort is necessary. This concerns renewable energy
sources, infrastructure, end-use efficiency technolo-
gies as well as the provision of knowledge on the con-
servation and expansion of natural carbon stocks and
sinks. The social sciences also need to contribute, by
analysing the individual and institutional barriers to
this transformation process and developing strate-
gies to overcome these barriers.

However, for many years now expenditure for
research and development in the energy sector has
been declining. At present, across the OECD only
some 0.5 per cent of turnover in the energy sector is
devoted to research and development activities, and
the percentage is dropping. Only if there is sustained,
high investment in research and development can
there be a prospect of renewable-energy technolo-
gies and efficiency-enhancing measures coming into
widespread use over the medium and long term at
low cost. The Council recommends
• increasing at least ten-fold, above all through re-

allocation of resources from other areas, by 2020
the direct state expenditure in industrialized coun-
tries for research and development in the energy
sector from its current level of about US$1,300
million annually (average across the OECD for
the 1990–1995 period). The focus needs to be
shifted rapidly away from fossil and nuclear
energy towards renewables and efficiency.

• establishing within the UN system a World Energy
Research Coordination Programme (WERCP) to
draw together the various strands of national-level
energy research activities, in analogy to the World
Climate Research Programme.

4.6
Drawing together and strengthening global
energy policy institutions

Establishing coordinating bodies and
negotiating a World Energy Charter
To promote a global transformation of energy sys-
tems towards sustainability, it is essential to coordi-
nate activities at global level and consequently to
draw together international institutions and actors.
The Council recommends strengthening and expand-
ing the institutional architecture of global energy
policy in a stepwise process, building upon existing
organizations:
• As a first step, a World Energy Charter should be

negotiated at the planned World Conference for
Renewable Energy to be held in Germany in 2004.
This should contain the key elements of sustain-
able, global energy policy and provide a joint basis
for action at global level.
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• Moreover, this conference should decide upon –
or better still establish – a Global Ministerial
Forum for Sustainable Energy responsible for
coordinating and determining the strategic direc-
tion of the relevant actors and programmes.

• In parallel, a Multilateral Energy Subsidies Agree-
ment (MESA) should be negotiated by 2008. This
agreement could provide for the stepwise removal
of subsidies for fossil and nuclear energy, and
could establish rules for subsidizing renewable
energy and energy efficiency technologies.

• At least the OECD states should commit them-
selves to national renewable energy quotas of at
least 20 per cent by 2015. It would be important in
this context to agree to negotiate the globalization
and flexibilization of this system, such negotia-
tions leading by 2030 at the latest to a worldwide
system of tradable renewable energy credits.

• In support of these activities, a group of like-
minded, advanced states should adopt a pioneer-
ing role on the path towards sustainable energy
policies. The European Union would be a suitable
candidate for such a leadership role.

• Building upon the steps above, the institutional
foundations of sustainable energy policy could be
further strengthened by concentrating competen-
cies at global level.To this end, the role of the Min-
isterial Forum could be further expanded.

• Using the experience gained until that date, by
about 2010 the establishment of an International
Sustainable Energy Agency (ISEA) should be
examined.

Enhancing policy advice at the
international level
It is important that the political implementation of a
global transformation of energy systems towards sus-
tainability receives continuous support through inde-
pendent scientific input, as is currently the case in cli-
mate protection policy. To this end, the Council rec-
ommends
• establishing an Intergovernmental Panel on Sus-

tainable Energy (IPSE) charged with analysing
and evaluating global energy trends and identify-
ing options for action.

5 Conclusion: Political action is needed now

To protect natural life-support systems and eradicate
energy poverty alike, there is an urgent need to trans-
form energy systems.This transformation will be fea-
sible without severe adverse effects upon societal
and economic systems if policy-makers grasp the
opportunity to shape this process over the next two
decades.The intended effects can only be expected to

emerge after a certain time lag. This lag makes swift
action all the more important. The costs of inaction
would be much higher over the long term than the
costs of initiating this transformation. Every delay
will make it more difficult to change course.

The direction of transformation is clear: The
energy efficiency must be increased, and massive
support for renewables must be provided. It will be
particularly important in this endeavour to reduce
dependency on fossil fuels.The long-term objective is
to break the ground for a solar age.

In the view of the Council, the transformation is
feasible. It is also financeable if, in addition to inten-
sified use of existing mechanisms (e.g. GEF, ODA,
World Bank and regional development bank loans)
and enhanced incentives for private-sector investors
(e.g. through public-private partnerships), innovative
financing avenues (such as user charges for global
commons) are pursued.The present report highlights
the key opportunities for steering energy systems
towards sustainability, guided by a transformation
roadmap.

For the worldwide transformation of energy sys-
tems to succeed, it will need to be shaped in a step-
wise and dynamic manner, for no one can predict
today with sufficient certainty the technological, eco-
nomic and social developments over the next 50–100
years. Long-term energy policy is thus a searching
process. It is the task of policy-makers to rise to this
challenge. The World Conference for Renewable
Energy announced by the German chancellor at the
Johannesburg World Summit on Sustainable Devel-
opment offers an excellent opportunity to take
action.



1

Worldwide, energy demand is rising swiftly. This has
been the case above all in the industrialized and tran-
sition countries since the onset of industrialization,
despite massive efficiency improvements achieved in
some fields. Since the end of the Second World War,
the energy hunger of the developing and newly
industrializing countries has also been on the rise. In
the Least Developed Countries, however, energy
poverty prevails. Some 2.4 thousand million people
need access to modern forms of energy to catch up
with the economic development of the industrialized
countries. Energy is a precondition to economic
growth, and thus world consumption is set to rise
sharply in the 21st century. Present structures of
energy use pose severe environmental risks and raise
major barriers to development in many countries.
Moreover, these global structures are a source of
security risks. Steering energy systems towards sus-
tainability is thus a key task of global environment
and development policy in the 21st century.

Problems associated with present patterns
of energy use
Although mineral oil resources extractable at low
cost are expected to be exhausted during the 21st cen-
tury, rising energy demand is not primarily a problem
of limited resources, as was commonly feared in the
1970s.The problems associated with present patterns
of energy use stem rather from the emission of gases
and particles to the atmosphere. This is because
energy use is based largely upon fossil fuels. Human-
induced global climate change is the most severe con-
sequence, joined by a host of further environmental
and health problems: The extraction, processing and
use of fossil fuels destroys landscapes, generates acid
rain and eutrophicates marginal seas. It also causes
respiratory diseases attributable to both ambient air
pollution in conurbations and indoor air pollution.
Use of wood or charcoal as fuel leads to deforesta-
tion of entire landscapes in many developing coun-
tries. Not least, many inter-state conflicts result from
a desire to control resources, including oil.

Conflicting goals in global energy policy
The task of supplying the world’s population with
energy thus harbours a goal conflict: On the one
hand, the right of developing countries to develop
must be observed while, on the other hand, global cli-
mate change must be held within acceptable bounds.
It needs to be kept in mind that the global distribu-
tion of energy use is highly uneven. Just one-fifth of
the world’s population uses some three-quarters of
the world’s energy supply. This is the great challenge
in moving energy systems onto a sustainable path,
and the starting point of the present report. The fol-
lowing guiding questions arise:
• What bearing does global warming have upon

global energy policy?
• Which energy sources need to be harnessed more

vigorously in the future?
• What are the present and prospective technologi-

cal options?
• How can energy systems in industrialized and

transition countries be transformed in an environ-
mentally benign fashion?

• How can it be ensured that all people have access
to a basic supply of modern energy forms?

• How can energy supply be ensured and expanded
in developing countries in a manner that is both
cost-effective and environmentally sound?

• How can forms of energy use harmful to human
health be overcome?

• How should a global energy policy be shaped –
structurally, institutionally and financially?

• Which challenges does the scientific community
face?

• Which concrete policies need to be adopted over
the next two decades?

In this report, the German Advisory Council on
Global Change (WBGU) has taken up these guiding
questions, has sought answers and has identified
ways to overcome goal conflicts.The time horizon for
political action extends over the next 50 years. Some
scenarios, such as on the long-term structure of the
global energy system, probe the future even further,
to the year 2100. It follows that the catalogue of
instruments developed by the Council must not be

Introduction 
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considered static. The measures recommended here
are rather intended as a basic pattern of transforma-
tion, in the full knowledge that a search process
extending over such a long period cannot be pre-
dicted. Nonetheless, search processes, too, need to be
initiated and shaped.

This report’s innovative contribution
Opinion papers and reports on sustainable energy
policy abound. Only recently, in mid-2002, the Study
Commission of the German Bundestag on ‘Sustain-
able Energy Supplies in View of Globalization and
Liberalization’ presented its final report.The present
report – which concentrates explicitly on the global
level – breaks new ground in four respects:
1. The two overarching objectives of protecting the

world’s climate and overcoming energy poverty
are given equal standing, and avenues are sought
by which to resolve goal conflicts. The discussion
presented here of ways to move global energy sys-
tems onto a sustainable path does justice to the
right of developing countries to catch up with the
industrialized world.

2. To signpost this transformation path, the Council
defines, in this report, the attributes required by
such a path if it is to be sustainable, using a ‘guard
rail’ approach. Guard rails define maximum limits
of damage; if these limits are crossed today or in
the future, this would entail intolerable conse-
quences. Guard rails are not goals, but minimum
requirements that must be met if the principle of
sustainability is to be adhered to.This is the Coun-
cil’s understanding of sustainability: The guard
rails mark out the boundaries of the scope for sus-
tainable action.

3. Building on the guard rail approach, the report
sets out a corridor for sustainable energy policy
and draws up a roadmap for a global transition of
energy systems to sustainability by the year 2050.
The Council understands such a transformation as
a search process, for no one is able to predict
future developments with sufficient accuracy.
Nonetheless, with its concrete time schedules and
substantive goals, the transformation roadmap
proposes key elements of policy redirection at
both the national and international levels.

4. The report’s recommendations tie in with ongoing
policy processes, highlighting concrete interven-
tions and alternatives. These recommendations
are summarized for policy-makers.

The transformation of energy systems is a Herculean
task, comparable to a new industrial revolution. The
report shows why this is so and what needs to be
done.
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2.1
Introduction

Energy is an essential precondition for human devel-
opment. From the first time wood was used for light
and heat thousands of years ago to the latest energy
technologies, greater quality and efficiency in energy
use has been an aim of and driving force behind inno-
vation and progress. Three major transitions in the
development of energy systems led to greater quality
in the types of energy: the use of coal-fired steam
engines allowed for new, more efficient production
processes and simultaneously reduced dependence
on ever scarcer ‘traditional’ fuels (wood, manure).
The second transition, from coal to oil, increased
mobility as the combustion engine was developed.
Finally, the use of electricity (light, computers) led
humankind into the age of information.

These developments, especially industrialization
and urbanization, have brought about great struc-
tural changes in the economy and in society. Fluid
fuels and grid-based types of energy, which are
cleaner and can be used more flexibly, also increased
the quality of energy use. However, the amount of
energy used grew several fold along with the techno-
logical innovations and the concomitant structural

changes in society and the economy. At the same
time, energy systems moved from dependency on tra-
ditional fuels to dependency on fossil energy sources.
In the 1960s, oil surpassed coal as the most important
fossil energy carrier, a position coal had held for
around half a century (Fig. 2.1-1). The transport sec-
tor, in particular, is almost completely dependent on
oil as an energy source.

2.2
The global setting

2.2.1
Rising energy and carbon productivity – trends up
to 2020

Today, 80 per cent of the energy we use worldwide
comes from fossil sources (Table 2.2-1). For the next
few decades, the fossil resources currently available
will suffice to meet demand. However, it is probable
that energy prices will rise during this period as the
extraction of fossil resources becomes more compli-
cated, and hence more expensive. Traditional bio-
mass continues to play a dominant role in many
developing nations, especially in rural areas (UNDP
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Figure 2.1-1
Share of various energy
sources in world primary
energy consumption. In 100
years, drastic changes in the
energy mix are possible, as
the example of coal
illustrates.
Source: Nakicenovic et al.,
1998
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et al., 2000). But globally, it only makes up around 10
per cent of all energy generated. The fastest growing
shares are of natural gas and ‘new’ renewable energy
sources such as wind, photovoltaics, and solar ther-
mal, though they only make up around 2 per cent of
energy generation worldwide. The International
Energy Agency (IEA) expects new renewables to
grow by 3.3 per cent annually and natural gas by 2.4
per cent up to 2030. The growing share of gas, which
is mostly due to the development of inexpensive
combined-cycle (gas and steam) turbines, is eating
away at the share of coal and nuclear energy. Never-
theless, coal is still the most commonly used energy
source for the generation of electricity. Nuclear
energy has been stagnant or falling somewhat; the
IEA expects its share to drop to around 5 per cent by
2030. The use of nuclear energy is only growing in a
few (mostly Asian) countries (IEA, 2002c).

Population growth and economic and technologi-
cal development are the main factors that determine
the world’s energy needs. Per capita energy con-
sumption increases – with considerable variance –
when incomes increase, as a comparison of numerous
countries reveals (Fig. 2.2-1).And yet, it also becomes
clear that the same level of energy consumption can
bring about quite different levels of material pros-
perity: Japan’s per capita energy use is roughly the
same as South Korea’s, but Japan’s per capita income
is seven times greater. In the last two centuries, the
global gross national product increased by 3 per cent
annually, while global energy demand only rose by 2
per cent per year (IPCC, 1996). Hence, economic
energy productivity has increased by 1 per cent annu-
ally. This is not only due to technological progress
(greater efficiency), but also to changing patterns in
energy services (such as shifts between sectors) and
the replacement of fuels with more modern types of

energy (such as gas replacing wood for cooking). In
addition, changing consumption patterns and life-
styles can affect energy productivity (Nakicenovic et
al., 1998; Section 2.2.3).

Pollution usually goes hand in hand with the
increasing use of energy, though not proportionally:
global emissions of carbon dioxide are not keeping
pace with the increase in energy consumption. The
use of less carbon-intensive fossil energy carriers,
such as natural gas, as well as the use of nuclear
energy or renewable energy carriers instead of car-
bon-intensive fossil energy carriers like coal are
changing the mix of energy carriers and leading to
decarbonization. Per unit energy consumed, carbon
dioxide emissions are falling globally by 0.3 per cent
each year.

2.2.2
Energy use by sector

Today, the world’s main energy consumer is industry
with some two-fifths of the world’s primary energy
consumption. Private households and commercial
buildings consume somewhat less, while the trans-
port sector consumes around a fifth (Table 2.2-2;
IPCC, 2000b). In Asia, the share of industry is greater
(59 per cent), while industry only takes up around
one-third in the OECD countries, where transport
makes up one-fourth, compared to only 15 per cent in
Asia. The agricultural sector only uses some 3 per
cent of commercial energy globally. Between 1970
and 1990 annual global growth rates were greatest in
the buildings sector (heating, cooling, lighting, etc.) at
2.9 per cent, followed by the transport sector at 2.8
per cent (IPCC, 2000b). In the first half of the 1990s,
the use of primary energy worldwide only grew by 0.7

Energy source Primary 
energy 

[EJ]

Share

[%]

Static 
range of
reserves
[Years]

Static
range of
resources
[Years]

Dynamic
range of
resources
[Years]

Oil 142 35.3 45 ~200 95
Natural gas 85 21.1 69 ~400 230
Coal 93 23.1 452 ~1,500 1,000

Sum of fossil
energy sources 320 79.6

Hydropower 9 2.2 renewable
Traditional

biomass 38 9.5 renewable
New renewables 9 2.2 renewable

Sum of 
renewables 56 13.9

Nuclear power 26 6.5 50 >>300

Total sum 402 100.0

Table 2.2-1
World consumption of
primary energy in 1998 by
energy source with an
indication of range. The
static range is the number of
years the known
reserves/resources will last
at current rates of annual
production. In other words,
it describes how long a
resource will be available if
consumption remains at
current levels. In contrast,
the dynamic range is based
on the expected annual
increase in production.
Source: UNDP et al., 2000
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per cent, but the growth of consumption in the trans-
port sector was greater at 1.7 per cent, especially in
the developing world (Table 2.2-2).

In industry, energy is mainly used to manufacture
a few energy-intensive goods such as steel, paper,
cement, aluminium, and chemicals. The demand for
these goods is growing in quickly developing coun-
tries – for instance, due to the expansion of infra-
structure – while demand for these goods, except
paper, is falling or stable in industrialized countries.

Some of the manufacturing plants for these goods
have moved to newly industrializing countries
(NICs).

The important factors in energy consumption in
buildings include population density, urbanization,
the number of housing units, per capita floor area, the
number of people per household, age distribution,
income per household, and the floor space used com-
mercially. In general, the greater the degree of urban-
ization, the more energy is consumed per household
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Figure 2.2-1
The relation between mean income (GDP per capita) and energy consumption (per capita demand in kWh) in 1997 for various
country groups. The primary energy consumption of a country is shown – i.e. its industry and transport are also included –
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[%] [%/a] [%] [%/a] [%] [%/a] [%] [%/a] [%] [%/a]

Industry 33 0.9 51 -7.3 59 5.9 36 3.5 41 0.2 
Households/buildings 40 1.9 32 -6.8 22 4.8 33 3.8 34 0.8 
Transport 25 1.6 14 -6.0 15 7.6 26 4.2 22 1.7
Agriculture 2 1.6 3 -10.6 5 5.6 4 12.6 3 0.8 

Total 100 1.6 100 -7.1 100 5.9 100 4.1 100 0.7

Table 2.2-2
Share of sectors in primary energy consumption according to various country groups, and growth rates between 1990 and 1995.
Households and commercial buildings are taken together.
Source: IPCC, 2000b
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– mainly due to the greater income in cities (Naki-
cenovic et al., 1998). In industrialized countries, space
heating and air-conditioning takes up a large part of
energy consumption in buildings. Per capita energy
consumption in buildings is not only increasing in
industrialized countries, but also in NICs. In develop-
ing countries, cooking and heating are the largest fac-
tors.

The volume of traffic and the technologies used
determine the amount of energy consumed in the
transport sector. In the past few decades, passenger
traffic in private cars and aircraft as well as freight
transport on roads have increased greatly. The com-
paratively small share of transport by railway contin-
ues to fall, while transport by road (73 per cent) and
air (12 per cent) dominate energy consumption in the
transport sector (Fig. 2.2-2).

The use of energy for transport depends on eco-
nomic activities, infrastructure, residential patterns,
and the prices for fuels and vehicles (IPCC, 2000b).
The greater the population density, the lower the
energy use for transport (Newman and Kenworthy,
1990). In industrialized countries, including Ger-
many, new cars are becoming more energy-efficient
(IPCC, 2001c). However, in passenger transport, the
transport services delivered relative to the energy
used have decreased in most European countries and
Japan since 1970: the growing number and lower
capacity utilization (fewer passengers) of cars out-
weigh the lower fuel consumption of the vehicle
fleets, and the trend towards larger cars and more
powerful motors has worsened the situation even
further (IPCC, 2000b). Global emissions from the
transport sector can also be expected to increase as
traffic increases in the developing countries.

2.2.3
Lifestyles and energy consumption

In modern consumer societies, lifestyles have often
replaced old class distinctions. Today, differences in
income and value-orientations are the major factors
that determine a person’s lifestyle. Lifestyles in
industrialized countries have become greatly differ-
entiated. People use their lifestyle to express a per-
sonal and group-specific identity: they say who they
are or who they want to be. Individuals may choose
their lifestyle, but the lifestyles to choose from come
about within social structures and trends in the
course of social interaction: people compare them-
selves with others, look for role models, or set them-
selves apart from others. Unsustainable consumption
thus cannot be reduced to individual consumer char-
acteristics as laziness or egoism, but rather has to be
seen and assessed in a societal context.

Mobility is a part of self-fulfilment for many peo-
ple. Ecological criteria are often felt to be obstacles
towards this goal. Lifestyles and consumption poten-
tial also affect social prestige. Ecological behaviour –
such as the use of public transport or taking vacations
in one’s own country instead of going abroad – still
often has a negative image. Differences in lifestyles
manifest themselves in patterns of energy use and
CO2 emissions. Often, there is a connection with the
available income of a household: emissions increase
along with income.

At the same time, a number of other factors influ-
ence energy consumption:
• Individual characteristics (such as value-orienta-

tions, environmental awareness, age, gender, pro-
fession, education, origin, religion);

• The social environment (e.g. culture, social values,
role models);
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• Structures and institutions (infrastructure, resi-
dential environment, income, media, market
transparency, access to information and consult-
ing).

Greater prosperity and an increase in energy con-
sumption have long gone hand in hand in western
industrialized countries and were seen as interdepen-
dent prerequisites in the first 25 years after the Sec-
ond World War. Under the pressure of the oil crises,
however, the equation ‘more prosperity = greater
energy consumption’ began to be called into ques-
tion. In the meantime, the thesis that economic devel-
opment and a high standard of living can be partially
decoupled from an increase in energy consumption
has been empirically proven for many OECD coun-
tries. A comparison of energy consumption in coun-
tries with a similar economic state of development
also reveals that there are various ways to attain the
same level of prosperity (Reusswig et al., 2002). The
great variance of income in countries with the same
level of energy consumption illustrates this fact
clearly (Fig. 2.2-1).

2.3
Energy in industrialized countries

2.3.1
Energy supply structures

Within industrialized countries, a distinction can be
made between two groups in terms of energy and
carbon productivity: the US, Canada and Australia
on the one hand, and the OECD countries of western
Europe (mostly the member states of the EU) and
Japan on the other. The OECD countries in North
America have the highest per capita consumption of
primary energy in the world, more than twice as
much as the western European OECD countries: the
energy productivity of the US and Canada, which
depend heavily on the use of fossil energy, is 42 per
cent lower than that of the OECD countries of west-
ern Europe and 100 per cent below that of Japan.The
western European industrialized countries and Japan
consume energy much more efficiently and are grad-
ually lowering their carbon intensities.

Energy sources and energy needs
Domestic reserves of conventional energy sources
largely determine the structure of primary energy
consumption in industrialized countries. In the US,
oil made up 39 per cent of the primary energy in
1997, followed by gas at 24 per cent and coal at 23 per
cent. Nuclear energy made up 8 per cent, renewable

energy sources 4 per cent, and hydropower 2 per
cent. Primary energy consumption rose steadily dur-
ing the 1990s. By 2020 an annual increase of 0.9 per
cent is forecast, compared to a 1.3 per cent increase
between 1971 and 1997 (IEA, 2001b). According to
this forecast, of all fossil energy carriers natural gas
will grow the fastest at 1.3 per cent annually. The
share of mineral oil will increase from 39 per cent to
41 per cent due to greater demand in the transport
sector. Overall, the renewable sources of energy
(excluding hydropower) will grow the fastest at 1.6
per cent annually, but given the low levels at which
they are starting, their share in overall primary
energy consumption will not increase considerably
under the expected conditions.

In the OECD countries of western Europe, the
consumption of primary energy will probably grow
similar to the trend in the US at around 1 per cent
annually, which is only slightly lower than the 1.2 per
cent average annual increase between 1971 and 1997.
But the structure of primary energy carriers will
change considerably, especially in comparison with
North America. According to the estimates of the
IEA, the shares of coal and nuclear power will con-
tinue to drop (from 20 per cent to 14 per cent and 14
per cent to 9 per cent, respectively). In contrast, nat-
ural gas will grow by 3 per cent annually, increasing
its share of primary energy consumption from 20 per
cent to 31 per cent. Though the consumption of
renewable energy will also continue to increase, its
share will only rise from 4 to 5 per cent (IEA, 2001b).

Trends in energy demand by sector
In the US, the increase in transport of 1.6 per cent
annually by 2020 will determine energy demand most
of all. The growth in traffic will far outpace increases
in the efficiency of fuel consumption. In contrast, the
energy demand of the industrial sector will only
increase moderately at 0.5 per cent annually. Contin-
uing structural change – the GDP share of the service
sector, which is less energy-intensive, will continue to
increase – will mean that industry’s share in overall
energy demand will decrease (Fig. 2.3-1).

In the EU, the transport sector presently con-
sumes more than 32 per cent of final energy (over 80
per cent of which is in road transport) (EEA, 2001),
thus making it an important factor in the increase of
primary energy consumption in western Europe. In
contrast, energy demand in the industrial sector has
remained constant over the past 30 years in the
OECD countries of western Europe.

Dependency on imports
In industrialized countries, the security of energy
supply is a key policy objective.The National Energy
Policy Development Group in the United States esti-
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mates that over the next 20 years the consumption of
mineral oil will increase by 33 per cent, natural gas by
50 per cent, and electricity by 45 per cent (National
Energy Policy Development Group, 2001). Hence,
the gap between domestic production and demand
will widen further. At current levels of consumption,
US coal reserves will last another 250 years, given
that 24 per cent of the coal consumed in the US is
imported.The share of imports for other fossil energy
sources will rise more steeply; by 2020, the US will
probably have to cover some 70 per cent of its min-
eral oil consumption with imports. This trend will
have important geopolitical consequences (Section
2.6.2).

The EU’s dependency on imports is greater still.
In the next 20–30 years, imports will increase from 50
per cent to 70 per cent of overall consumption, thus
almost reaching the level of dependency of Japan,
which currently imports 80 per cent of its energy.The
EU’s imports could reach 90 per cent for mineral oil,
70 per cent for natural gas, and even 100 per cent for
coal. In light of its increasing dependency on imports,
the EU elaborated a strategy in its Green Paper to
ensure the security of energy supply.The core recom-
mendations in the Green Paper include greater pro-
motion of renewable energy by means of financial
and tax incentives and resolute policies to influence
energy demand (EU Commission, 2000a).

Subsidy and research policy in the energy
sector
Subsidies are a key tool in energy policy. They are
used to lower extraction and production costs,
increase profits for producers, or lower prices for
consumers. To ensure the security of energy supply,
subsidies aim to guarantee a certain share of domes-

tic production and the greatest possible variety of
energy carriers (IEA, 1999). While Germany mostly
subsidized nuclear energy in the 1960s and 1970s,
most of its energy subsidies now go to hard coal
(UBA, 1997). Germany’s coal subsidies are by far the
greatest in all of Europe (Fig. 2.3-2). In addition to
direct subsidies, fossil energy carriers also benefit
from forms of indirect tax relief, such as the tax
exemption for aviation kerosene and the distinction
made between diesel and petrol.

In the US, too, subsidies especially promote fossil
energy: 50 per cent of the energy subsidies in the US
– a total of US$6,200 million – go to fossil energy, 18
per cent to renewables, and 10 per cent to nuclear
power generation (EIA, 2000).

State expenditures for research and development
represent a special kind of subsidy. Though they do
not directly affect the current extraction and supply
of energy or energy prices, they do influence the
future development of energy markets and are thus
crucial for the transformation of energy systems. A
small number of countries dominate state research
and development expenditures; all of them are indus-
trialized countries. In 1995, only 10 of the 26 member
states of the IEA accounted for 98 per cent of all of
the research expenditures in the energy sector (IEA,
1997). In the last two decades, research budgets in the
energy sector have been drastically cut in almost all
industrialized countries with the exception of Japan
(Fig. 2.3-3). The cuts in the R&D budgets affected all
energy sources. Between 1980 and 1995, global
expenditures for fossil energy dropped by 58 per
cent, by 56 per cent for renewables, and by 40 per cent
for nuclear (Margolis and Kammen, 1999). Public
R&D expenditures, averaged across all industrial-
ized countries, focus on promoting fossil and nuclear
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energy (55 per cent). Renewables and energy effi-
ciency make up 40 per cent (UNDP et al., 2000).

Parallel to the drop in public research and devel-
opment expenditures, the private research expendi-
tures in industrialized countries have also fallen,
especially in the US, Italy, Spain and Great Britain
(Erdmann, 2001). But the different definitions and
methods make it hard to compare industrialized
countries. However, it can be stated that the energy
sector is one of the industries with the lowest
research and development expenditures in terms of
worldwide revenue. For example, in 1995 the US
energy sector only invested 0.5 per cent of its revenue
in research and development. In comparison, the
pharmaceuticals industry and the telecommunica-
tions industry each spent more than 10 per cent of
their revenue on research (Margolis and Kammen,
1999).

2.3.2
Principles and objectives of energy policy

The energy policies of the industrialized countries
pursue three objectives: energy supply security, low
prices resp. cost-effectiveness, and low environmen-
tal impact.The most important objective is to provide
and maintain the security of supply. This objective is
often the reason given for the considerable state
intervention on the markets for grid-based energy
(electricity, gas) in the form of monopolies protected
and regulated by the government. Domestic energy
reserves – usually fossil fuels – have been extracted
to ensure a large degree of energy independence,
especially during crises – hence the heterogeneous

mix of primary energy sources in the industrialized
countries. The objective of becoming independent of
energy imports became especially important after
the oil crises in the 1970s.

Many countries aim to attain the second goal of
energy policy – providing energy at the lowest possi-
ble price – by, among other things, establishing secu-
rity reserves.The primary energy reserves (especially
oil and coal) not only serve to ensure supply, but are
also used to stabilize world market prices. For grid-
based energy supply, state investment and price reg-
ulations were used for a long time to prevent uneco-
nomic investments and protect consumers from
excessive (monopoly) prices of utility companies.
However, in many instances this policy did not pro-
duce the desired economic efficiency. After the com-
paratively positive experience with liberalization in
the US and Great Britain, the EU and other industri-
alized countries also launched the liberalization of
their electricity and gas markets in the 1990s to attain
greater economic efficiency and lower prices through
competition (Section 2.3.3).

Environmental protection is the third objective of
the energy policies of the industrialized countries. In
the 1970s and 1980s, the finiteness of fossil primary
energy resources and the adoption of local clean air
policies were the main issues in this field. In the
meantime, climate change has become the focal
theme in many countries. However, national govern-
ments vary greatly in the importance they attach to
this objective. Furthermore, the EU and the US dif-
fer on the status that expanding renewable energy
should have.

Figure 2.3-2
Comparison of state
subsidies for hard coal
mining in four EU member
states in 1994 and 2001.
Source: EU Commission,
2001a
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2.3.3
Liberalization of markets for grid-based energy
supply

Starting point
For the grid-based supply of electricity and gas, there
have long been exceptional areas that were not sub-
ject to competition, i.e. where the state directly han-
dled the supply of electricity or regulated it compre-
hensively. The economic justification for this is that
the value chain of the generation of electricity is grid-
based for long-distance transport and regional distri-
bution to consumers. As provisioning is cheaper via
one line than via multiple lines, these grids constitute
what is called a ‘natural’ monopoly.

Debate on the regulatory setting governing the
supply of electricity and gas began at the end of the
1970s with the liberalization measures in the US and
Great Britain. The reasons given for the structural
reforms launched for greater competition in the
energy sector are primarily the goal of lower prices
and the decentralization of the energy sector (dis-
tributed power). Deregulation and/or changes in the
regulations (‘re-regulation’) are two ways of reach-
ing these goals. To some extent, environmental pro-
tection interests are also given as further reasons.

The majority of the industrialized countries are
deregulating (especially regional monopolies, price

controls, and investment controls) to ensure the
greatest level of competition possible on the electric-
ity markets. The monopolies are to be reduced to a
minimum of grid-based types of energy by breaking
up energy provision, transit transport, local distribu-
tion, and the sale of electricity into separate sectors.
In the areas where the market cannot provide any
competition, there is to be competition for the mar-
ket: tenders for temporary licenses.

Liberalization of electricity and gas
markets in the EU
The EU’s liberalization efforts are based on the Sin-
gle Market Directives for electricity and gas adopted
in 1997 and 1998. They are to be implemented on the
electricity market first. Liberalization is to take place
in increments to facilitate adaptation for the power
companies.According to the Single Market Directive
and the resolutions of EU government heads, starting
in 2004 industrial customers will be able to choose
their power company, followed by private consumers
in mid-2007. The efforts to liberalize the electricity
markets have advanced so far in some member states
of the EU – such as Great Britain, Sweden, Finland
and Germany – that all customers can already choose
their power company. Often, the power companies
are vertically integrated firms, i.e. they serve all of the
links in the value chain from primary to final energy.
The Single Market Directive for electricity requires
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this vertical integration to be broken up: the sectors
of provisioning, grid-bound transport, and sales have
to be separated, at least in terms of accounting. The
transit grids have to be separate organizations within
the company. All energy generators have to have
access to the grids.

The gas markets in the EU are also undergoing a
liberalization process, but one that is less advanced
than the electricity markets. The Single Market
Directive for natural gas obliges EU states to open
their gas markets in increments. First, 20 per cent of
the total annual gas consumption of a member state
has to be open to competition by 2000, then 28 per
cent by 2003, and finally 33 per cent by 2008. Great
Britain and Germany have already completely
opened their gas markets on paper, but competition
is very slow in coming, especially in Germany (IEA,
2001a).

Liberalization of grid-based energy supply
in the USA
The United States pioneered the liberalization of the
energy sector among industrialized countries with its
National Energy Act of 1978. However, the imple-
mentation of this basic law was left up to the energy
authorities of the various states, resulting in a hetero-
geneous mix of institutional designs and primary
energy sources used. California was considered a
forerunner of future energy policy due to the liberal-
ization of its markets for grid-based energy supply
and the use of renewable energy sources. But Cali-
fornia’s energy crisis has led to a much more differ-
entiated assessment of the state’s deregulation strat-
egy.The goal of ensuring power supply moved clearly
back into the spotlight once the liberalized electricity
markets began to present a risk of blackouts (both
controlled, i.e. ‘rolling’, and uncontrolled) on the east
coast of the US. The old tenet of previous US admin-
istrations that energy shortages are regional, tempo-
rary phenomena has been abandoned. Under the
direction of the US Vice-President, a task force has
developed proposals for a future national energy pol-
icy. The ‘National Energy Policy Report’ (National
Energy Policy Development Group, 2001) focuses on
expanding domestic oil and gas production and min-
ing coal to reduce the country’s dependency on
energy imports. In addition, nuclear power is to be
expanded as a non-polluting alternative to coal, oil
and gas.

2.3.4
Renewable energies in industrialized countries

European Union
In accordance with an EU Directive of September
2001 (EU Commission, 2001b), the share of renew-
able energy in the EU’s gross domestic consumption
is to reach 12 per cent by 2010, with the share of
renewables in total electricity produced rising to 22.1
per cent. The mix of renewable energy sources in the
EU differs from one member state to another.
Hydropower is used most often, covering an espe-
cially large part of the electricity generation in Aus-
tria and Sweden due to the local geographic condi-
tions there. In Germany, a melange of policy tools
(the rates for power fed into the grid, market pene-
tration programmes, voluntary measures, etc.) have
been promoting the ‘new’ sources of renewable
energy since the early 1990s. As a result, the share of
renewable energy has increased quickly in the past 10
years, both in terms of the primary energy consump-
tion and power consumption (Fig. 2.3-4). Similar
developments – especially for wind power – are
found in many other EU countries.

USA
In the US, the current share of renewable energy
sources (including hydropower) in electricity is also
relatively slight at 6–7 per cent (IEA, 2002b). Today,
new renewable energy sources like biomass, geother-
mal power, wind power, and solar energy only make
up 2 per cent of electricity generation, a figure
expected to rise to 2.8 per cent by 2020 (National
Energy Policy Development Group, 2001). Accord-
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ing to the National Energy Policy Group, the main
reason for the comparatively low consumption of
renewable energy in relation to its technical potential
is the high cost compared to conventional resources.
Hence, greater efforts to promote renewables are
proposed.They include budget increases for research
and development in renewable energy and expanded
tax rebates for power generated from renewables
(wind, biomass). The US promotes renewables much
less than western Europe, usually limiting its work to
research and development programmes. Although
the US is the third largest user of wind power after
Germany and Denmark, few states in the US can
match the growth trends for the consumption of wind
power in Germany, for instance. Hence, renewable
energy’s share of primary energy is expected to grow
more slowly in the US than in the EU in the next few
years (IEA, 2001b).

2.4
Energy in developing and newly industrializing
countries

2.4.1
Energy supply structures

Developing countries
Access to modern energy is an essential part of the
fight against poverty and a prerequisite for reaching
the Millennium Development Goals (DFID, 2002).
Energy fosters income, education, social involve-
ment, and health, particularly freeing women of such

time-consuming activities as collecting firewood and
fetching water.

Today, 1,640 million people – some 27 per cent of
the world’s population – have no access to electricity.
99 per cent of these people live in developing coun-
tries, 80 per cent of them in rural areas (IEA, 2002c;
Fig. 2.4-1). This energy poverty goes hand in hand
with a low index of human development (Fig. 2.4-2).
China is an important exception here: 90 per cent of
the population has access to electricity. Per capita
income will grow the fastest in developing countries
over the next few decades. In a business-as-usual sce-
nario, more than 60 per cent of the growth in demand
for primary energy will come from developing coun-
tries between 2000 and 2030 (IEA, 2002c).

Another problem specific to developing countries
is drawing the attention of the world’s population:
the considerable health risks, especially to women
and children, resulting from the use of wood and
manure for cooking and heating (Box 2.4-1). The
WHO estimates that 1.6 million people die each year
from indoor air pollution – more than twice as many
as from the effects of air pollution in cities and almost
twice as many as die from malaria annually (WHO,
2002b). The development of income and technology
will not solve this problem alone. The IEA (2002c)
estimates that the number of people who use tradi-
tional biomass for cooking and heating will increase
from 2,400 million at present to 2,600 million by 2030.

The developing countries are not pursuing any
unified energy policy. Nevertheless, some patterns
can be identified:
• The demand for commercial energy is growing

faster than the GDP, except in the poorest devel-
oping countries. A 10 per cent increase in GDP is
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Figure 2.4-1
Regional distribution of
people without access to
electricity and those
dependent on biomass for
their energy supply. The
different colours indicate
regions and countries, which
relate to the cited data.
Source: IEA, 2002c
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accompanied by a 12 per cent increase in demand
for commercial energy (Leach, 1986). Above all,
population growth is responsible for the above-
average growth of the commercial energy sector
(OTA, 1991): 90 per cent of the global population
growth currently stems from developing countries.
At GDP growth rates of 2–3 per cent per year, the
growth rates in the consumption of commercial
energy would be greater than the GDP even if the
energy mix remained unchanged.

• Many developing countries are setting up infra-
structures, for instance for transport. In the
process, a lot of materials whose manufacture
requires a great amount of energy – such as steel
and concrete – are consumed, which will lead to
great increases in the use of commercial energy in
the mid-term.

• Rising rates of urbanization are leading to an
increase in the share of commercial energy. Bio-
mass is mostly used in rural areas. Nevertheless,
many of the poor in urban slums will continue to
be dependent on biomass and coal for heating and
cooking.

• Modern methods of production are making elec-
tric appliances such as refrigerators, televisions,
radios and computers more affordable for con-
sumers. This will, in turn, increase demand both
among the consumers connected to the grid and
the businesses that manufacture these goods,
some of which are located in developing countries.

• The energy sector in developing countries suffers
from inefficiency and poor controls. In 1992, state
energy subsidies in developing countries
amounted to a total of US$50,000 million, more
than the official development assistance (ODA)

for these countries (DFID, 2002). What is worse:
these subsidies often do not reach the proper tar-
get groups or promote sustainable technologies.
For instance, in Ethiopia 86 per cent of the subsi-
dies for petroleum do not go to the poor (Kebede
and Kedir, 2001).

Newly industrializing countries
Newly industrializing countries are closing the gap to
industrialized countries and will be able to move
beyond the characteristics of developing countries
through their own dynamics in the foreseeable
future. Structurally, they have adapted the modern-
ization patterns of the industrialized countries and
are imitating their models of economic growth and
development. According to the World Bank, these
countries include: the ‘Tiger States’ of South Korea
and Taiwan; OPEC countries such as Saudi Arabia
and Iran; South American countries rich in resources
such as Brazil and Argentina; South Africa; and a few
small (and rich) tourism island states such as the
Bahamas and Mauritius.

The newly industrializing countries lie between
the industrialized and the developing countries both
in terms of per capita GDP and per capita energy
consumption. But there are considerable differences
within the newly industrializing countries: While
Uruguay consumes some 12,000kWh per capita,
South Korea consumes some 50,000kWh per capita.
Newly industrializing countries generally place great
store on economic development, with less attention
paid to environmental or social problems. Environ-
mentally friendly energy sources thus play a subordi-
nate role in these countries. For example, during a
prosperous period of investment in South Korea in
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1995 the share of hydro, wind and solar only made up
0.3 per cent of the primary energy supply, while
imported oil accounted for more than 60 per cent
(Brauch, 1998).

The energy policies of most newly industrializing
countries do not include targets for efficiency strate-
gies or investments in renewable energy sources,
except for hydropower (EIA, 2001). Though some
countries like Brazil use their great potential for
hydropower, they nonetheless rely on fossil fuels to
cover the largest part of their energy demand (EIA,
2002).

The restrictions on the economic options of newly
industrializing countries caused by oil imports have
been exacerbated by the devaluation of the curren-
cies of many Asian countries. This trend has led to a
political refocus in ASEAN member states; now, for
the first time, strategies for greater energy efficiency
are being formulated. Nonetheless, no shift in invest-
ments towards renewable energy sources can be
identified to date (Luukkanen and Kaivo, 2002). Box

2.4-2 describes reform efforts for the representative
case of India.

2.4.2
Trends in energy demand by sector

In developing countries, private households are the
largest group of consumers, followed by industry and
transport. Households make up some 25 per cent of
energy demand worldwide. But in China, they make
up 37 per cent, in India and Indonesia 54 per cent,
and in Nigeria even 80 per cent (Fig. 2.4-4, WRI,
2002). As the economy becomes stronger, the share
of energy used in households drops noticeably as
more energy is used for industry, transport or agri-
culture.

The types and amounts of energy used in develop-
ing countries vary widely due to the prevailing differ-
ences in income distribution as well as in institutions
and infrastructures. In most developing countries, at

Box 2.4-1

Energy carrier usage as a function of household
income in developing countries

Figure 2.4-3 illustrates the connection observed between
household income, the energy services in demand, and the
energy sources. The supply of energy required for basic
needs is listed in the bottom row. As households become
more prosperous, they use liquefied petroleum gas or fossil
fuels instead of traditional biomass. Energy services such as
refrigerators, etc. are not available to the poorest house-
holds. Where they are in demand, fossil fuels and – to a
lesser extent – electricity are used. Electricity is only used

for the ‘advanced’ energy services when income reaches a
certain level. The chart does not reflect the differences
between urban and rural areas.

But there are exceptions to this diagram: in southern
and south-east Asia, no connection was observed between
income and the use of traditional biomass (Hulscher, 1997),
i.e. the wealthy continue to cook and heat in traditional
ways.

The development towards modern types of energy will
take a long time and never be truly complete if energy poli-
cies rely simply upon economic development rather than
strongly supporting change.

Computer, IT

Air conditoning

Media

Appliances

Refrigeration

Flour mill

Water pump

Transport

Lightning

Heating

Cooking

   

  Electricity Electricity

  Diesel + Electricity

  Diesel + Electricity

  Petrol, diesel Petrol, diesel

  Batteries, candles, petroleum  + Electricity Electricity

  Traditional biomass  + Coal, oil  + Gas

           Traditional biomass  + Liquefied gas Liquefied gas

Electricity

Electricity

Electricity

Electricity

Income

F
ue

l/e
ne

rg
y 

se
rv

ic
e

T
ra

di
tio

na
l/v

ita
l

M
od

er
n/

ad
va

nc
ed

Low High

Figure 2.4-3
The mix of energy sources
and energy services for
households in developing
countries relative to the
income of the household.
The plus symbols indicate
that households use the
type of energy concerned in
addition to the types of
energy already used.
Source: modified after IEA,
2002c



25Energy in developing and newly industrializing countries 2.4

least half of the overall energy demand comes from
rural areas. In these regions, the energy pattern of the
extremely poor are very similar: some 80 per cent of
the low per capita energy consumption (<30GJ of
primary energy per year) arises at home, almost
exclusively for cooking (World Bank, 2001a).

In the newly industrializing countries, the demand
for final energy has risen continually in the past few
decades, especially in industry and transport. A com-
parison of the demand structure of industrialized,
developing and transition countries reveals that

energy demand varies according to the size of the
industrial sector. One salient aspect is the extent to
which the newly industrializing countries have
approached the sector pattern of industrialized coun-
tries. The share of the transport sector in the newly
industrializing countries is growing, though the size
of this share still varies greatly. In South Korea, for
instance, it is lower than in the OECD at 20 per cent
vs. 32 per cent, respectively, for 1992 (Brauch, 1998).
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Box 2.4-2

The case of India: Development patterns,
reforms and institutional design in the energy
sector

The supply/demand gap in power supply
India makes up 16 per cent of the world’s population but
only consumes 2 per cent of the world’s electricity. Elec-
tricity is growing faster than all other energy sectors in
India at 8 per cent.With the industry sector growing at 9 per
cent annually, the demand for energy is also growing at 9
per cent and thus far above the average GDP growth of 4.5
per cent per annum in the last 50 years.The power supply is
insufficient: supply has worsened further since 1991, and in
1997 12 per cent of households – and even 18 per cent dur-
ing peak times – did not have power.This gap entailed costs
in the amount of 1.5–2 per cent of GDP.The unreliability of
the power supply – power outages and frequent fluctua-
tions in voltage – has led to the implementation of incen-
tives to replace electricity with kerosene lamps and install
diesel generators and voltage regulators. At the same time,
the introduction of energy-efficient technologies faces
obstacles; for example, the service life of energy-saving
light bulbs is shorter due to the voltage fluctuations.

70 per cent of Indians live in rural areas, half of them
below the poverty line of US$1 per capita per day. Thus,

only a third of the electricity is used in rural areas, though
86 per cent of the villages already have access to electricity.
Here, biomass is used to meet most energy needs.

Institutional reform in the energy sector is slow
in coming
The partial liberalization of the energy sector in the 1990s
led to greater imports of coal, oil and technology, a mod-
ernization of power plants, and an incremental reduction of
subsidies. But even in 1998, 64 per cent of private power
consumption was still subsidized. And energy is subsidized
even more in agriculture, where 20 per cent of electricity is
consumed. India’s electricity market is still a long way from
complete liberalization and deregulation. For instance,
power companies still cannot choose their coal provider; 64
per cent of power plants are coal-fired. Hence, operators of
coal power plants cannot choose to use coal with little sul-
phur and heavy metal. The inflexibility of state monopolies
and the unclear distribution of responsibilities among state
organizations have delayed liberalization and deregulation.
The reforms, which have gradually reduced subsidies and
done away with adjusted prices, have raised power prices
for consumers. Although the supply of energy has
increased, 75 per cent of the greater supply has not been
paid for because the power is illegally tapped due to the
higher prices.
Sources: Lookman and Rubin, 1998; IEA, 1999; Gupta et
al., 2001; World Bank, 2001a; Ghosh, 2002
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2.5
Energy in transition countries

2.5.1
Energy use

The transition countries are those in eastern Central
Europe, eastern and south-eastern Europe, the Baltic
states, and the Commonwealth of Independent
States (CIS). In the former Soviet Union, the energy
sector was expanded on the basis of centrally-
planned targets. These targets left no room for free
enterprise and environmental criteria as they
focused primarily on such political goals as the spa-
tial integration of the economy or a plentiful energy
supply for industry and the population. In the
process, the centralized, hierarchic planning of all
energy sources led to the creation of unified energy
complexes that ensured the supply of energy to the
whole of the Soviet Union (UN-ECE, 2001). As the
production, transport and distribution of energy did
not depend on considerations of costs or efficiency, a
situation was created in which it became possible to
tap remote reserves of mineral oil and gas in the per-
mafrost regions of Siberia (von Hirschhausen and
Engerer, 1998). On the other hand, practically the
whole energy cycle lacked incentives for energy effi-
ciency, especially as generally no reliable records
were kept of the volume of energy extracted, trans-
ported and consumed. The result was an energy sys-
tem characterized by a very great extraction volume,
excessive energy consumption, and great losses dur-
ing transport and conversion.

The collapse of the socialist system in the early
1990s opened the floodgates for a comprehensive
process of transition in these states. The transforma-
tion of the former socialist planned economies into
market economies led to partial de-industrialization
in all of the transition countries. Today, the CIS faces
the challenge of ensuring its energy supply with the
resources available domestically and the infrastruc-
tures inherited. Most of the transition countries have
to pay a high price for imports of primary energy.The
current infrastructure entails a great reliance on
imports from other CIS states, notably Russia. In
contrast, countries that have extensive energy
resources – such as Russia, Azerbaijan, Kazakhstan,
Turkmenistan and Uzbekistan – primarily face the
problem of mobilizing capital for the development,
maintenance and modernization of their mineral oil,
gas and electricity industry. Not only does domestic
energy supply have to be ensured, but also enough
energy resources made available for exports, as
energy exports generally make up a large part of the

export revenue of these countries. In Russia, for
example, oil and gas exports make up some 50 per
cent of the total export revenue and some 20 per cent
of GDP (EBRD, 2001).

In the CIS, energy demand fell by more than 20
per cent between 1990 and 1997 and has since only
risen slightly (UN-ECE, 2001). The economic col-
lapse and the widespread inability of both industry
and private households to pay their power bills are
primarily responsible for this downturn. The energy
sector is suffering from considerable payment
defaults as the political order prevents utility compa-
nies from cutting off the power supply to industrial or
private customers who have not paid. The lost rev-
enue is then lacking when investments are desper-
ately needed to service and modernize the energy
sector.This development has produced different out-
comes for the various energy sources (EBRD, 2001;
UN-ECE, 2001):
• Oil production in the CIS fell by 31 per cent

between 1990 and 2000, from 571 to 395 million
tonnes. The main reason is the difference between
world market prices and fixed domestic prices,
which makes the sale of oil to domestic refineries
unattractive, especially in light of their liquidity
problems.

• During the same period, production of coal
dropped by 56 per cent from 703 million tonnes to
less than 300 million tonnes. The main reasons are
the closing of uneconomical mines and the use of
more environmentally friendly and often less
expensive energy sources, especially natural gas.

• In the same period, gas production fell by 14 per
cent from 815,000 million m3 to around 700,000
million m3, with the drop in domestic demand par-
tially compensated for by a 12 per cent increase in
exports.

• A total of 28 per cent less electricity was gener-
ated, with thermal power plants – which account
for some 70 per cent of the electricity generated –
most directly affected. In contrast, the share of
electricity generated by nuclear power plants (in
Russia, Ukraine and Armenia) and hydropower
dams remained basically stable; the share of each
figured just above 15 per cent of the total power
supply in 1997.

Renewable energy plays a minor role in the CIS, only
attaining some 6 per cent, almost all of which comes
from hydropower. Geothermal power makes up a
very small percentage. Renewable energy is expected
to grow more slowly than energy demand. In the mid
to long term, however, the situation could change if
unsafe nuclear power plants are shut down and prices
for fossil energy rise as further reforms take hold on
the energy markets.
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2.5.2
Trends in energy demand by sector

In the CIS, the service sector’s share of GDP grew
from 35 per cent to 57 per cent from 1990 to 1998 due
to partial de-industrialization and is expected to con-
tinue to grow. This development has slowed down
energy demand, however, due to the high energy pro-
ductivity of the service sector. In other sectors
(households, retail, agriculture, and public service
providers), energy demand has fallen much less than
in industry, presumably due to the energy supply pol-
icy and the state guarantees that ensure power supply
(Fig. 2.5-1). The IEA estimates that energy demand
in these sectors will increase by 2.2 per cent annually
up to 2010.While the energy demand of industry will
also increase, growth rates there will be lower (IEA,
2001b).

The energy demand of the transport sector in the
CIS is expected to grow especially quickly, with
annual growth rates of 3.1 per cent up to 2020. In
2020, transport will make up some 53 per cent of the
overall consumption of mineral oil (IEA, 2001b). In
the Soviet Union, environmentally friendly transport
modes such as trains and local public transport made
up a much larger share of overall passenger and
freight transport than in western industrialized coun-
tries. The share of transport in overall energy con-
sumption was thus far smaller. But since the mid-
1990s, the share of road traffic has been progressively
rising: insufficient investment in railway infrastruc-
ture and public local transport is making them much
less attractive than road transport. While there are
currently only 100 cars for every 1,000 people in Rus-
sia (compared to 510 cars for every 1,000 people in
Germany; IEA, 2001b), the anticipated rise in
income is expected to lead to a larger number of cars.
The effects of the EU’s eastward expansion are dis-
cussed in Box 2.5-1.

2.5.3
Subsidies as a cause of inefficient energy
consumption

In light of the energy sector’s predicament in the CIS,
one would expect that measures to increase energy
productivity would be the highest priority both for
the government and businesses. And yet, productiv-
ity gains have hardly been realized despite the great
potential for savings. In 1997, the energy productivity
of the CIS countries was around US$100 per
megawatt hour (purchasing-power parity) and thus
almost 7 times lower than the average for OECD
countries (UN-ECE, 2001).The potential energy sav-

ings that could be taken advantage of in the CIS
countries amount to around 15–18EJ annually, or
almost 40 per cent of the energy used. 90 per cent of
this potential is in Russia and Ukraine alone.
Roughly a third of this potential is in the energy and
fuel sector itself, but the share of the industrial sector
in potential savings is even greater (Russia: 30–37 per
cent, Ukraine: 55–59 per cent). The third major area
for energy savings is the building sector. Generally,
buildings in the CIS states are not equipped with
heating and gas meters. In addition, material for insu-
lation is often too expensive. The savings potential in
the building sector is estimated at 3EJ, or 16–18 per
cent of the overall potential (UN-ECE, 2001).

The continuing subsidies for energy consumption
are probably the main reason why this potential to
save energy is not being taken advantage of in most
CIS countries. Subsidy policies are characterized by
the following:
• Energy prices are kept below the cost of genera-

tion by legal or political means as large sections of
the industry and the population would not be able
to pay higher energy prices.

• There is a cross-subsidy of households by industry:
energy prices in the industrial sector are kept
roughly twice as high as for private consumption,
but not high enough to provide incentives for
increases in efficiency.

• For political reasons, payment defaults may not be
countered with the stoppage of power supply.
There are either no insolvency proceedings, or
they do not work. The energy industry has played
an important role in the toleration of poor pay-
ment practices in industry and thus prevented
both a restructuring of the industrial sector and an
increase in energy productivity (EBRD, 2001).

Industry
(35%)

Transport
(12%)

Retail and public
service providers (8%)

Agriculture 
(7%)

Households
(38%)

Figure 2.5-1
Sectorial pattern of energy demand in Russia, Ukraine and
Uzbekistan.
Source: modified after WRI, 2001
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The subsidies not only make energy saving uneco-
nomical for industrial and private consumers, but
also detrimentally affect the liquidity of power com-
panies, which are no longer able to come up with the
funds to invest in reducing losses in transport and
conversion. At the same time, there is a lack of pre-
dictable market conditions and long-term prospects
for profit for foreign investors, whose capital will
probably be indispensable for the modernization of
energy systems in the foreseeable future.

2.5.4
Privatization, liberalization and (re-)regulation of
energy industries

Efforts to liberalize the energy industries of the CIS
are mostly based on the US/UK model. This model
provides for a separation of energy provision, sales,
and grid operation, the splitting up and privatization
of state power companies, and an independent regu-
latory authority. Liberalization efforts have been
implemented to various extents: Only a few coun-
tries, such as Azerbaijan, have completely done with-

out reform, while many countries in the CIS have
converted the various components of their energy
industry into private companies. However, control of
these companies has largely remained in the hands of
the political elite (in the form of state holdings or
through the transfer of shares to former state actors
in the energy industry complex). At the same time,
the possibilities for foreign investors to have holdings
have been severely limited.

The restructuring process in the energy industry
could be accelerated if Russia joins the World Trade
Organization (WTO) in the next few years. Russian
legislation and practices in the fields of industrial
subsidies, taxation, and customs policy do not cur-
rently meet WTO requirements. Adaptation to the
WTO’s conditions can be expected to lead to greater
competition in the energy sector – and hence to
greater efficiency. At the same time, the region’s
attractiveness for foreign direct investors would
increase (EBRD, 2001; CEFIR and Club 2015, 2001).

Box 2.5-1

The effects of eastward EU expansion upon
European energy supply

The energy sector of the central and eastern European
states is still in a restructuring phase. The key outcome of
EU accession will be the liberalization of grid-based energy
industries. This will lead to a mix of energy sources in the
accession states that is determined more by the market
than by state targets. Liberalization is also expected to
result in a large drop in the share of coal (from 55 per cent
in 1990 to 38 per cent in 2020 in a business-as-usual sce-
nario) and an increase in the share of natural gas (from 15
to 30 per cent over the same period).The concomitant mod-
ernization of power plants and heating systems will lead to
a considerable drop in pollutant emissions. It is also
expected to reverse the upward greenhouse gas emissions
trend, levels of which have recently been rising again after
several years of economic recession. Enhancing energy effi-
ciency will remain a priority after EU accession, especially
as the available financial resources can generate the great-
est effects in this sphere of action. However, the goal of the
energy policies of many new member states continues to be
to expand exports to western Europe, which are limited at
the moment due to technical constraints.

The future of the 22 nuclear reactors in central and east-
ern Europe remains problematic. On average, they provide
some 30 per cent of the power supply or 6 per cent of total
energy supply. Up to now, the EU has arranged for the step-
wise decommissioning of a total of 6 nuclear generating
units of the first generation of Soviet design in Bulgaria,
Lithuania and Slovakia.The EU aims to shut down all reac-
tors of the first generation (another 2 units) and increase
the safety standards of later reactors. But there is some

doubt about whether the funds provided by the EU (a total
of €850 million since 1990) are a sufficient contribution
towards financing the considerable costs of decommission-
ing and safety improvements. An estimated €5,000 million
is required just for safety improvements in the new member
states over the next 10 years.

At the same time, the question arises of the effects on
the CO2 emissions inventories of central and eastern Euro-
pean states. If the nuclear power plants are replaced by
thermal power plants, CO2 emissions are expected to
increase by the same amount as they would have to
decrease in accordance with the targets agreed in the Kyoto
Protocol (generally 8 per cent below the levels of 1990).
Nonetheless, in light of the drop in gross national product
and the greater energy productivity, the Kyoto targets are
not necessarily endangered. However, the potential volume
of carbon trading under the Kyoto Protocol and the result-
ing revenue would plummet.

But the greatest challenge for the EU’s climate policies
and those of its (future) member states may not stem from
developments in the energy sector, but rather from the
growth in traffic driven by the expansion of the EU. Expan-
sion is expected to double the annual growth rate of the
volume of transport between new members states and the
current EU to 10 per cent, as well as that of exports from
the new member states to 6 per cent, while the share of rail-
way transport is expected to continue to decrease as it has
done in the past years. In addition, the entrance of the new
member states will probably only further accelerate their
growth in the number of private cars, which already sky-
rocketed over the past decade.The share of old, heavily pol-
luting cars will also be much larger than in the current EU.

Sources: EU Commission, 1999b; Matthes, 1999; EU Com-
mission, 2000b; Jantzen et al., 2000; IPTS, 2001.
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2.6
Economic and geopolitical framework conditions

The growing interdependencies in a globalized world
and the transformation of world politics since the
early 1990s have fundamentally altered the frame-
work conditions of global energy policy. Firstly, a
more integrated global economy has led to a rise in
energy consumption in the transportation and
exchange of goods, services and personnel. Secondly,
the end of the Cold War has facilitated the frontier-
free tapping of energy resources – even in regions to
which the West’s transnational corporations previ-
ously had little or no access.

2.6.1
Globalization as a new framework condition for
energy policy action

For the energy sector, globalization is nothing new.
The internationalization of markets and market play-
ers occurred first, and is most advanced, in the energy
industry (Enquete-Commission, 2001). Due to the
often vast geographical distances between energy
carrier production, on the one hand, and energy con-
version and use, on the other, this sector has always
been a driving force in the deepening of international
trade relations. The liberalization of grid based
energy in many countries has also contributed to the
growth of the international energy trade.

When considering the impact of world trade on
energy supply and use, it is important to bear in mind
that global economic integration facilitates the trans-
fer of standards in energy efficiency, products, tech-
nologies, production processes and management sys-
tems. In this aspect of globalization, the industrial-
ized countries’ foreign direct investment (FDI) in
other regions of the world plays a key role. FDI rose
significantly in the 1990s: Global FDI (inflow and
outflow) amounted to 2.7 per cent of global GNP in
1990, and to 4.3 per cent eleven years later (UN-
CTAD, 2002).

On the one hand, the globalization of world trade
fosters opportunities to export technologies for the
generation of renewables. On the other, there is a
danger that poor-quality, energy-inefficient tech-
nologies and products – such as obsolete machinery,
vehicles and plant – will be exported to developing
and newly industrializing countries, negatively
impacting on energy efficiency (Enquete Commis-
sion, 2001).

Alongside the rise in commodity flows, passenger
transport services – especially air travel – have a
direct impact on the energy sector. Since 1968, the
number of tourists travelling by air has increased

more than five-fold, from 131 million (1968) to 693
million in 2001 (World Tourism Organization, 2002),
and tourist numbers are expected to climb to 1,600
million by 2020.World airline passenger traffic is cur-
rently growing by 4–6 per cent annually (Lee et al.,
2001), and air traffic’s share of total passenger trans-
port volume is expected to quadruple to 36 per cent
by 2050 compared with a figure of 9 per cent for 1990
(WBGU, 2002).

Another energy-relevant effect of globalization is
the transfer of Western lifestyles to the less industri-
alized regions of the world. The global media corpo-
rations and the entertainment industry are driving
forces here, among others. This transfer typically
leads to changing consumption patterns, as is evident
from – among other things – the rise in private
households’ energy consumption, especially for
domestic purposes (living space, refrigeration/coolin-
g) and the acquisition of electrical domestic appli-
ances and communications equipment. It also has an
impact on mobility and leisure.

2.6.2
Geopolitics

The link between global energy supplies and geopol-
itics relates primarily to oil and gas, as they are more
regionally concentrated in the Earth’s crust than
hard coal and lignite.The spatial gap between energy
use, on the one hand, and the extraction of energy
sources, on the other, means that the importing coun-
tries are heavily dependent on a single geographical
zone, the resource and energy ‘ellipse’, comprising
the Middle East region and the countries of the Cau-
casus-Caspian region (Fig. 2.6-1). These regions,
which are among the most politically unstable in the
world, harbour 70 per cent of the world’s oil and 65
per cent of its gas reserves (Table 2.6-1). Their signif-
icance for global energy supplies varies, however: At
the current rate of output, the oil reserves in the Per-
sian Gulf are likely to last for another 90 years, com-
pared with just 20 years for the Caucasus-Caspian
region, while the figures for the gas reserves are 270
and 80 years respectively (Scholz, 2002). The trans-
portation conditions also differ. Oil has been pro-
duced in the Persian Gulf for a long time and can be
distributed worldwide via pipelines and tankers. Gas,
on the other hand, with the exception of liquefied
petroleum gas (LPG) tankers, needs a networked
system of pipelines extending all the way to the end
user; until now, this has only been profitable for dis-
tances up to 6,000km (Müller, 2002).

Since the industrialized countries’ own oil and gas
reserves – where they exist – are rapidly dwindling,
demand must now be met by an increase in imports.
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For 2020, Germany’s dependency on energy imports
is likely to be 75 per cent, with the corresponding fig-
ures for the EU and the USA being 70 per cent and
62 per cent respectively (Enquete Commission,
2001). The petroleum exporting countries have
joined together to form OPEC, thus establishing a
strong negotiating position (Box 2.6-1).

During the Cold War, securing the oil supply from
the Middle East was a major priority for the USA
and its NATO allies. This geostrategic goal was
underpinned by the Carter Doctrine:“An attempt by
an outside force to gain control of the Persian Gulf
region will be regarded as an assault on the vital

interests of the United States of America, and such
an assault will be repelled by any means necessary,
including military force.” (US President Jimmy
Carter in his State of the Union Address, 23 January
1980).

The demise of the Soviet Union led to a shift in the
global political landscape and geopolitical options.
The security interest of the Newly Independent
States in the Caucasus and Central Asia in reducing
their dependency on Russia gave the USA the
opportunity to gain a foothold in the region – they
pumped in massive amounts of economic and mili-
tary aid, and, in the wake of 11 September 2001,
established military bases within the framework of
the ‘International Coalition against Terrorism’. At
the same time, the USA has also focussed increas-
ingly on the oil-rich regions of Africa: West Africa
already produces 15 per cent of the USA’s mineral oil
imports, and this figure is set to increase to 25 per
cent within the next ten years through the expansion
of production plants and the construction of a
pipeline between southern Chad and the Atlantic
ports (The Economist, 14.09.2002). In the mid to long
term, the Caucasus and West Africa could form an
important supplementary source of energy supplies
alongside the Gulf region. The ongoing crises in the
Middle East and Iraq, the political unpredictability of
Iran, the growing domestic problems in Saudi Ara-
bia, and the terrorist threat posed by Islamic funda-

Region Mineral oil
[%]

Gas 
[%]

Coal
[%]

Middle East 65 35 0
CIS 6 38 23
North America 6 5 26
Central and South 
America

9 5 2

Europe 2 4 12
Africa 7 6 7
Asia/Pacific 5 7 30
Total 100 100 100

Table 2.6-1
Regional distribution of fossil energy reserves in 2000.
Source: Enquete Commission, 2001

1–10 thousand million t 10–20 thousand million t > 20 thousand million t

Figure 2.6-1
Countries with oil reserves exceeding thousand million tonnes. The regional distribution of reserves within the countries is not
shown. The resource and energy ‘ellipse’ harbours around 70 per cent of the world’s oil reserves and around 40 per cent of its
gas reserves.
Source: BGR, 2000



31Economic and geopolitical framework conditions 2.6

mentalists make the Gulf region increasingly unat-
tractive as a source of supply. Nonetheless, the Gulf is
likely to remain the main supplier of oil to the USA
for the foreseeable future.

Alongside the geopolitically motivated diversifi-
cation of oil and gas sources, transport routes are also
being diversified for similar reasons. A pipeline from
Kazakhstan through Russia to the Black Sea port of
Novorossiysk could be vulnerable to pressure from
Russia.A Mediterranean route from the Caspian Sea
through Azerbaijan, Armenia, Georgia and Turkey
or, alternatively, through Iran to Turkey’s Mediter-
ranean port of Ceyhan would run through extremely
fragile states if the first route were chosen, or, if the
second were chosen, through Iran. For security policy
reasons, the US energy corporations are therefore
targeting their current strategic planning towards
securing a transportation route from the Caspian Sea
through Turkmenistan, Afghanistan and Pakistan to
the Indian Ocean – on condition that the USA can
guarantee political and military security. In fact, the
World Bank recently announced plans to build a gas
pipeline from Turkmenistan to Pakistan which will
run through Afghan territory (Agence France Press,
2002).

Through its energy and geopolitical strategy on
the ‘energy ellipse’, the USA appears to be pursuing
several objectives:

• Safeguarding energy supplies through the diversi-
fication of sources and transportation routes;

• Preventing political and military control of pro-
duction areas and transportation routes from
falling into the hands of rival powers
(Russia/China), potentially hostile states (Iran) or
local warlords who could disrupt the highly vul-
nerable transportation routes through terrorist
acts;

• Finally, developing a position of strength vis-à-vis
potential economic rivals.

There is significant potential for inter-state conflict in
the Caucasus-Caspian region, which is a geostrategi-
cally important and sensitive region where US, Russ-
ian and Chinese interests collide. China is seeking to
gain access to energy sources in Kazakhstan, with the
construction of a pipeline from Kazakhstan to China
being a strategic objective (Morse, 1999). There is
assumed to be a link between the military conflict
over Chechnya and Russia’s strategic plans for oil
pipelines.

A further potential source of conflict is the major
oil and gas reserves in the seabed, as the rights to
these reserves are disputed (Klare, 2001). The five
Caspian seaboard countries, for example, have so far
failed to agree on the distribution of the oil and gas
rights. Seven different states are engaged in a dispute
over the oil and gas rights in the South China Sea.
Similar conflicts over rights of ownership have arisen

Box 2.6-1

OPEC’s role as an energy policy actor

The Organization of the Petroleum Exporting Countries
(OPEC) was founded in 1960 by Saudi Arabia, Venezuela,
Iraq, Iran and Kuwait. Qatar (1961), Indonesia (1962),
Libya (1962), the United Arab Emirates (1967), Algeria
(1969) and Nigeria (1971) joined the organization later.
Today, OPEC is a powerful alliance of newly industrializing
countries operating in the international energy market. As
the amount of energy carriers exported by the OPEC coun-
tries meets around one-third of the global demand for pri-
mary energy, OPEC has considerable influence over the
development of global energy systems. The 11 member
states define themselves as developing countries whose
goal is to safeguard oil revenue and economic growth in the
long term. In economic and structural terms, oil revenue is
of key importance to the OPEC states: Oil exports by the
11 states totalled US$254,000 million in 2000, amounting to
around 30 per cent of their GDP (US$860,000 million in
2000). There is a substantial prosperity gap within OPEC.
At one end of the scale is Nigeria, whose per capita GDP is
US$319; at the other is Qatar, whose per capita GDP is
US$24,000.Within the OPEC countries, the energy sector is
completely dominated by oil and gas.

In 1998, OPEC represented just 40 per cent of the inter-
national mineral oil market, but it controls 78.5 per cent of

the known oil reserves worldwide. By comparison, its
global market share of refined products is just 10 per cent.
OPEC operates as a cartel in the international oil market.
Its influence has declined noticeably since the non-OPEC
states – Mexico, Russia, Norway, Great Britain and China –
entered the market, but it remains a powerful force world-
wide nonetheless. OPEC’s internal cohesion is being chal-
lenged, above all, by the conflict between densely-popu-
lated countries with few oil reserves, on the one hand, and
the less populous countries with substantial oil reserves, on
the other. In future, the OPEC states are likely to face sev-
eral economic challenges simultaneously:
• An increase in oil extraction from non-OPEC sources,
• new discoveries by small producers,
• an expansion in production capacities within its mem-

ber states, especially in Venezuela and Nigeria,
• fluctuations in demand in the petroleum importing

countries caused by economic cycles,
• greater competition within the energy market due to the

expected greater impact of gas supplies and prices,
• better drilling and exploration technologies, leading to

falling operational costs. If non-OPEC countries
increase their oil output as a result, competition will
intensify.

OPEC’s influence on the world’s oil market and its ability
to enforce high oil prices are therefore likely to decline.

Sources: Salameh, 2000; IEA, 2001b; OPEC, 2001; Jabir,
2001; Odell, 2001
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in the offshore areas of the Persian Gulf, the Red Sea,
the Timor Sea, and the Gulf of Guinea.

2.7
The institutional foundation of global energy
policy 

In the past, energy policy was viewed primarily as a
national government function, with security of sup-
ply being the main objective. Over the last decade,
three factors which encourage more internationaliza-
tion in the energy policy field have increased in sig-
nificance:
• The recognition that global climate protection

needs international cooperation,
• The liberalization of the energy sector in major

industrialized countries, but also in transition and
developing countries, which intensifies trade in
energy goods and services,

• The need for the global expansion of energy sup-
ply, especially in the developing countries, both for
economic and political reasons and in the interests
of climate protection.

Partly as a result of this development, numerous
actors are now involved in energy policy issues at
international level (Fig. 2.7-1).

A coherent global energy policy requires a coordi-
nated approach and linkage with various other policy
fields (including transport, environmental and devel-
opment policy). This can only take place through
effective and coordinated institutions at interna-
tional level. The following sections provide an
overview of the existing legal and institutional bases
of international energy policy in core areas, i.e.
knowledge base, organization and financing. It is
intended to demonstrate whether the preconditions
for an effective energy policy at global level are
already in place, and if not, where there is a need for
action. The text confines itself to the key institutions
and their main functions.

2.7.1
Knowledge base 

The range of scientific positions on energy and cli-
mate policy is broad, with studies often arriving at
conflicting conclusions. This further enhances the
importance of institutions whose agenda is to supply
an international scientific assessment as a basis for
policy-relevant recommendations. The findings of
the Intergovernmental Panel on Climate Change
(IPCC) are viewed as important for the development
of global energy policy. The IPCC was established by
the World Meteorological Organization (WMO) and

UNEP in 1988, and its Secretariat is hosted by the
WMO in Geneva. The UNEP division responsible
for implementing the Energy Programme works
closely with the independent UNEP Collaborating
Centre on Energy and Environment (UCCEE),
which plays an active role in research and analysis as
well as supporting the implementation of national
and regional programme activities.

Together with the UN Department of Social and
Economic Affairs (UNDESA) and the World
Energy Council (WEC), UNDP prepared a global
energy report, entitled ‘World Energy Assessment’,
for the 9th Session of the UN Commission on Sus-
tainable Development (CSD) in 2000. The report’s
key demands include a basic supply of commercial
energy services worldwide and the provision of
advice to developing countries on developing and
implementing energy projects.

The World Energy Outlook, published on a regu-
lar basis by the International Energy Agency (IEA),
is the most important source of energy statistics and
energy sector analyses worldwide, and also tracks
global energy supply trends. The latest report
explores the link between energy and poverty (IEA,
2002c).

2.7.2
Organization 

As well as a sound scientific basis, a global energy
policy also needs institutions which define objectives
and are responsible for adopting and implementing
appropriate measures. Political declarations, interna-
tional treaties and the work of relevant UN agencies
are especially important in this context.

2.7.2.1
Political declarations

In recent decades, progress has been made not only
with the definition of problems by the scientific com-
munity, but also in addressing these problems at
international conferences and in declarations and
treaties.

At the United Nations Conference on Environ-
ment and Development (UNCED) in Rio de Janeiro
in 1992, the international community committed
itself, for the first time, to comprehensive and ambi-
tious targets in the twin areas of human development
and environmental protection, set out in Agenda 21
and the Rio Declaration. Although none of Agenda
21’s 40 chapters focusses explicitly on the issues of
energy or transport, energy does feature as a subsec-
tion of Chapter 9 (Protection of the atmosphere) and
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Chapter 14 (Promoting sustainable agriculture and
rural development).Transport is mentioned in Chap-
ter 7 (Promoting sustainable human settlement
development) and also in Chapter 9.

The Nineteenth Special Session of the United
Nations General Assembly in New York five years
after UNCED (Earth Summit +5) identified a spe-
cific need to support the developing countries in
building a sustainable energy supply, e.g. through
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Intergovernmental Panel on Climate Change (IPCC)

IEA (World Energy Outlook)

UNEP Collaborating Centre on Energy and Environment (UCCEE)

WEC, UNDP and UNDESA (World Energy Assessment)

Political declarations (UNCED, CSD-9, WSSD, etc.)

International treaties (ECT, UNFCCC, GATT, GATS, etc.)

Regional energy agencies (IEA, OLADE)

IAEA

UNESCO, UNDESA, UNEP, UNDP, etc.

Ad-hoc Interagency Task Force on Energy

UN Department of Economic and Social Affairs (UNDESA)

IAEA

EU

UNDP

UNEP

UNESCO

World Bank

Others: UNIDO, UNDESA, WHO, WMO, UNFPA, FAO,
UN Regional Economic Commissions, UN Committee on
Energy and Natural Resources for Development

Private investment  (Foreign Direct Investment)

National publicly funded financing mechanisms (ODA, debt relief, 
export credit agencies, etc.)

International publicly funded financial institutions (GEF, Climate Funds, 
World Bank, regional development banks, etc.)

Climate Technology Initiative (CTI)

Figure 2.7-1
Global energy policy today: The key institutions and their main functions. For abbreviations, see List of Abbreviations.
Source: WBGU
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technology transfer and development cooperation.
The meeting urgently recommended the incorpora-
tion of external environmental costs into the pricing
structure and the dismantling of subsidies on non-
sustainable energy carriers. It also identified a signif-
icant need to improve the coordination of energy-
related activities within the United Nations (UN,
1997).

In April 2001, the UN Commission on Sustainable
Development (CSD) adopted a number of global
energy policy recommendations in the publication
‘Energy for Sustainable Development: A Policy
Agenda’. They cover access to energy services,
energy efficiency, renewables, next-generation fossil
fuel technologies, nuclear power, rural energy sys-
tems, and transport. Research and development,
capacity building, technology transfer, access to
information, mobilization of financial resources, the
removal of market distortions, and the inclusion of
stakeholders are identified as cross-cutting measures
(UN-ECOSOC, 2001).

At the World Summit on Sustainable Develop-
ment (WSSD) in 2002, energy was included as a sep-
arate agenda item for the first time, with the focus on
renewables, access to energy services, organization of
energy markets, and energy efficiency. However, the
balance sheet is sobering: Due to the blocking tactics
by the anti-target lobby comprising the USA, Aus-
tralia and the OPEC countries, a target of at least 15
per cent of global energy supply from renewables by
2010 could not be adopted. For other targets, too –
such as the removal of market distortions or boosting
research and development in the field of energy effi-
ciency – no success indicators or timeframes were
adopted, and nor were these targets established on a
legally binding basis. Nonetheless, numerous ‘type 2’
initiatives were adopted, with states, corporations
and NGOs pledging to cooperate. For example, the
EU announced that it would work with a coalition of
like-minded states and regions to establish quantifi-
able, timebound targets for the development of
renewables and pledged €700 million to improve
access to reliable and affordable energies in the
developing countries. UNEP launched the Global
Network on Energy for Sustainable Development to
promote ‘clean’ energy technologies in developing
countries. The German Chancellor announced that
Germany would host the International Conference
for Renewable Energies, to take place in June 2004 in
Bonn.

2.7.2.2
International treaties

Of the numerous treaties dealing with aspects of
international energy policy, only the most important
agreements are examined below. They are the
Energy Charter Treaty, the WTO/GATT rules, and
the UNFCCC together with the Kyoto Protocol.

Energy Charter Treaty
The Energy Charter Treaty (ECT) is the most signif-
icant international treaty dealing explicitly with
cross-border cooperation among industrialized
countries in the energy sector. The Treaty, which
evolved from the 1991 European Energy Charter,
came into force in 1998. 46 states, mainly from
Europe and Central Asia, have ratified the Treaty (as
at 11.09.2002). However, several major signatory
states (Russia, Japan, Norway and Australia) have yet
to ratify the ECT, and various other states – notably
the USA and Canada – have not acceded to the
Treaty.

The aim of the ECT is to promote economic
growth through the liberalization of investment and
trade. To this end, it extends the GATT rules to the
energy sector. Minimum standards were agreed for
foreign investment and energy transport. Both these
areas, as well as the issue of transit of energy prod-
ucts, will be developed on a more binding basis in
future (Energy Charter Secretariat, 2000).

Environmental aspects of energy policy are
framed in general terms and set out as recommenda-
tions on energy efficiency, external costs, clean tech-
nologies and cooperation on environmental stan-
dards, etc. More detailed provisions are included in
an additional environmental protocol, the Energy
Charter Protocol on Energy Efficiency and Related
Environmental Aspects (PEEREA), although this
has no binding legal force.

GATT and WTO rules
For a long time, the members of the World Trade
Organization were restrained about the inclusion of
energy carriers in the GATT rules, although in prin-
ciple, they fell within the scope of these provisions.
This restraint was due to the specific role of the
energy sector in national security of supply, the
OPEC countries’ non-membership of the WTO, and
the regulation of the energy sector at national level,
especially the status of the state-sector energy
monopolies.With regard to the electricity industry in
particular, international trade in electricity was not
envisaged when GATT was established, and even
today, it is generally deemed to be a service at most,
not a good, implying that GATT does not apply. It
was only with the conclusion of the Uruguay Round
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in 1994 that the members integrated a number of
energy carriers, especially coal, gas and oil and partly
also electricity, more fully into the world trade
regime.This can be explained, among other things, by
the accession of various OPEC countries to the
World Trade Organization and the progressive liber-
alization of the energy markets. Substantial cuts in
tariffs on mineral oil, petroleum products and other
energy carriers were not achieved, however, although
trade facilitation schemes for petrochemical prod-
ucts such as plastics were agreed (, 2000).

Until now, electricity and energy-related services
have barely been covered by the GATT Agreement.
The specific monopoly status of the vertically highly
integrated and mainly nationalized energy supply
sector has not only impeded trade; it also explains
states’ restraint on the issue of concessions on market
liberalization (WTO, 1998). However, the latest
negotiating proposals indicate that market access for
energy services will be eased across the board in
future (WTO, 2001).

The WTO Secretariat views subsidies on energy
provision and consumption as the most important
barrier to liberalization of the trade in energy. The
full integration of this sector into the WTO rules and
the stringent application of the WTO Agreement on
Subsidies and Countervailing Measures would help
to cut subsidies and thus make a major contribution
to climate protection at the same time. According to
the WTO, the dismantling of all subsidies by 2010 –
supported by appropriate flanking measures in the
environmental policy field – could prevent around 6
per cent of CO2 emissions worldwide (WTO, 2001).
From an environmental policy perspective, however,
it is unsatisfactory that the full integration of the
energy sector into the WTO would restrict the scope
for subsidies and other measures designed to pro-
mote ‘green’ technologies.

The energy policy relevance of the WTO Agree-
ments extends beyond the applicability of their rules
to trade in energy, petroleum products and energy-
related services: As well as the impact of economic
globalization on energy supply and demand (Section
2.1.6), other relevant factors are, firstly, the impact of
the Agreement on Trade-Related Aspects of Intel-
lectual Property Rights (TRIPS) and, secondly, the
potential for conflict between the flexible mecha-
nisms defined in the Kyoto Protocol and the WTO
rules (Greiner et al., 2001; Box 5.3-2).

UN Framework Convention on Climate
Change and the Kyoto Protocol
The United Nations Framework Convention on Cli-
mate Change (UNFCCC) defines objectives and
principles, bodies and mechanisms for international
climate protection policy. It entered into force in

1994 and has been ratified by 184 states around the
world, including all the major industrialized and
developing countries.

Climate policy entails, above all, a radical reduc-
tion in CO2 emissions worldwide. This can only be
achieved through the comprehensive restructuring of
global energy systems (Chapter 4). Here, UNFCCC
has a key role to play in international energy policy:
It is the driving force and the most significant inter-
national forum where states can discuss the interface
between environmental and energy policy and adopt
major decisions.

The Kyoto Protocol to the UNFCCC was adopted
in 1997 by more than 160 nations. The Protocol sets
out specific reduction commitments for a defined
group of greenhouse gases. It commits the industrial-
ized countries to reducing greenhouse gas emissions
by at least 5 per cent by the 2008–2012 period against
the baseline year of 1990. Annex I of the Protocol
stipulates a precise reduction target for each indus-
trialized country (EU -8 per cent, USA -7 per cent,
Japan -6 per cent, Australia +8 per cent, and Russia 0
per cent).The developing countries point out that the
main producers of climate change (i.e. the industrial-
ized countries) should take the lead, and have not
undertaken any specific reduction commitments
themselves to date.

The Protocol allows the industrialized countries
some flexibility in implementing their commitments.
In a process known as emissions trading, an industri-
alized country which exceeds its reduction target –
for example, because emissions reductions can be
achieved at low cost – can sell its surplus emissions
permits to countries which have difficulty meeting
their commitments. However, industrialized coun-
tries can also earn credits by investing directly in
emissions reduction projects – such as modernizing
an old power station – in other developed countries
that have taken on a Kyoto target (Joint Implemen-
tation, JI). The Clean Development Mechanism
(CDM) is a way for industrialized countries to earn
credits by investing in emissions reduction projects in
developing countries while complying with specific
rules and modalities.

The provisions of the Kyoto Protocol were further
elaborated at Conferences of the Parties to the Con-
vention (COP). It was not until the 7th Conference of
the Parties (COP7) in 2001, building upon the 2000
Bonn Agreement, that the way was clear for the
Kyoto Protocol’s rapid entry into force. The require-
ment for entry into force is ratification by 55 states
representing at least 55 per cent of the CO2 emissions
in the baseline year of 1990. This means that entry
into force is possible even without the USA and Aus-
tralia, which have now pulled out of the Kyoto
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process. The Protocol will enter into force with the
announced ratification by the Russian Federation.

The Kyoto Protocol enables states to earn credits
through afforestation, reforestation and deforesta-
tion (ARD) and other forestry and agricultural mea-
sures. For the first commitment period defined in the
Kyoto Protocol (2008–2012), states with reduction
commitments are expected to produce CO2 emis-
sions amounting to 14Mt from ARD (Table 2.7-1;
Schulze et al., 2002), but this will be more than offset
by the eligibility of around 70Mt of CO2 through land
and forestry management. The sustainability of car-
bon sequestration in soils of regenerative forests
requires more detailed study, however. Some studies
indicate that carbon storage takes place primarily in
the layer of organic matter and topsoil (Thuille et al.,
2000), but it remains unclear whether storage occurs
in the form of stable humus compounds in the deeper
soil layers which has permanence even in a changed
climate (Section 3.6).

In practice, even as an unratified text, the Kyoto
Protocol has already had an impact on international
energy policy. The EU has adopted a climate protec-
tion programme which contains Europe-wide provi-
sions on energy efficiency, renewables, demand-side
management and energy use in the transport sector.
Many industrialized countries are producing and
implementing climate protection programmes, and in
some cases, this has already led to a greater focus on
the role of renewables in energy policy. With the
CDM, climate policy has developed a transfer instru-
ment which effectively enables the industrialized
countries’ modern technologies to be made available
more widely in the developing countries.

At COP7, the implementing rules for the CDM
were set out in detail, resulting in the registration of
the first batch of CDM projects. The rules give prior-
ity, among other things, to certain categories of small-
scale CDM projects. It is difficult to predict whether
the CDM will play a major role in driving forward

capital transfer for clean energy from the industrial-
ized to the developing countries – firstly because it is
still unclear what proportion of the industrialized
countries’ reduction commitment will be fulfilled
through the CDM. For example, the emission rights
which Russia has not required due to its economic
recession are sufficient to cover the reduction com-
mitments of all OECD countries except the US
(Jotzo and Michaelowa, 2002). In this case, the
CDM’s role would be negligible. Secondly, it is
unclear how the CDM will be divided between sink
and energy projects. The Marrakesh Accords permit
sink projects amounting to 1 per cent of the investor
country’s 1990 emissions. Since COP8 there have
been signs that sink projects may be less sustainable
and therefore less attractive, despite their low costs,
than hitherto assumed. Therefore, the likely level of
investment in sustainable CDM energy projects is
uncertain. Simple estimates suggest that it is possible
for around one-third of all reduction commitments to
be fulfilled via the CDM. Of this, around two-thirds
could be energy projects. With a possible volume of
around 100MtC per year and an estimated price of
around US$1 per tonne carbon, the total investment
volume from CDM could thus amount to around
US$1,000–2,000 million annually (Jotzo and
Michaelowa, 2002).

Will international climate policy continue to have
a positive impact on energy policy? Can it evolve into
a driving force for change? This depends substan-
tially on the progress made in the climate negotia-
tions over the coming years. Key issues on the agenda
will include the adoption of more stringent, while
appropriate, targets for the industrialized countries
and the inclusion of the developing countries in a
way which gives them scope for development while
guiding them, at an early stage, towards a sustainable
energy policy course.

Table 2.7-1
Sink potential of individual
(groups of) countries
through afforestation and
reforestation (Article 3.3 of
the Kyoto Protocol) and
forest management (Article
3.4). Negative values denote
a carbon source; positive
values denote a sink.
Source: Schulze et al., 2002

Country/
Group of countries

Sinks (Article 3.3
- ARD)
[Million t carbon]

Sinks (Article 3.4
(Forest management)
[Million t carbon]

Country 
reports

Eligible 
sinks

EU (15) -1 39 5
Russian Federation -8 117 33
USA -7 288 0
Canada, Japan, Australia,

New Zealand 3 25 26
Eastern Europe, Switzerland,

Liechtenstein, Monaco, Iceland 0 31 5

Ukraine 0 7 1

All Annex B states -13 507 70
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2.7.2.3
Operational and coordinating activities of the
international organizations

UN agencies
At operational level, various UN agencies, including
UNEP, UNESCO and UNDP, are involved in practi-
cal energy projects, e.g. to promote renewables and
increase energy efficiency.

UNEP’s activities aim to increase the use of
renewables and improve the efficiency of existing
energy systems. At political level, UNEP aims to
incorporate environmental aspects into energy pol-
icy and improve analysis and planning in the energy
sector.

With its Energy and Atmosphere Programme,
UNDP is pursuing an integrated development strat-
egy which is designed to take account of the many
social, economic and ecological aspects of energy
policy. The Programme has been tasked with pro-
moting sustainable energy policies and carrying for-
ward the implementation of UNDP’s energy pro-
grammes.

The World Solar Programme 1996–2005, which is
organized under the auspices of UNESCO, aims to
promote the adoption and wider utilization of renew-
able energy sources, particularly in rural areas which
currently have no access to electricity, through coor-
dinated efforts at national, regional and international
level. UNESCO also funds individual projects, sup-
ports developing countries in accessing sources of
funding, and advises states on the development of
legal frameworks which promote the use of renew-
ables and promote wider distribution of the relevant
technologies. Through the GREET (Global Renew-
able Energy Education and Training) and IREICS
(International Renewable Energy Information and
Communication System) programmes, UNESCO
will focus more strongly on information and training
in future (UNESCO, 2001; UN Ad Hoc Inter-Agency
Task Force on Energy, 2001).

The other international agencies which play an
active role in sustainable energy policy include the
UN Regional Economic Commissions, the UN Com-
mittee on Energy and Natural Resources for Devel-
opment, the United Nations Industrial Development
Organization (UNIDO), the World Health Organi-
zation (WHO), the World Meteorological Organiza-
tion (WMO), the United Nations Population Fund
(UNFPA), the Food and Agriculture Organization
(FAO) and the International Atomic Energy Agency
(IAEA).

This multitude of United Nations agencies with a
global energy policy responsibility requires better
communication and coordination. For this reason,
the Ad Hoc Inter-Agency Task Force on Energy was

set up in 1997, with an additional remit to prepare
case studies and an overview of the activities of the
various UN agencies in the field of sustainable
energy supply.

The United Nations Department of Economic and
Social Affairs (UNDESA) coordinates energy policy
with other United Nations policy areas. UNDESA
also supports the work of the UN Commission on
Sustainable Development (CSD) and promotes the
implementation of sustainable energy policies in
developing countries, e.g. through a technical cooper-
ation programme funded by UNDP, GEF and the
World Bank, among others.

The IAEA has a specific role to play in that it
deals exclusively with atomic energy. The structure
and statute of this autonomous UN organization,
which was founded in 1957, are geared towards pro-
moting and monitoring the civilian use of nuclear
power.The political lobbying carried out by this well-
established organization (annual budget around
US$300 million; approx. 2,200 staff) has traditionally
aimed to boost the use of nuclear power.

Knowledge transfer is supported, among others,
by the Climate Technology Initiative (CTI) which
provides information about climate protection tech-
nologies, particularly to transition countries in East-
ern Europe, newly industrializing countries in Asia,
and the developing countries in Africa, and supports
capacity-building. The CTI was launched by 23
IEA/OECD countries and the EU Commission at
the 1st Conference of the Parties to the UNFCCC in
Berlin in 1995.

European Union
The European Union has no separate Community
competence for energy policy. Until now, the internal
market rules, competition law, subsidy controls and
environmental legislation have provided the legal
framework for the EU’s policies on energy and the
energy sector. However, the EU’s energy ministers
meet regularly at the EU Energy Council, coordinate
national energy policies, and deliberate the Commu-
nity measures proposed by the Commission. Such
measures aim to achieve the energy policy objectives
defined by the EU: Competition, security of supply,
and protection of the environment.The primary issue
for the Energy Council is the liberalization of the
electricity and gas markets in the EU with the aim of
establishing an internal market in grid-based ener-
gies. Other key issues include measures to improve
energy efficiency and promote renewables.

Initiatives by the Commission to encourage EU-
wide harmonization of energy policies have so far
collapsed in the face of opposition by the Member
States. In order to avoid competitive disadvantages
for their energy industries in a fiercely competitive



38 2 Social and economic energy system linkages

market, however, the Member States will probably
have to fall into line soon.

Energy policy already plays a major role in the
EU’s external relations: Through its funding pro-
grammes, the loans and credits provided by the Euro-
pean Investment Bank and the European Bank for
Reconstruction and Development, and political
treaties, the EU helps to improve the safety of
nuclear installations in Central and Eastern Europe,
for example, and supports the development of an
environmentally compatible energy industry in the
Mediterranean seaboard states.

2.7.3
Financing structures

Global Environment Facility (GEF) 
The Global Environment Facility (GEF) is a finan-
cial instrument which is designed to address six criti-
cal threats to the global environment: Climate
change, biodiversity loss, ozone depletion, degrada-
tion of international waters, persistent organic pollu-
tants (POPs), and land degradation. The GEF is the
designated financial mechanism for the UNFCCC
and the Biodiversity Convention. From 1996, pro-
jects launched under the Desertification Convention
could only be funded by GEF if there were synergies
with climate protection and biodiversity conserva-
tion, but since 2003, desertification projects are now
directly eligible for funding. GEF is jointly imple-
mented by UNDP, UNEP and the World Bank. In
1994, after a three-year pilot phase, the donor gov-
ernments, mainly from the industrialized countries,
initially provided US$2,000 million for the fund; the
same amount was made available again for Phase 2
(1998–2002), rising to US$2,920 million for Phase 3
(2003–2006). GEF is the most important funding
mechanism for projects aimed at improving energy
efficiency and promoting renewables in developing
countries.To the end of 2000, a total of nearly US$570
million had flowed into 48 renewable energy projects
in 47 states from GEF funds, with a further US$2,500
million in co-financing from other institutions. GEF
also supports numerous energy efficiency projects.
This funding is targeted primarily towards pilot pro-
jects which demonstrate the opportunities associated
with the utilization of renewable energies or energy-
efficiency technologies. In project implementation,
particular emphasis is placed on training and support
for local personnel as well as institution-building in
order to promote wider use of the new technologies.
For this reason, GEF also targets its funding towards
the integration of the private sector in project devel-
opment and implementation (GEF, 2000; UN Ad
Hoc Inter-Agency Task Force on Energy, 2001).

Kyoto Funds
As the funding available from GEF for the establish-
ment of a sustainable global energy supply is far too
low, the ‘Kyoto Funds’ were launched during the
negotiations on the Kyoto Protocol. The Special Cli-
mate Change Fund and the Least Developed Coun-
tries Fund will finance developing countries’ activi-
ties relating to climate change in the areas of adapta-
tion, promote North-South technology transfer, and
assist developing countries whose economies are
highly dependent on income generated from fossil
fuels in diversifying their economies.

The Adaptation Fund established under the
Kyoto Protocol is intended to support developing
countries suffering from the impact of climate
change. It will be funded from the share of proceeds
from the Clean Development Mechanism. Provided
that the CDM functions in practice, it could become
an important financing mechanism.

One should be under no illusions, however, about
the level of funding provided to these Funds from the
public purse or their effectiveness in restructuring
energy systems. All the Funds will focus primarily on
adaptation measures rather than emissions reduction
and technology transfer. At COP6 in Bonn in 2001,
the EU and a number of other states pledged to pro-
vide a total annual contribution of US$410 million to
these Funds by 2005 or provide bilateral support for
the purposes stated. For the Adaptation Fund and
the Special Climate Change Fund, no negotiations on
funding had taken place by the start of 2003. Only for
the Least Developed Countries Fund have there
been initial indications from the developed countries
that it will run to several tens of million euro per year
(BMZ, personal communication).

World Bank
Alongside GEF, the World Bank is the most impor-
tant provider of energy policy financing, especially
for developing countries. Since the World Bank’s
establishment, the energy sector has been a key area
for lending, with up to 25 per cent of the World
Bank’s total lending occurring in this sector for many
years. However, energy lending for electricity, fossil
energy carriers and mining dropped by almost half
from 1998 to 2001, combined with a fall in the num-
ber of projects from around 160 to 110. The World
Bank cites a number of reason for this, including the
replacement of World Bank financing by private
investment, the introduction of lending by regional
development banks, and some countries’ aversion to
risky energy sector reform (World Bank, 1993,
2001b).

In response to this development, the World Bank
sought to exert greater influence over the economic
viability of energy supply companies, especially in the
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1980s. Overall, it was unable to halt the further
decline in energy lending during this period,
although current lending to the energy sector at the
start of the 1990s still amounted to around
US$40,000 million, i.e. 15 per cent of all lending. The
World Bank’s financing of the energy sector further
decreased during the 1990s, especially after the Asian
crisis in 1997, standing at around US$12,000 million
in 2001, i.e. approximately 6 per cent of lending
(Table 2.7-2).

The World Bank has set itself the following global
energy policy goals for the next ten years:
• Increasing the share of households with access to

electricity from 65 per cent to 75 per cent.
• Increasing the share of large cities with acceptable

air quality from 15 per cent to 30 per cent.
• Increasing the share of developing countries

where industrial consumers have a choice of sup-
pliers from 15 per cent to 40 per cent, and increas-
ing the share of developing countries where the
power industry stops being a burden on the bud-
get from 34 per cent to 50 per cent (World Bank,
2001b).

Although the more detailed definition of these tar-
gets by the World Bank through specific indicators
(Table 2.7-3) is welcome, it remains unclear, espe-
cially in view of the current balance sheet, precisely
which instruments will be deployed to achieve these
objectives. The decline in demand for energy lending
from the World Bank indicates that there are still
substantial political concerns about the restructuring
or, indeed, the privatization of the energy sector in
most developing countries. The success achieved by
the World Bank will therefore continue to depend on
the energy policies pursued by the developing coun-
tries.

Development cooperation and private direct
investment
The target adopted by the international community
to spend 0.7 per cent of GDP on official development
assistance (ODA) has not been reached by Germany
(0.27 per cent), the EU (<0.3 per cent), or the USA
(0.1 per cent). In 2000, just 7.9 per cent of total ODA,
i.e. US$3,760 million, flowed into infrastructure pro-
jects in the energy sector (OECD, 2001). In contrast
to the decrease in ODA, private investors stepped up
their commitment to the energy sector in the 1990s.
More than 600 electricity projects with private
financing and a total investment value of US$160,000
million were implemented in more than 70 develop-
ing and newly industrializing countries in the 1990s
(Fig. 2.7-2). Private investment in energy projects
peaked (temporarily) in 1997, but then slumped as a
result of the Asian crisis and negative developments
in Latin America.

Export Credit and Investment Insurance
Agencies
The OECD countries’ Export Credit and Investment
Insurance Agencies (ECAs) play a key role in trade
relations between industrialized and developing
countries, especially in investment. The agenda of
these institutions, which are generally publicly
funded, is to boost domestic industry in foreign mar-
kets. On payment of a relatively low fee, ECAs pro-
vide insurance for exports to high-risk countries and
foreign direct investment through state-guaranteed
loans, guarantees, financing and credits. The ECAs
are particularly active in the energy sector of devel-
oping and transition countries. Here, fossil-fueled
power generation and major dam projects are the
main focus of their work. Electricity generation from
solar and wind energy and biomass has rarely been
promoted to date. Nonetheless, export promotion
can also have a positive effect on the utilization of
fossil energy carriers, for example if old production
plants are replaced with new and more efficient tech-
nologies or if energy efficiency is increased.

Foreign investment in the construction of power
plants in the developing and transition countries
totalled US$115,600 million during 1996 and 2001. Of
this figure, US$50,000 million was supported by
export credit agencies. Of US$97,800 million
invested in oil and gas development, the ECAs sup-
ported a total of US$60,600 million.

On the recipient side, a strong geographical con-
centration can be observed. The leading destinations
for the ECAs’ financing – and, indeed, for private
investment – are a handful of countries which will
play a key role in the development of global green-
house gas emissions in future: China, Indonesia,
India, Mexico, Brazil, the Philippines and Turkey.

Region Power
plants
[US$ 
1,000 million]

Oil-/gas
development
[US$ 
1,000 million]

Sub-Saharan Africa 1.92 0.68
East Asia/Pacific 10.29 0.93
Europe/Central Asia 3.69 1.94
Latin America/Carribean 2.01 0.55
Middle East 0.71 0.28
Southern Asia 5.67 1.04

Total for sector 24.29 5.42

Table 2.7-2
Lendings by the International Bank for Reconstruction and
Development (IBRD) and the International Development
Association (IDA), which are part of the World Bank Group,
for power plants and oil/gas development during the trading
years 1990–2001. Share of total IBRD and IDA lending:
power plants 9.2 per cent; oil/gas development 2.1 per cent.
Source: World Bank, 2002b
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Table 2.7-4 shows the financing provided by the
ECAs from the USA, Japan and Germany as a per-
centage of investment in the developing and transi-
tion countries’ energy sector. In terms of their com-
mitment, the German agencies lag well behind those
of the USA and Japan.

The relevance of trade promotion measures to cli-
mate protection has been largely ignored until now.
One exception is a report released by the Institute
for Policy Studies (IPS), which reveals that from 1992
to 1998, US credit agencies underwrote financing for
fossil energy projects around the world which, over

Table 2.7-3
Change in the World Bank policies on the energy sector (selection). The International Finance Corporation (IFC) is part of the
World Bank Group and the largest source of lending worldwide for projects in the developing countries’ private sector.
Source: World Bank, 2001b

Former priorities More recent priorities New priorities

CHANGES IN THE INTERNATIONAL FINANCE CORPORATION’S PRIORITIES

Financing major power plants which 
sell to a state monopoly at 
guaranteed prices

Shift towards reforms in individual 
sectors, environmental protection
and access to energy services

Supporting reforms in the energy
sector and promoting competition

Improving environmental protection in
energy supply

Supplying people with no access to
energy services

CHANGES IN THE PRIORITIES IN OIL AND GAS DEVELOPMENT

1970s: Supporting public investment

1980s: Reforms in individual sectors, lib-
eralization, improving parameters for
and actively promoting private invest-
ment

1990s: Reforms in the transition coun-
tries’ oil and gas sector

Greater integration of activities in:
• Environmental protection (clean fuels,

gas)
• Social embedding (best practice, part-

nerships)
• Further reforms 

(privatization, more competition)
• Governance (tax administration,

transparency)
• Financing of selected private sectors

CHANGES IN THE PRIORITIES IN MINING DEVELOPMENT

To 1990: Investment assistance and
technical support for lending to develop
the mining industry

1991–2000: Promoting better parameters
for private investment in mining

Privatization, restructuring and closure
of mines (Poland, Romania, Russia,
Ukraine)

Sustainable mining

Regional/local development through 
private investment in the mining 
industry
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Figure 2.7-2
Total investment in energy
projects with private
financing in developing and
newly industrializing
countries. Countries with
low income: per capita GDP
1998: < US$760. Countries
with low and medium
income: per capita GDP
1998: US$761–3,030.
Countries with medium and
high income: per capita
GDP 1998: US$3,031–9,360.
Source: Izaguirre, 2000
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their lifetimes, will release an additional 29,300 mil-
lion tonnes of CO2 into the atmosphere (IPS, 1999).

2.7.4
Fragmented approaches to global energy policy

The United Nations has a key role to play in the
expansion of the energy supply in developing coun-
tries. However, energy policy is currently not a prior-
ity at UN level.The brief overview of the activities of
the various UN units and agencies (Section 2.7.2)
clearly shows that the UN has no identifiable or
coherent strategy for the energy sector. The attempt
to coordinate the various programmes and projects
through a Task Force, comprising representatives of
the various units, is unlikely to be successful, firstly
because the various agencies, programmes and actors
generally pursue their own particular interests, and
secondly because the Task Force’s mandate is inad-
equate. Mechanisms which could help convert the
findings obtained within the CSD framework into
political criteria for the UN’s work are still in their
infancy.The absence of a clear policy programme set-
ting out the cornerstones of a UN strategy on the
expansion of sustainable energy in developing coun-
tries also contributes to the fragmentation of the var-
ious UN units’ energy-related activities. The failure
to achieve effective policy coordination between the
UN’s various individual strategies, donor countries
and key funding agencies further exacerbates the sit-
uation.

The overview of the existing legal and institutional
bases of international energy policy illustrates the
current priorities and shortcomings in global policy-
making (Fig. 2.7-1): Whereas international trade law

is increasingly focussing on the progressive liberal-
ization of national energy markets and facilitating
trade in energy goods and services, the environmen-
tal and development dimensions of a sustainable
energy policy do not match up to what is required.
The UNFCCC and the Kyoto Protocol are to be wel-
comed as a successful starting point for the reduction
of greenhouse gas emissions. For the second commit-
ment period from 2012, the aim must be to achieve a
clear increase in reduction commitments and to pro-
gressively include, in an appropriate manner, some of
the developing countries in the process as well. In
particular, the institutional fragmentation, lack of an
overarching political strategy, and inadequate finan-
cial resources impede the more effective use of the
available instruments.

2.8
Interim summary: The starting point for global
energy policy

• Energy is a key prerequisite for social develop-
ment and poverty reduction. Population growth
and economic and technological developments
have resulted in a substantial rise in worldwide
energy consumption in recent centuries and
decades, which has also increased environmental
pollution.

• The availability of high-quality forms of energy is
unevenly distributed around the globe. Around
one-third of the world’s population, primarily in
the developing countries, has no access to electric-
ity. These people, who are often exposed to major
health risks as a result of their reliance on fuel-

Table 2.7-4
Financing provided by the ECAs from the USA, Japan and Germany for the developing and transition countries’ energy sector
(power plant construction, oil and gas development: 1996–2001). KfW Kreditanstalt für Wiederaufbau, JBIC Japanese Bank for
International Cooperation, NEXI Nippon Export and Investment Insurance, Exim-Bank Export-Import Bank, OPIC Overseas
Private Investment Corporation.
Source: Maurer, 2002

Country Export credit
agency

Power plant construction Oil and gas development

Guarantees/
insurance
[US$1,000 million]

Co-financing

[US$1,000 million]

Guarantees/
insurance
[US$1,000 million]

Co-financing

[US$1,000 million]

Germany Hermes 1.52 - 0.55 -
KfW - 2.20 - 1.00

Japan JBIC 1.36 2.50 0.34 3.83
NEXI 1.20 0.10 0.20 0.30

USA Exim-Bank 3.72 0.50 3.36 0.55
OPIC 1.40 1.20 0.44 0.20

Total 9.20 6.50 4.89 5.88



wood or dung for cooking and heating, face major
obstacles to their development.

• Energy systems in the industrialized countries are
geared to three main characteristics: Security of
supply, affordability, and environmental compati-
bility. In the past, fossil and nuclear energy carriers
were often subsidized by the state, and the elec-
tricity supply was subject to comprehensive state
control. More recently, there has been a move
away from subsidies on fossil and nuclear energy
carriers, a liberalization of the grid-based energy
markets, and greater government support for
renewable energies.

• Transition countries in eastern and south-eastern
Europe are noted for their heavy reliance on fos-
sil energy carriers. Despite their major potential,
renewable energies – such as biomass, wind and
solar power – play only a minor role.The weakness
of the economies during the last two decades has
resulted in a drop in energy production. Urgently
needed investment to maintain and modernize the
energy sector was not carried out, resulting in very
low efficiency of production plants. Major causes
of this inefficiency are the subsidies on energy use
and the close interdependencies between political
and economic interests in the energy sector.

• Energy systems in developing and newly industri-
alizing countries have no uniform pattern. There
are substantial disparities between continents,
countries, regions, urban and rural areas, and land-
scape types. In general, demand for commercial
energy rises along with urbanization, and an
increase in energy demand can generally be
observed as per capita income rises. However, the
increase in energy use is restricted by the limited
availability of financial resources and the sluggish
expansion of the energy supply. The energy poli-
cies adopted by most newly industrializing and
developing countries do not make provision for
efficiency strategies or investment in renewables.
Instead, they rely on fossil energy carriers to cover
most of the demand.

• Global energy policy is influenced substantially by
increasing economic and technological interde-
pendencies. This facilitates the transfer of energy
efficiency standards and technologies, for exam-
ple. On the other hand, the intensive transporta-
tion of goods and persons around the globe and
the transfer of Western lifestyles to less industrial-
ized regions of the world lead to a rise in global
demand for energy.

• Within the UN agencies and the World Bank, a
globally coordinated energy policy is still in its
infancy. Institutional fragmentation and inade-
quate financing mechanisms make it more diffi-

cult to achieve an energy reform aimed at sustain-
ability.

• Many developing countries are still in the process
of establishing a viable commercial energy system.
As they can draw on a more extensive portfolio of
technology options than the industrialized coun-
tries at the same stage of development, there is a
chance for the parameters for a sustainable energy
system to be incorporated into this new structure
(Goldemberg, 1996; Murphy, 2001). For example,
investment in renewable energy systems enables
distributed electricity supply to be brought on
stream quickly and cost-effectively. However, this
requires the rigorous rechannelling of private
direct investment, government loans and credit
guarantees in order to overcome, in developing
countries, too, the path dependency on fossil fuels.

42 2 Social and economic energy system linkages
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3.1
Introduction

The following discussion of a transformation of the
global energy system identifies technology options
and presents promising solutions, some of which are
little known. A great array of technologies is avail-
able at all levels, from primary energy generation to
energy services. Their deployment and mix is evalu-
ated here from a sustainability perspective. This
analysis starts with an examination of the available
energy sources and carriers. The realizable and sus-
tainable potential (see definitions in Box 3.1-1) for
fossil, nuclear and renewable energy is presented,
conversion technologies are described, and environ-
mental and social impacts evaluated. Moreover, the
current and future costs of the technologies are dis-
cussed. While an increasing shortage of supplies will
make conventional forms of energy more expensive
in the long term, an opposite trend of continuous cost
reductions is foreseeable for renewables. Any evalu-
ation should therefore not be limited to the present.
The analysis delivers the boundary conditions defin-
ing the realm within which the Council’s exemplary
path for a sustainable transformation of energy sys-
tems can be elaborated (cf. Chapter 4).

In addition to utilizing available energy sources
sustainably, it is essential to deploy technologies with
maximum efficiency for all conversion processes,
from primary to useful energy and at the end user.To
deploy fluctuating renewable energy sources, tech-
nologies for compensating such fluctuations or for
energy storage are key. The discussion of this issue is
organized around three aspects: first, distributed
combined heat and power, second, energy distribu-
tion/transport and storage and, third, demand-side
energy efficiency. Further sections of Chapter 3
examine the options for decarbonizing the energy
system through secure and long-term carbon storage
(sequestration), and the prospects for sustainable
energy solutions in the transport sector.

3.2
Energy carriers

3.2.1
Fossil fuels

3.2.1.1
Potential

Today, petroleum, coal and natural gas dominate the
supply of heat, electrical energy and fuels in energy
systems worldwide.These fossil energy carriers cover
90 per cent of primary energy consumption world-
wide (petroleum 40 per cent, coal 27 per cent, natural
gas 23 per cent; BGR, 1998). In terms of their eco-
nomic and technological recoverability, a distinction
is made between reserves, resources and additional
occurrences (BGR, 1998; Nakicenovic et al., 1998):
• Reserves are defined as known occurrences that

have been recorded very accurately and can today
be recovered technologically and economically at
any time.

• Resources are defined as occurrences that have
been identified or are believed to exist, and which
are not yet recoverable with today’s technology
and under current economic conditions, but which
are seen as potentially recoverable.

• Additional occurrences are those that cannot be
classified as reserves or as resources.The existence
of such occurrences is suggested by geological
studies, but their size and the technological and
economic conditions for their recoverability are
still very uncertain.

The sum of reserves and resources is known as total
resource. Resources can become reserves if, for
example, fuel prices rise or recovery costs fall due to
technological progress. Similarly, through technolog-
ical advances at least some of the additional occur-
rences can move into the resources category in the
long term, thereby increasing the total resource. The
distinction between resources and additional occur-

Technologies and their sustainable
potential
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rences is much less clear than that between reserves
and resources (UNDP et al., 2000).

Between 1860 and 1998, the cumulative global
energy consumption was 13,500EJ (UNDP et al.,
2000). The energy stored in today’s reserves is of at
least the same order of magnitude (Table 3.2-1). If
the deposits that are classified as resources are also
taken into account, the stored quantity of energy
increases 20-fold. Optimistic figures are usually sub-
stantiated based on the assumption of large non-con-
ventional oil and gas occurrences. The difference
between conventional and non-conventional occur-
rences is that the latter occur in significantly lower
concentrations, require unusual or very high techno-
logical effort for recovery and sophisticated conver-
sion techniques, or have significant environmental
implications. Examples are oil shale, tar sands and
heavy crude, as well as gas in coal seams, tight sand
formations and gas hydrates (Nakicenovic et al.,
1998). With high oil prices, some of these non-con-
ventional deposits (e.g. tar sands) can already be

recovered economically today and can therefore
already be classified as reserves (Table 3.2-1).

Coal deposits make up the lion’s share of the fos-
sil reserves and would suffice to cover the expected
energy consumption far beyond 2100. With current
technology, i.e. without the application of coal hydro-
genation, coal is insignificant as an energy source for
the rapidly growing transport sector; growth predic-
tions for coal are therefore lower than those for oil.
According to most scenarios (Chapter 4), the pro-
portion of coal in the fossil energy mix is likely to fall
by 2100.

At present rates of consumption, the gas reserves
would be able to meet demand for another 60 years
or so, but if the resources are also considered, the
range extends to 170–200 years (IEA, 2002c). How-
ever, since gas consumption shows the strongest
growth rates of all fossil energy sources, with a dou-
bling of consumption expected between 2000 and
2030 (IEA, 2002c), gas reserves are likely to run out
faster. A potentially very large source for methane is

Box 3.1-1

Types of potential

The following terms are usually used in the discussion of
the potential of different energy carriers: theoretical poten-
tial, technological potential and economic potential. The
Council felt that it was necessary to introduce the addi-
tional terms of conversion potential and sustainable poten-
tial. This report is based on the following definitions:

Theoretical potential
The theoretical potential identifies the physical upper limit
of the energy available from a certain source. For solar
energy, for example, this would be the total solar radiation
falling on a particular surface.This potential does therefore
not take account of any restrictions on utilization, nor is the
efficiency of the conversion technologies considered.

Conversion potential
The conversion potential is defined specifically for each
technology and is derived from the theoretical potential
and the annual efficiency of the respective conversion tech-
nology. The conversion potential is therefore not a strictly
defined value, since the efficiency of a particular technol-
ogy depends on technological progress.

Technological potential
The technological potential is derived from the conversion
potential, taking account of additional restrictions regard-
ing the area that is realistically available for energy genera-
tion.The criteria for the selection of areas are not dealt with
consistently in the literature. Technological, structural and
ecological restrictions, as well as legislative requirements,
are accounted for to a greater or lesser degree. Like the
conversion potential, the technological potential of the dif-
ferent energy sources is therefore not a strictly defined
value, but depends on numerous boundary conditions and
assumptions.

Economic potential
This potential identifies the proportion of the technological
potential that can be utilized economically, based on eco-
nomic boundary conditions (at a certain time). For bio-
mass, for example, those quantities are included that can be
exploited economically in competition with other products
and land uses. The economic boundary conditions can be
influenced significantly, particularly through political mea-
sures.

Sustainable potential
This potential of an energy source covers all aspects of sus-
tainability, which usually requires careful consideration and
evaluation of different ecological and socio-economic
aspects. The differentiation of the sustainable potential is
blurred, since ecological aspects may already have been
considered for the technological or economic potential,
depending on the author. The Council proposes an exem-
plary transformation path for the global energy system
(Chapter 4) based on the sustainable potential, the activa-
tion of which is regarded as realistic within certain
timescales.

Section 3.2 examines the potential of the energy carriers
and energy sources from a global point of view. In particu-
lar, global maps of the conversion potential for the follow-
ing technologies were calculated for this report:
• photovoltaic modules (without optical concentration),
• solar thermal power plants,
• solar collectors for heat generation,
• wind energy converters.
Based on these maps, the regional distribution of the
energy that can be recovered and utilized in principle can
be estimated. The calculations were carried out based on a
global grid with a resolution of 0.5 ° longitude and latitude.
The resulting potential is specified as average power den-
sity per surface area or per tilted module/converter area, so
that the unit of measurement is always ‘output per area’.
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represented by the gas hydrate deposits in the sea
bed and in permafrost soils, which are usually classi-
fied as additional occurrences. If they could be
exploited, the fossil resource base would multiply.
However, currently the usability of the methane
hydrate deposits is viewed rather cautiously. There
are neither secure scientific statements about the size
of the deposits nor attractive technical proposals for
their recovery (UNDP et al., 2000), and further basic
research is required in this area.

3.2.1.2
Technology/Conversion

Currently, large central power stations dominate the
power supply in the electricity grids of industrialized
countries. For example, in Germany during 1999,
such power stations (>100MW) provided around 80
per cent of the total installed electrical capacity of

approximately 119,000MW, of which coal-fired
power stations provided approximately 52,000MW
and gas-fired power stations around 16,000MW. Con-
ventional steam plants are currently the predomi-
nant technology used for converting coal, while com-
bined cycle plants tend to be used for natural gas
(Hassmann, personal communication, 2000). For
base and intermediate loads, both power plant types
are operated without heat extraction, which means
there is significant potential through increased effi-
ciency. In this operating mode, CO2 emissions are
proportional to the electrical efficiency. On average,
the efficiency of German fossil fired power stations is
only approximately 39 per cent, while electrical effi-
ciencies of more than 45 per cent for coal-fired plants
and nearly 60 per cent for combined cycle gas turbine
(CCGT) plants have been reported, highlighting sig-
nificant potential for reducing CO2 emissions. In
addition to ‘classic’ power stations, further types are
developed with a view to utilizing coal in gas tur-

Table 3.2-1
Reserves, resources and additional occurrences of fossil energy carriers according to different authors. c conventional
(petroleum with a certain density, free natural gas, petroleum gas, nc non-conventional (heavy fuel oil, very heavy oils, tar sands
and oil shale, gas in coal seams, aquifer gas, natural gas in tight formations, gas hydrates). The presence of additional
occurrences is assumed based on geological conditions, but their potential for economic recovery is currently very uncertain. In
comparison: In 1998, the global primary energy demand was 402EJ (UNDP et al., 2000).
Sources: see Table

Energy carrier Brown,
2002

IEA,
2002c

IPCC,
2001a

Nakicenovic et al.,
1998

UNDP et al.,
2000

BGR,
1998

[EJ]

GAS

Reserves

Resources

Additional
occurrences

5,600

9,400

6,200

11,100

c 5,400
nc 8,000
c 11,700
nc 10,800

796,000

c 5,900
nc 8,000
c 11,700
nc 10,800

799,700

c 5,500
nc 9,400
c 11,100
nc 23,800

930,000

c 5,300
nc 100
c 7,800
nca) 111,900

OIL

Reserves

Resources

Additional
occurrences

5,800

10,200

5,700

13,400

c 5,900
nc 6,600
c 7,500
nc 15,500

61,000

c 6,300
nc 8,100
c 6,100
nc 13,900

79,500

c 6,000
nc 5,100
c 6,100
nc 15,200

45,000

c 6,700
nc 5,900
c 3,300
nc 25,200

COAL

Reserves
Resources
Additonal
occurrences

23,600
26,000

22,500
165,000

42,000
100,000

121,000

25,400
117,000

125,600

20,700
179,000

16,300
179,000

Total resource
(reserves +
resources)

Total
occurrence

180,600 223,900 212,200

1,204,200

213,200

1,218,000

281,900

1,256,000

361,500

a)including gas hydrates
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bines, with associated increases in efficiency and
reductions in emissions (Table 3.2-2).

3.2.1.3
Environmental and social impacts

Anthropogenic climate change
In 1990, global CO2 emissions from the utilization of
petroleum, coal and natural gas were approximately
6.0GtC (IPCC, 2001a), with the combustion of petro-
leum having the greatest share at 44 per cent. In addi-
tion, there were 1.8GtCeq of methane and 2.5GtCeq of
nitrous oxide emissions, mainly from agriculture
(IPCC, 2000a). During the last 100 years, the average
air temperature near the surface and in the lower
atmosphere increased by 0.6 ± 0.2°C.Without climate
policy measures, a global increase in temperature
between 1.4 and 5.8°C is expected by 2100. This
increase leads to increased atmospheric humidity
and also often to higher precipitation, changes in
atmospheric and oceanic circulation, melting of sea
ice and snow, and a rise in sea levels (IPCC, 2001a).

The predicted shift in climatic regions and more fre-
quent extreme weather events such as flooding and
droughts are expected to have negative ecological
and social impacts (IPCC, 2001b). In sensitive ecosys-
tems, the damage can already be identified (Section
4.3.1.2). The risk of irreversible damage of ecosys-
tems increases with increasing temperature and
increasing rate of warming (IPCC, 2001b).

Weather-related damage has been on the increase
for 25 years, with large annual fluctuations. The
mounting economic costs arising in the wake of
flooding and droughts can be measured in many
regions (IPCC, 2001b; Münchner Rückversicherung,
2001; Swiss Re, 2001). According to estimates by the
International Red Cross, during the past 26 years
such events have affected approximately 2,500 mil-
lion people (IFRC-RCS, 2001). Most of the damage
occurred during the 1990s, which were the warmest
decade since weather data started to be recorded
(Milly et al., 2002; Münchner Rückversicherung,
2001). In 2000 and 2001, a significantly higher num-
ber of people were affected by droughts globally (176
and 86 million compared with 20 million in 1998),

Table 3.2-2
Further development of modern fossil power plants.
Source: Hassmann, personal communication, 2002

Fuel Plant Capacity Net
efficiency

CO2

emissions
Estimated
costs

R&D status
comments

Timescale

[MW] [%] [g CO2/kWh] [€/kW]

Coal Steam power plant
with high maximum
steam conditions 
350 bar/700 °C

700–900 >50 168 >700 Proposed for around
2010, material develop-
ment

Around 2010

Combined cycle plant
(gas and steam tur-
bine) with circulating
fluidized bed
(2nd generation)

700–800 54–55 150 650–700 Hot gas cleaning,
robust gas turbine

After 2010

Combined cycle plant
with pressurized coal
gasification (IGCC)

400–500 >45 184 approx.
1,000

Low availability Pilot plants
have already
been realized

Combined cycle plant
with pressurized pul-
verized coal firing

400 54–55 150 >750 Hot gas cleaning,
robust gas turbine

After 2015

Natural
gas

Advanced combined
cycle gas and steam
turbine power plants
(CCGT)

400 >60 80 approx.
500

Further development
required for: compres-
sor, gas turbine (little),
NOX burner, material
development for cat-
alytic combustion, hot
parts (combustion
chamber lining, transi-
tion elements, blades,
blade cooling), com-
pressor

From 2005
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fewer were affected by flooding (62 and 34 million
compared with 290 million in 1998), and a similar
number were affected by severe storms (15 and 29
compared with 26 million in 1998) (CRED, 2003). It
is likely that there is a relationship between the
increasing incidence of severe weather and observed
climate change.

Due to the geographic position and inadequate
adaptability of developing countries, climate change
is threatening to cause particularly severe damage
(IPCC, 2001b). In some cases, whole states could be
obliterated by rising sea levels. Up to now, these
countries have hardly developed any prevention and
emergency response structures.

Air pollution
Emissions of benzene, soot and other particles from
industrial combustion processes, power stations and
traffic have numerous ecotoxic effects. Furthermore,
nitrogen oxides, hydrocarbons and carbon monoxide
change the oxidation capacity of the atmosphere,
which can not only lead to local production of low-
level ozone, but can change the self-purifying capac-
ity of the atmosphere overall. Combustion processes
cause the emission of large quantities of nitrogen and
sulphur oxides, which together with ammonia from
intensive animal husbandry are a key factor in the
transformation of bio-geochemical cycles by humans.
These precursor substances for acids are chemically
converted in the atmosphere and enter the soil
through ‘acidic rain’. While in industrialized coun-
tries the problem has been successfully reduced
through desulphurization and denitrification sys-
tems, hardly any such measures have so far been
implemented in developing and newly industrializing
countries.

Pollution caused by the recovery and
transport of fossil fuels
The production of fossil energy carriers affects the
soil: On the one hand, large volumes of soil are
moved, particularly in open-cast coal and ore mining,
which changes the morphology of the soil and leads
to subsidence effects in the land surface. On the other
hand, there are significant effects on hydrological
processes such as drainage, the sediment load of
rivers and the ground water table, with possible
effects on soils and ecosystems. In nearly all industri-
alized countries, the intermediate storage of the soil
during open-cast mining is now a legal requirement.

Oil leakages cause particularly severe ecological
damage during recovery and transport. In western
Siberia, oil leakages are estimated to have amounted
to 2.8 million tonnes of petroleum per annum
between 1980 and 1990, causing the destruction of
55,000km2 of the permafrost ecosystem (Stüwe,

1993). Between 1967 and 2002, 22 large tanker acci-
dents (loss of oil >10,000 t) were recorded, in which
more than 2.4 million tonnes of petroleum were
spilled into the sea (Greenpeace, 2002), causing sig-
nificant ecological damage. In addition, approxi-
mately 520,000 tonnes of oil are drained into the sea
each year through the cleaning of tankers and illegal
pumping out of machine oil.This is twice the amount
entering the sea naturally through the sea bed.A fur-
ther 57,000 tonnes per year enter the sea through off-
shore oil installations (Feldmann and Gradwohl,
1996).

Effects on human health
The utilization of fossil fuels and wood for energy
generation is one of the main sources of air pollution,
for example through NOX, SO2, CO, polyaromatic
hydrocarbons or formaldehyde. These substances
have health effects for a large number of people.
Dusts in the form of soil particles, mineral ashes or
other small particles also have a detrimental effect on
health. Further, more than 1,100 million people are
subjected to concentrations of aerosol particles
above the levels specified in WHO guidelines
(UNDP et al., 2000), with exposure being particularly
serious for the population of large cities, mainly in
the rapidly growing mega-cities of Asia, Africa and
Latin America.

Air pollution can trigger a series of acute and
chronic diseases such as respiratory diseases
(asthma, lung irritation and lung cancer) and diseases
of the cardiovascular system.According to the World
Health Organization (WHO, 2000, 2002b)
• there is a direct relationship between mortality

rates and the daily exposure to aerosol particles.
Every year, 0.8 million people die as a conse-
quence of urban air pollution;

• the life expectancy within a population that is sub-
jected to high concentrations of particles in the air
is reduced significantly;

• in strongly polluted regions, air pollution is
thought to be responsible for 30–40 per cent of
asthma cases and 20–30 per cent of all respiratory
diseases.

3.2.1.4
Evaluation

The consequences of the recovery, transportation
and, above all, utilization of fossil energy carriers
today affect every human being on the planet. Many
become ill directly as a result of the inhalation of pol-
lutants in the air, and everyone is affected by climate
change e.g. through increasingly frequent extreme
weather events. Ecosystems also suffer severe dam-
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age, from oil disasters after tanker accidents to the
acidification of inland waters.

The most serious consequences arise from the cli-
mate change that would result from the undimin-
ished and continued utilization of fossil fuels (Sec-
tion 4.3.1.2). The existing reserves of fossil energy
carriers therefore cannot be utilized fully, since car-
bon dioxide emissions will have to be limited due to
their effect on climate change, and because the
capacity to store carbon dioxide is very limited for
both technological and economic reasons (Section
3.6). In order to achieve and maintain stabilization of
the atmospheric carbon dioxide concentration
according to Article 2 of the UN Framework Con-
vention on Climate Change, anthropogenic emis-
sions need to be reduced in the long term, i.e. over
several centuries, to such low levels that persistent
natural sinks are able to absorb them. These levels
are estimated to be very small (less than 0.2GtC per
year, compared with 6.3GtC per year of emissions
from fossil fuels and cement, averaged over the
1990s; IPCC, 2001a). The Council therefore con-
cludes that in the long term we will have to move
away from fossil energy sources. However, it is unre-
alistic to try and achieve such a transformation by
2100, and for the long-term stabilization of the CO2

concentration a longer timescale is in fact adequate.
In the short term, better environmental standards

and environmentally more benign recovery, trans-
portation and utilization technologies are important
elements of environmental protection. What is
required is a timely switch to less damaging bridging
technologies (e.g. the replacement of coal and petro-
leum through natural gas), investment in increased
efficiency during energy conversion and utilization,
and in the long term the replacement of fossil energy
carriers by renewables (Chapter 4).

3.2.2
Nuclear energy

3.2.2.1
Potential

Nuclear fission
Energy is released when heavy atomic nuclei are
split. Some of the heavy chemical elements offer the
opportunity to trigger a controlled chain reaction
that enables the release of very large amounts of
energy from small quantities of fissile material. In
nuclear power plants, the energy thus generated is
initially converted to heat and then into electricity.
Modern nuclear technology is based on uranium as
the fissile material, with the radioactive isotope U-

235 being used as fuel. Natural uranium contains only
about 0.7 per cent of U-235. In nuclear reactors, the
uranium is bombarded with neutrons. This leads to
the formation of plutonium, which is also fissile. The
binding energy of the atomic nuclei that is released in
a common nuclear reactor therefore originates from
the fission of uranium and plutonium. For a compre-
hensive estimation of the potential offered by
nuclear energy, thorium should also be considered in
addition to uranium and plutonium, since the sponta-
neous fission of thorium can also trigger a chain reac-
tion, although this would require a different type of
reactor from those currently in use.

Currently, around 2.5 PWh of electrical energy are
generated annually worldwide in 440 nuclear power
plants (mainly light water reactors, LWR) with an
installed electrical capacity of 354GW at an average
utilization rate (based on continuous operation at
rated capacity) of approximately 80 per cent, corre-
sponding to 17 per cent of global electricity genera-
tion. For generating 1TWh of electricity, approxi-
mately 22t of (natural) uranium is required (UNDP
et al., 2000), resulting in an annual demand of around
55,000t of natural uranium. In its present form, the
utilization of nuclear fission energy is therefore lim-
ited by the Earth’s natural uranium deposits. World-
wide, 3.2 million tonnes of uranium reserves (price
per kilogram below US$130; UNDP et al., 2000) have
been identified, which would last 60 years at current
consumption rates. If the presumed resources are
also considered, global deposits increase to approxi-
mately 20 million tonnes or approximately 360 years
at current consumption.This would correspond to an
electricity production of approximately 3,200EJ.
These figures could be increased significantly, if one
were to succeed in utilizing the uranium that is dis-
solved in sea water for energy generation (uranium
concentration 3mg per tonne, approx. 4.5 million
tonnes in total). However, the large-scale applicabil-
ity of associated extraction techniques has not yet
been proven. Without considering unquantified
deposits in China and in the CIS, thorium reserves
are estimated to be around 4.5 million tonnes.

Plutonium is practically non-existent naturally,
but is generated in nuclear reactors using uranium.
After reprocessing into mixed oxide (MOX) fuel
rods it can be reused as reactor fuel, thereby substi-
tuting around one-third of the natural uranium that
would otherwise have to be used. Furthermore, plu-
tonium from nuclear weapons can also be returned to
the civilian fuel cycle, which could also extend the
available resource.

The figures discussed above could be increased
significantly if breeder technologies were used. How-
ever, to date these have not been mastered properly
anywhere in the world. The fundamental process of
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breeder technology is the formation of fissile pluto-
nium from the stable uranium isotope U-238. In this
way, 50–100 times more energy can be generated
from 1kg of natural uranium. Apart from unresolved
technological problems, the particular risk of prolif-
eration associated with the generation of such large
quantities of plutonium should be stressed in this
context (Section 3.2.2.3).

Nuclear fusion
The fusion of light atomic nuclei releases energy.
While the ‘fusion reactor’ of the Sun uses ordinary
hydrogen, in associated technological processes on
Earth the hydrogen isotopes of deuterium and tri-
tium are merged to form helium. For a hypothetical
future utilization of nuclear fusion to meet the total
current global electricity demand of 15 PWh per
year, approximately 600t of deuterium and 900t tri-
tium as fusion fuel and around 2,000t of lithium for
breeding of tritium would be required. If the current
electricity demand was met by nuclear fusion, the
deuterium reserves in the sea water (33g per tonne)
would last several million million years, the lithium
reserves in the Earth’s crust (170g per cubic metre of
rock) would last several thousand years or several
million years if the lithium dissolved in sea water
could be utilized.The theoretical potential of nuclear
fusion is therefore almost unlimited. However, since
appropriate power plants will not be available before
the second half of the 21st century at the earliest – if
at all – and furthermore are likely to create a serious
risk potential of their own (see below), the Council’s
view is that it is currently not justifiable to base
future energy strategies on nuclear fusion, even in
part.

3.2.2.2
Technology/Conversion

Nuclear fission
Of the nuclear power plant capacity installed world-
wide, 88 per cent is made up of light water reactors,
with three different types of reactor being particu-
larly noteworthy: pressurized water reactor (PWR),
boiling water reactor (BWR) and the Russian
graphite-moderated boiling water pressure-tube
reactor (RBMK) (Table 3.2-3). These types today
achieve electrical efficiencies of 30–35 per cent (heat
to electricity). The following improvements in cost-
effectiveness and safety have been proposed,
amongst others:
• For water-cooled reactors, the main issue is the

introduction of so-called passive safety systems.
• In gas-cooled reactors, the safety features of

ceramics-coated fuel particles could be utilized,
and higher efficiencies and process heat utilization
would be realized at significantly higher operating
temperatures.

Until a few years ago, some countries pursued the
development of breeder reactors, although these
efforts have now largely been abandoned for safety
and cost reasons.

Nuclear fusion
Triggering of the energy-releasing fusion reactions
between the two hydrogen isotopes deuterium and
tritium requires the temperature and density of the
fuel to exceed certain values (Hamacher and Brad-
shaw, 2001). Worldwide, two concepts are being pur-
sued to achieve this: magnetic inclusion of the fuel or
inertia fusion. In the first case, strong magnetic fields
enclose the fuel in the form of hot plasma and keep it
away from the walls. In inertia fusion, small fuel pel-
lets are made to implode through bombardment with
particles or through electromagnetic waves.

In the EU, the most advanced project is the JET
joint experiment. As early as 1997, the project suc-
ceeded in generating significant fusion power of

Table 3.2-3
Current and possible further
development of nuclear
fission technologies. ‘Fast’ in
this context refers to high-
energy ‘fast’ neutrons. ‘Sub-
critical’ reactors require an
external neutron supply for
maintaining a chain
reaction. LWR light water
reactor. HTR high
temperature reactor.
Source: Kröger, personal
communication, 2002

2000 2020 2050

Main technology LWR LWR, HTR Also fast critical and sub-
critical plants

Efficiency [%] 30–35 40–45 60 (with nuclear combined
cycle)

High-level and long-lived 
medium-level radioactive waste
[mg/kWh]

9–11 2.4 0.5 (with comprehensive
separation and transmuta-
tion of actinides)

Production costs
[€-Cent/kWh]

3–5 < 4 no information available

Capacity range [MWe] 1,000–1,500 150–1,500 (150–1,500)
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12MW over approximately 1 second, with 65 per cent
of the power required for heating the plasma being
recovered through fusion (Keilhacker et al., 1999).
The aim of the next major step of global fusion
research (IAEA, 1998, 2001), the ITER international
experimental reactor, is to demonstrate that signifi-
cantly more fusion power can be generated than is
required for heating the plasma. Once the ITER
experiment has been evaluated, construction of a
first prototype fusion power plant could commence
in approximately 25 years, with commercial power
plants expected to be operational in approximately
50 years (Bosch and Bradshaw, 2001). According to
current studies, the electrical output of such fusion
power plants is expected to be around 1–2GW. The
efficiency of power generation in water-cooled
power plants is likely to be around 33 per cent, in
helium-cooled plants between 38 and 44 per cent.
Since no pilot plants are in existence as yet, any cost
estimates for fusion technology are inherently very
uncertain.

3.2.2.3
Environmental and social impacts

Safety and socio-political acceptance
In its 1998 annual report, the Council classified
nuclear technology between the categories of ‘nor-
mal’ and ‘not acceptable’ in terms of global environ-
mental risk (WBGU, 2000).With over 30 new nuclear
power plants being commissioned every year, the
number of new plants peaked in 1984 and 1985. Even
prior to the accident at Chernobyl in 1986, several
countries regarded nuclear power to be unacceptable
for fundamental reasons. In Austria, a referendum in
1978 prevented the country from getting involved in
the technology.After the accident at Chernobyl, peo-
ple became increasingly sceptical vis-à-vis nuclear
power.As a result, the number of reactors coming on
stream every year fell continuously, and some coun-
tries decided to abandon nuclear energy technology
altogether (e.g. Germany, Belgium, Sweden).

Cost-effectiveness
In liberalized markets, private investors determine
the generation side of the electricity sector. For them,
nuclear energy is becoming increasingly unattractive
for several reasons:
• The ratio of capital and operating costs is poorer

for nuclear power than for other conventional
energy sources (delayed return). Analyses show
that, apart from few exceptions, in OECD coun-
tries electricity from nuclear power plants is more
expensive than from coal or gas-fired power

plants, due to the high capital costs (IEA, 1998;
COM, 2000).

• The high absolute investment costs require a large
number of contract parties, leading to complex
investment and management structures. The
safety regulations require long approval
timescales for the industry.

• If the operators of nuclear power plants had to
take out insurance against all possible risks similar
to what is required from the operators of fossil
plants, the financial burden for the plant operator
could be extremely high.

Developing countries
To date, nuclear power has hardly been utilized in
developing countries for the following reasons:
• The often decentralized supply structure is at odds

with the centralized supply system which charac-
terizes nuclear power due to the Gigawatt size of
nuclear power plants.

• Construction, maintenance and operation of
nuclear systems require strict safety specifications,
good management and supervision. The World
Bank and the European Commission found that
developing countries usually have significant
problems in meeting these prerequisites (World
Bank, 1991; COM, personal communication,
2002).

• With typically tight national budgets, nuclear
power plants are difficult to finance (COM, per-
sonal communication, 2002).

Permanent disposal
The safety of potential sites for the permanent stor-
age of nuclear waste is difficult to determine today.
One of the main problems with the permanent dis-
posal of nuclear waste is the extremely long period
over which safe enclosure must be ensured. Pluto-
nium-239, for example, has a half-life of 24,000 years,
although of course a halving of the radiation alone
does not mean that the material no longer needs to
be stored safely. After 10 half-lives, the radioactivity
will only have fallen to 0.1 per cent, which still is a
very dangerous level. The radioactive elements with
atomic weights above that of uranium (transuranic
elements) have to be stored safely for approximately
1 million years.The Council feels that one-off storage
over such long periods cannot guarantee the protec-
tion of the biosphere.

In principle, the waste could be converted into
more short-lived radioactive isotopes through bom-
bardment with particles from accelerators, which
would significantly shorten the periods over which
nuclear waste would have to be stored safely. Since
the technological application of this process may
release more energy than that required by the parti-
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cle accelerators, one could imagine an almost resid-
ual heat-free fission power plant without the risk of a
chain reaction. However, such a technology has not
yet been demonstrated successfully at pilot scale.

Reprocessing
Currently, there are three large commercial plants
for reprocessing spent nuclear fuel: La Hague
(France), Windscale-Sellafield (Great Britain) and
Chelyabinsk-Ozersk (Russia). These plants process
approximately 25 per cent of the spent fuel rods
worldwide. During reprocessing, the quantity of radi-
ation released has exceeded the permissible limits on
several occasions (EU Parliament, 2001). Today the
associated technology cannot be regarded as safely
controllable.

Proliferation and terrorism
The construction of nuclear weapons requires only
relatively little know-how (UNDP et al., 2000). The
main problem for the production of such weapons is
the availability of weapons-grade plutonium or
highly enriched uranium. Both are also created dur-
ing civilian utilization of nuclear energy, for example
as part of reprocessing. Nuclear research is a further
potential source of plutonium. The G8 countries cur-
rently hold approximately 430t of plutonium,
another 800t are present in spent fuel rods (ISIS,
2000). Since only 1/4 of the spent fuel rods are
reprocessed, the quantity of plutonium increases by
approximately 10t every year. On the other hand, for
the construction of a nuclear bomb only approxi-
mately 6kg of plutonium are required (Froggart,
2002). The G8 countries regularly discuss the prob-
lem of the disposal of weapons-grade material, with-
out a solution having yet been found or the financing
of a solution having been agreed.

The Non-Proliferation Treaty was signed in 1968
with the aim of preventing and controlling the circu-
lation of military nuclear technologies and fissile
material. So far, 182 countries have ratified the treaty,
although India, Pakistan and Israel, who have
nuclear weapons, have not. In January 2003, North
Korea declared its intention to withdraw from the
treaty.The International Atomic Energy Agency car-
ries out relevant inspections without actually being
able to meet its inspection remit, according to state-
ments from within the organization (IAEA, 2001).
Since 1993, more than 550 cases worldwide have
been entered in the IAEA database on the black
market for nuclear material, of which 16 cases related
to plutonium or enriched uranium. The number of
unrecorded cases is unknown, and comprehensive
recording of stolen fissile material appears impossi-
ble (UNDP et al., 2000). Existing safety and registra-

tion levels vary, and there is no binding international
standard.

After 11 September 2001, potential terrorist
attacks on nuclear power plants became a policy
issue, although such attacks had already been threat-
ened and/or carried out as early as 1972 in Argentina,
Russia, Lithuania, France, South Africa and South
Korea (Bunn, 2002; WISE, 2001). Studies and tests
show that nuclear power plants are highly vulnerable
to commercial aircraft, for example, but also to inter-
nal sabotage or attacks (Bunn, 2002).

Outlook on the specific risks of nuclear
fusion
Since no pilot plants or actual fusion power plants
exist as yet, it is very difficult to predict the risks asso-
ciated with this technology. Studies on the environ-
mental effects of fusion currently focus on the possi-
ble risks and effects of the radioactive inventory of
power plants, i.e. tritium as radioactive fuel and the
radioisotopes in the reaction chamber wall that are
generated through nuclear reactions between the
wall materials and the neutrons released during
fusion (Cook et al., 2001; Raeder et al., 1995).

Due to the small energy inventory, the effects of
any incidents are likely to remain restricted to the
plant interior. The quantity and toxicity of the
radioactive substances that are created in a fusion
power plant strongly depend of the chosen composi-
tion of the materials. The properties of wastes from
nuclear fusion and fission differ significantly. This is
shown clearly by the decay characteristics of
radiotoxicity – a measure for the biological risk from
the substances. The radiotoxicity of the majority of
the waste generated during nuclear fission remains
almost constant over many centuries. In contrast, the
radiotoxicity of fusion wastes decreases by three or
four orders of magnitude during the first 100 years.
However, this technology would also require safe
permanent disposal of large quantities of radioactive
waste over several hundred years.

3.2.2.4
Evaluation

While the theoretical potential of nuclear energy is
large, due to the unacceptable risks of utilization the
Council’s recommendation is to phase out existing
nuclear power plants at the end of their current oper-
ating licenses and not to build any new plants.

The risk potential of fusion power plants also
appears to be significant. However, since such power
plants will not be available before the second half of
the 21st century at the earliest (if at all), the recom-
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mendation of the Council is to not consider fusion
power plants as part of any energy transition strategy.

The Council therefore assumes the sustainable
potential of nuclear energy to be zero. However, due
to the existing path dependencies, any realistic global
phase-out scenario is unlikely to reach this value
much before 2050. It is assumed that the nuclear
power plants currently being constructed in Asia and
central and eastern Europe will come on stream.The
maximum contribution of nuclear energy towards
global electricity supplies between 2010 and 2020
could be 12EJ per year (Table 4.4-1).

3.2.3
Hydropower

3.2.3.1
Global potential 

Today, around 45,000 large hydroelectric dams are in
operation worldwide, of which approximately 300 are
‘mega dams’ (ICOLD, 1998). With nearly all large
dams, electricity generation is an important objective
in addition to flood protection, water storage, irriga-
tion agriculture and improvement of navigable
waterways (WCD, 2000). Small hydroelectric plants
require higher investment costs per installed capac-
ity, which is why 97 per cent of hydropower is sup-
plied by large hydroelectric plants with more than
10MW capacity (UNDP et al., 2000).The Earth’s the-
oretical hydropower potential is estimated to be
approximately 150EJ per year, of which approxi-
mately 50EJ per year could be classified as techno-
logical potential and approximately 30EJ per year as
economic potential (Horlacher, 2002; Table 3.2-4).
Other authors have reported similar figures (UNDP

et al., 2000; IPCC, 2001c). Approximately one-third
of the global economic hydropower potential has so
far been utilized, with significant differences in the
degree of utilization between different countries and
regions. Significant hydropower potential remains
untapped in Africa,Asia and South America, while in
North America and central Europe (including Ger-
many) the potential has largely been utilized.
According to some forecasts, the installed capacity
could be more than doubled within 50 years to more
than 1,400GW worldwide (Horlacher, 2002). Mega-
projects with capacities of more than 10GW will be
the exception.The majority of new projects are likely
to have capacities between 0.1 and 1GW.

3.2.3.2
Technology

The technology used in hydroelectric plants is
mature and has a reputation for being extremely reli-
able. Depending on the circumstances, a watercourse
is either dammed up to achieve the head required for
utilizing the potential energy contained in the water,
or large quantities of water are fed directly through
turbines with small gradient (run-of-river plants).
Hydroelectric plants require very high investments
for construction, but benefit from long service life
(≥100 years), low operating costs, low maintenance
effort and very high efficiency. Water as the opera-
tional resource is renewable and free of charge.
Power plants with impounding reservoirs benefit
from quick operational readiness (e.g. 1GW in
approximately 5–10 min) and can therefore be used
to generate peak electricity and to compensate
extreme load changes within electricity grids (Sec-
tion 3.4.3). Pumped storage systems are able to store
large quantities of energy with very little losses.

Region Theoretical
potential

[EJ/a]

Technological
potential

[EJ/a]

Economic
potential

[EJ/a]

Already
utilized 
potential 
[EJ/a]

Currently
installed
capacity
[GW]

Under 
construction
or planned
[GW]

Africa 14.0 6.8 4.0 0.3 20.6 76.8

Asia 69.8 24.5 13.0 2.9 241 223

Australia 2.2 1.0 0.4 0.2 13.3 0.9

Europe 11.6 3.7 2.8 2.1 176 10

North and Central 
America

22.7 6.0 3.6 2.5 158 16

South America 22.3 9.7 5.8 1.9 111.5 50.2

World 143 51.7 29.5 9.9 720 377

Table 3.2-4
Hydropower potential by continent. See Box 3.1-1 for a definition of the different types of potential.
Source: Horlacher, 2002
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3.2.3.3
Environmental and social impacts

An important motivation for large hydro projects is
the increasing demand for electricity and irrigation
agriculture, often coupled with the desire for effec-
tive flood control and the expansion of navigable
waterways. Many large dams have indeed met these
expectations and brought significant socio-economic
benefits and made important contributions to devel-
opment, although in many cases insufficient consid-
eration is given to the ecological and social disadvan-
tages (WCD, 2000).

Effects on ecosystems
Large dams often trigger complex side effects on
landscape and ecosystems (WCD, 2000; McCully,
1996; Pearce, 1992). First of all, a reservoir causes the
direct loss of land and its ecosystems. In addition, the
blocking of a river section and its conversion into a
reservoir has far-reaching hydrological and ecologi-
cal consequences. The storage or diversion of water
by the dam drastically changes the quantity, quality
and dynamics of the drainage and of the sedimenta-
tion regime.

Reservoirs act as sediment traps, so that world-
wide 0.5–1 per cent of the capacity of impounding
reservoirs is lost due to siltation every year (Mah-
mood, 1987). Downstream of the dam, the reduced
sediment quantity is leading to changes in sediment
dynamics, which not only has a negative influence on
the ecology of the river bed itself, but can also cause
significant damage at the mouth of the river due to
coastal erosion (e.g. Nile: Stanley and Warne, 1993;
Indus: Snedacker, 1984). Other important factors
(nutrients, temperature and water chemistry) are
also changed, so that negative ecological effects are
experienced a long way downstream. Overall, dams
contribute significantly to the worldwide threat to
the biodiversity of freshwater fauna and flora (McAl-
lister et al., 2000).

Greenhouse gas emissions
The simplistic assumption that hydropower is cli-
mate-friendly cannot be justified for all projects,
because the breakdown of biomass in the impound-
ing reservoir results in the release of the greenhouse
gases carbon dioxide and methane into the atmos-
phere (WCD, 2000). Damming often leads to the
replacement of natural forests that can form a green-
house gas sink by a reservoir representing on the one
hand an emission source, but which on the other
ahnd is also able to store carbon through sediment
formation (Raphals, 2001). These opposite effects
strongly depend on the climate, the topography and
the greenhouse gas balances of the flooded ecosys-

tems and the emerging reservoir. For example, shal-
low, tropical reservoirs can lead to higher emissions
than fossil power plants with identical output (Fearn-
side, 1995, 1997; IPCC, 2001b).Whereas, for deep
reservoirs in higher geographical latitudes, the fossil
option is likely to have a significantly greater effect
on the climate. This is also true in cases where large
quantities of greenhouse gases were emitted from
ecosystems before they were flooded (Svensson,
1999). For assessing the effect of hydroelectric plants
on the climate, the long-term greenhouse gas bal-
ances before and after flooding have to be compared
for each individual case, taking due account of sec-
ondary effects (e.g. forest clearance triggered by
resettlement, changes in carbon flows upstream and
downstream of the dam; WCD, 2000). The prepara-
tion of comprehensive greenhouse gas balances for
hydroelectric projects remains an important research
task for the future.

Technological risks
Dams can fail, leading to the sudden release of large
quantities of water, potentially claiming many vic-
tims and causing severe damage. The worst dam dis-
aster to date occurred in August 1975 during a
typhoon in Henan, China, where 62 dams were
destroyed The failure of the Banqiao dam alone
released 500 million m3 of water, villages and small
towns were obliterated, and more than 200,000 peo-
ple lost their lives (McCully, 1996). Of all dams built
before 1950, 2.2 per cent have failed, while for dams
that were built later the figure is less than 0.5 per
cent, i.e. significantly lower (WCD, 2000). Since the
design of dams is usually based on previous long-
term average climatic and hydrological conditions,
global climate change can bring additional safety
risks through changes in extreme precipitation
events. Further risks are the possibility of deliberate
destruction of dams during military conflicts or
through terrorism.

Effects on human health
Reservoirs and associated irrigation projects cover
large areas of land with stagnant water. In the tropics,
this leads to an increased risk of waterborne infec-
tious diseases (Nash, 1993).The construction of dams
in the tropics often leads to significantly increased
bilharziosis infection rates. The construction of the
Akosombo dam in Ghana, for example, led to an
increase of this rate in children from below 10 per
cent to 90 per cent (1966–69; McCully, 1996). Malaria,
encephalitis, Rift Valley fever, filarioses, poisoning
through toxic blue-green algae and through mercury
leaching from the flooded ground are further exam-
ples of life-threatening, directly associated health
risks (WCD, 2000; McCully, 1996). Furthermore, the
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indirect consequences of the poor water quality of
the stagnant water (diarrhoea) and malnutrition as a
result of the destruction of social structures, of flood-
ing of fertile soils and of the resettlement of the local
population also need to be considered in the assess-
ment (Lerer and Scudder, 1999). In advantageous
cases, impounding reservoirs can improve the water
supply and enable irrigation agriculture and fishing,
with associated positive effects on the security of
food supplies.

Social impacts
Hydropower provides approximately 19 per cent of
global electricity and is therefore currently by far the
largest renewable energy source for electricity pro-
duction. In 24 countries, hydropower contributes
more than 90 per cent of the total electricity supply.
While the estimated cost and timescale for the con-
struction of large hydroelectric plants is often
exceeded, the scheduled electrical output and eco-
nomic profitability are usually achieved (WCD,
2000).

However, large dams inevitably also create losers,
mainly among the population that is forced to relo-
cate, often involving significant violations of human
rights. During the 20th century, 30–80 million people
were adversely affected by the construction of large
dams, and the trend at the start of the 21st century is
similar: The Three Gorges Dam in China will expel
more than 1.1 million people, the Pa-Mong Dam
(Laos and Thailand) 500,000 people (WCD, 2000;
UNDP et al., 2000). Often, the affected sections of
the population neither receive appropriate compen-
sation for the financial losses they suffer, nor are they
offered appropriate agricultural land in compensa-
tion for any land they may lose, particularly if they
live some way downstream of the project. It is impos-
sible to put a monetary value on the loss of cultural
and religious values and of social cohesion and iden-
tity. In particular, this applies to the indigenous com-
munities, whose culture and lifestyle is rooted in tra-
dition and is very closely linked to the location and its
natural ecosystems (McCully, 1996). An analysis of
case studies shows that participation of the affected
people has hardly played a role in previous dam pro-
jects, compensation payments were usually inade-
quate, and the above-mentioned social effects were
regularly ignored in the plans of the dam builders
(WCD, 2000).

Sustainability of hydropower
Forced relocation, lack of participation, unfair distri-
bution of economic benefits and the negative ecolog-
ical consequences of dams create potential for social
conflicts (Bächler et al., 1996).As a consequence, the
political resistance against dams has increased over

recent decades (UNDP et al., 2000).This has also had
an influence on lenders and international institu-
tions. First a slow rethink occurred, and then an open
discussion process. The World Bank, for example,
which played a significant role in the financing of
many large dams in developing countries, retrospec-
tively reassessed the projects it had funded. Today,
environmental and social compatibility of new pro-
jects has a much higher status within the multilateral
financing institutions.

For all hydraulic engineering projects, compliance
with internationally agreed (e.g. World Bank,
OECD) guidelines for sustainability should ensure
their ecologically and socially compatible implemen-
tation. Under these guidelines, hydroelectric projects
are to be avoided if alternative energy options can be
developed that are more sustainable and are not sig-
nificantly more expensive in the long-term. These
international guidelines are not necessarily in har-
mony with often less demanding national legislation,
which is frequently applied to the detriment of the
affected population and of nature conservation. Half
of all large dams, for example, were built without con-
sideration of the environmental consequences for
the downstream ecosystems (Dixon et al., 1989).

On an international level, the highlights of the sus-
tainability discussion to date are the analyses and
recommendations of the World Commission on
Dams (WCD, 2000). Within this difficult environ-
ment, the Commission was able to develop a basis for
the evaluation of large dam projects, by bringing
together representatives with different interests on
an international level within an open-ended and con-
sensual process (WCD, 2000). The result is impres-
sive: despite the fact that some countries (e.g. China,
India, Turkey) and players (e.g. International Com-
mission on Large Dams – ICOLD, International
Hydropower Association – IHA, International Com-
mission on Irrigation and Drainage – ICID;Varma et
al., 2000) were not happy with all results, the Com-
mission’s report and the recommendations contained
therein were received positively overall.The problem
is often not a lack of awareness of the problem or of
guidelines for sustainability, but the lack of a basic
institutional framework. To date, sustainability
guidelines could therefore only rarely be imple-
mented coherently in practice.The following precon-
ditions must be met, if an increasing proportion of
the economically attractive projects is to be designed
and implemented in a sustainable manner over the
coming decades:
• Ensuring nature conservation: A global system of

protected areas for the purpose of preserving the
natural heritage (Section 4.4.1.3; WBGU, 2001a)
should ensure that a certain proportion of the dif-
ferent types of river ecosystems (including their
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catchment area) remains free of intervention, i.e.
above all free-flowing. Previous experience shows
that precautionary protection of ecologically valu-
able regions has to be implemented quickly, par-
ticularly in the catchment areas of possible future
hydroelectric projects, otherwise – regardless of
any guidelines – ‘facts’ can be created in advance,
e.g. in the form of logging.

• Creating a scientific basis: There is often a lack of
ecological, social and other location- and case-spe-
cific basic data for sustainability analyses and for
comparisons with alternative options. Significant
investments in a better scientific database over the
coming 5–15 years are therefore a central prereq-
uisite for a more sustainable expansion of
hydropower (Section 6.3.1). This database should
be developed by independent regional research
centres on the basis of the catchment areas (e.g.
INPA in the Amazon region or ICIMOD in the
Himalayas; von Bieberstein Koch-Weser, 2002), in
a manner independent of individual projects.

• Ensuring participation of the affected population:
Many negative effects could be contained with
preventive and compensation measures and
through detailed preliminary work and participa-
tion of the affected population. While during pre-
vious consultations the concerns, demands or
protests of those affected tended to be made pub-
lic, project management or government agencies
often failed to take them into account properly.

• Rectifying local institutional deficiencies: Stronger
mutual trust and better acceptance can be
achieved through an efficient mediation and juris-
diction system. Environmental impact assess-
ments (EIAs) should not be carried out retrospec-
tively to justify projects, but should be evaluated
prior to any decision in favour of a particular pro-
ject option. The relevant government authorities
in developing countries should be able to check
and examine EIAs at a high technological level
and with adequate knowledge of the locality. A
need for significant investment in capacity-build-
ing thus remains. For cross-border catchment
areas, cross-country regional institutions for the
development of hydroelectric installations should
be created. These could assist in the analysis of
alternative locations within the region that also
consider indirect and cumulative effects (e.g. for a
series of projects on the same river).

3.2.3.4
Evaluation

Not all dam construction projects should be seen as
negative (WCD, 2000). The implementation of the

recommendations presented in Section 3.2.3.3 can
make additional sustainable hydropower potential
accessible, although this would require a high degree
of long-term and international cooperation and close
integration of development policy, export financing
and energy planning (e.g. World Bank, regional
banks and export credit agencies).

It is difficult to make general statements about the
globally available and sustainable hydropower
potential, since it depends on many factors and on
the development of the above-mentioned scientific
and institutional framework. While large technologi-
cal hydropower potential (Section 3.2.3.1;Table 3.2-4;
Horlacher, 2002) remains untapped, its realization
over the coming decades will only be justifiable in
exceptional cases and with due consideration of sus-
tainability criteria (von Bieberstein Koch-Weser,
2002).

Overall, the Council estimates the usable poten-
tial to be lower than other sources (e.g. UNDP et al.,
2000), since the lack of a framework for the applica-
tion of internationally recognized sustainability crite-
ria seriously limits the scope. Most of the economi-
cally more attractive and less controversial projects
have already been realized in the past. In North
America and central Europe (including Germany)
for example, the additional sustainable potential is
very small. Furthermore, hydroelectric projects will
be significantly more difficult to implement in future
due to the rightly increased requirements for envi-
ronmental and social compatibility. Many of the
remaining project options are located in poorly
accessible tropical forest or mountain regions, where
the complexity of the ecosystems (South America,
South-East Asia, Africa), the vulnerability of the
indigenous population (Colombia, Brazil, Laos, Viet-
nam) or geological risks (Himalayas) present serious
challenges. Others project options are located in
densely populated regions, where large relocation
programmes would be required (India, China, south-
ern Brazil).

If the required framework (investments in
research, institutions, capacity building, etc.) can be
created during the next 10–20 years, and a circum-
spect approach is taken, approximately one-third of
the hydroelectric potential utilized today could addi-
tionally be made accessible in a sustainable fashion,
i.e. 12EJ per year overall by 2030.This figure could be
increased to approximately 15EJ per year by 2100,
but only if the above-mentioned preconditions are
met (Table 4.4-1).
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3.2.4
Bioenergy

3.2.4.1
The potential of modern bioenergy

According to the World Bank, traditional biomass
utilization currently contributes 7.2 per cent of the
global primary energy use. In the developing coun-
tries, 35 per cent of the energy is generated from bio-
mass, and in some African countries even up to 90
per cent. Around 2,400 million people exclusively
depend on traditional biomass utilization for their
energy supply (IEA, 2002c). This includes the use of
firewood, charcoal and dung for cooking and heating
in private households. The fact that traditional bio-
mass is mainly used in the poorest countries, with
associated disadvantages for the environment and
for health, is the reason for its poor reputation as an
outdated energy source. Despite this, biomass offers
significant potential for future energy generation,
which could be utilized more efficiently and largely
free from negative effects on health.

Types of biomass that can be used for energy
generation and associated technologies
‘Modern’ biomass that can be utilized for energy gen-
eration comprises the following categories:
• Agricultural waste products (e.g. straw, dung, rice

husks), as far as they can be utilized without
depriving farmland of nutrients;

• Timber residue and small branches, etc., insofar as
they do not have to remain in the forest for eco-
logical reasons, or are used for different purposes,
e.g. for economic reasons;

• Industrial residue and recycled wood (also with
economic restrictions);

• Annual or perennial energy crops that are spe-
cially cultivated for the purpose of energy genera-
tion.

The options for energy extraction from biomass
depend on the range of the bioenergy carriers used.
In addition to the combustion of biomass for gener-
ating heat and/or electricity, various other technolo-
gies are currently at an experimental stage or en
route to commercialization. The further develop-
ment of power generation through gasification of
solid biomass, and possible coupling with the hydro-
gen economy are also being examined.

Technological and economic potential of
biomass utilization in Germany
Table 3.2-5 summarizes the technological and eco-
nomic potential of biomass for energy generation in

Germany. The detailed assessment for Germany
illustrates the principle that was used to assess the
potential on a European and global level.

Area distribution
Germany has a total surface area of 35.7 million
hectares, comprising farmland (53.5 per cent), wood-
land (29.4 per cent), settlements (12.3 per cent) and
other areas (4.7 per cent) (Statistisches Bundesamt,
2002). Nature reserves (without Wadden Sea areas)
make up 2.6 per cent of the area, national parks and
biosphere reserves a further 6.4 per cent (BfN, 2002).
Since there is some overlap between nature reserves
and the core zones of the biosphere reserves and
national parks, the European Environment Agency
estimates protected terrestrial habitats to have a 8.3
per cent share of the total area (Moss et al., 1996). A
recent amendment to the Federal Nature Conserva-
tion Act sets the target of creating a habitat network
comprising at least 10 per cent of the land area.

Setaside farmland totalling 2 million hectares
(Kaltschmitt et al., 2002) could be used for the culti-
vation of energy crops, as nature conservation areas
or for afforestation for the purpose of carbon storage
under the Kyoto Protocol.The different types of land
use would result in different technological and eco-
nomic potential for bioenergy generation or for sav-
ing carbon dioxide emissions.

Potential from forestry
In Germany, less than 17 million tonnes of the annual
wood increment (40.3 million tonnes dry matter –
UN-ECE and FAO, 2000) is utilized as merchantable
timber. The quantities theoretically available for uti-
lization in energy generation are therefore 9.6 mil-
lion tonnes of residual forest timber, 7 million tonnes
of small branches etc. and 6.6 million tonnes of
unused increment (Table 3.2-5). For forestry and eco-
nomic reasons, the sustainable and economic poten-
tial for residual timber is only approximately 10 mil-
lion tonnes per year. In addition, there is approxi-
mately 8.2 million tonnes of industrial timber and
recycled wood. Retrieval of the 0.2 million tonnes of
timber that accumulates during landscape manage-
ment does not appear to be profitable. From an eco-
logical point of view, the utilization of unused incre-
ment for energy generation cannot be justified. Of a
total of 31.7 million tonnes per year, only approxi-
mately 18 million tonnes of dry matter are therefore
available as economically usable potential. This situ-
ation is unlikely to change significantly until 2030,
since an increasing demand for material extraction
(paper, packaging, etc.) is to be expected.The energy
potential of wood-based biomass is therefore
reduced to approximately 340PJ per year, equivalent
to approximately 6.8 million tonnes of carbon. If the
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Table 3.2-5
Technological and economic bioenergy potential in Germany. The carbon equivalent figures show the quantity of greenhouse
gas emissions (carbon dioxide, nitrous oxide, methane, all expressed in C) that are avoided compared with the utilization of
fossil energy carriers (based on the current fuel mix in Germany). Total area of Germany: 35.7 million hectare. The economic
potential refers to the year 2001. DW dry weight.
Sources: Kaltschmitt et al., 1997; Hanegraaf et al., 1998; Freibauer, 2002; Kaltschmitt et al., 2002

Area

[106 ha]

Utilizable quantity

[106 tDW/a]    [t/ha/a]

Biogas

[106 m3/a]

Calorific
value
[MJ/kg]

Energy
potential
[PJ/a]

Carbon
equivalent
[106 t/a]

TECHNOLOGICAL POTENTIAL

Forest 10.5
Timber residue 9.6 0.9 18.6 179 3.6
Small branches etc. 7.0 0.7 18.6 130 2.6
Increment 6.6 0.6 18.6 123 2.5
Industrial timber 3.1 18.6 58 1.2
Recycled wood 4.3–6.0 18.6 80–112 1.6–2.4
Landscape management 0.4 0.2 0.5 18.6 4 0.1
Total timber 10.9 30.8–32.5 573–605 11.5–12.1

Agriculture
Permanent grassland 5.1

Meadows 4.1 0.9–1.4 0.2–0.3 750–1,100 17.7 16–24 0.3–0.5
Others 1.0

Arable land 11.8
Grain, corn, rape 8.1 7.6 0.9 17.0 130 2.5
Other arable 3.7 0.8–1.5 0.1–5.0

Other agric. areas 2.2
Total agriculture 19.1 9.3–10.5 750–1,100 146–154 2.8–3.0

Settlements and others
Settlements 4.4
Others 1.7
Landscape management 0.4–0.9 280–560 14.2 6–12 0.2
Excrement 15.5 4,500 6.2 97 1.8
Municipal waste 1.5 580 8.3 13 0.2
Industrial waste 0.5–1.0 300–375 12.5 6–12 0.2
Digester/landfill gas 2.0 2,450–3,050 18.8 35–41 0.7
Total from waste 20–21 8,110–9,065 156–174 3.1

Setaside landa) 2
Short-rotation forests 2 18 9.0 18.5 333 >6.4
Energy grasses 2 24 12.0 17.6 422 7.5–8.1
Grain crops, whole plant 2 20 10.0 17.0 340 3.3–6.5
Rape oil 2 37.3 102 1.8
Total energy crops 2 18–24 9.0–12.0 102–422 1.8–8.1

Overall total 77–88 8,860–10,165 977–1,355 18.9–25.8

ECONOMIC POTENTIAL

Forest 18.2 339 6.8
Timber residue 6.5 18.6 121 2.4
Small branches etc. 3.5 18.6 65 1.3
Industrial timber 3.1 18.6 58 1.2
Recycled timber 5.1 18.6 95 1.9

Agriculture and wastes 29–35 315 6.0
Grassland 1.1 17.6 20 0.4
Straw 7.6 17.0 130 2.5
Biogas 20.5 8,588 165 3.1

Energy crops 18–24 17.0–18.6 102–422 1.8–8.1

Overall total 65–77 756–1,076 14.6–20.9

a)alternative utilization
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nutrient supply of forests is considered, the utiliza-
tion of dead wood and small branches is not sustain-
able in the long term. The ecologically sustainable
potential is therefore approximately 20 per cent less
than the economic potential. Overall, a maximum of
approximately 15 million tonnes of carbon equiva-
lent could be saved in Germany per year.

Potential from agriculture
A sustainable energy potential of 315PJ per year
(corresponding to 6 million tonnes carbon per year)
can be expected from agriculture, with 10 per cent of
the mowings from permanent grassland, 20 per cent
of the straw, excrement and various wastes being suit-
able for energy generation (e.g. for the production of
biogas; Kaltschmitt et al., 2002). Depending on the
energy carrier, this would result in an additional
energy potential of 100–420PJ per year (1.8–8 million
tonnes carbon), if setaside areas were to be utilized
for energy crops. The large range is due to different
growth rates and different effort required for the cul-
tivation of energy crops. However, any assessment of
this potential should consider the fact that the cur-
rent setaside practice is to be replaced by a long-term
ecological setaside scheme that no longer offers the
option of financial support for the cultivation of
energy crops (EU Commission, 2002).

Subsidies, operational flexibility and other factors
result in farmers preferring the cultivation of annual
plants that require the application of pesticides and
fertilizers. However, for bioenergy purposes peren-
nial plants are preferable, since they offer higher
energy yields with lower quantities of fertilizers and
pesticides and less intense soil cultivation (Börjesson
et al., 1997). For annual species, the ecologically sus-

tainable potential is approximately 30 per cent lower
than the economic potential.

In Germany, bioenergy could compensate a maxi-
mum of approximately 11 per cent of the energy-
related carbon dioxide emissions (based on the year
2000) and cover 7–9 per cent of the energy demand
(technological potential; Table 3.2-6).

Potential for biomass utilization and
carbon storage in the EU
Even for a region with good statistical documenta-
tion, any estimate of the technological potential of
biomass utilization in the European Union (EU-15)
will have a high degree of uncertainty. Estimates of
the potential range from 4,300 to 10,100PJ per year,
with a median of 5,700PJ per year and a mean value
of 6,100±1,900PJ per year. The following observa-
tions relate to Kaltschmitt et al., 2002 (with addi-
tions), who came up with a value of 5,200PJ per year,
which is below the mean value of the estimates found
in the literature (Hall and House, 1995; EU Commis-
sion, 1998; AEBIOM, 1999; Grassi, 1999; Ministry of
Trade and Industry, 1999; FNR, 2000; fesa, 2002), but
is relatively close to the median value.

The technological and economic potential of
bioenergy and of carbon storage through modified
management techniques within the EU is shown in
Table 3.2-7. This potential amounts to 5,224PJ per
year, which could cover 8.6 per cent of the energy
used in 2000 (60,926PJ; Eurostat, 2002).The total car-
bon savings potential through the utilization of
bioenergy carriers and the creation of sinks through
modified management techniques is approximately
160 million tonnes of carbon equivalent (14 per cent
of the energy-related emissions in 1990). The eco-

Table 3.2-6
Summary of the technological and economic potential for the utilization of biomass for energy generation and carbon storage
in Germany. The energy use figures for Germany in 1990 and 2000 are shown for comparison.
Sources: Kaltschmitt et al., 1997; Hanegraaf et al., 1998; Freibauer, 2002; Kaltschmitt et al., 2002

Energy balance Carbon balance Contribution total emissions

[PJ/a] [106 t Ceq/a] [% Ceq]

Base year 1990 17,402 330 100
Base year 2000 14,278 270 82

technological economic technological economic technological economic

Bioenergy 977–1,355 756–1,076 19.2–26.3 14.6–20.9 5.8–8.0 4.4–6.3
Forestry 573–605 339 11.5–12.1 6.8 3.5–3.6 2.1
Agriculture 302–328 315 5.9–6.1 6.0 1.8–1.9 1.8
Energy crops 102–422 102–422 1.8–8.1 1.8–8.1 0.6–2.5 0.6–2.5

Carbon storage 14.8 11 4.5 2.8–2.9
Forestry 8.5 8.5 2.6 2.6
Afforestation 1.2 0.0 0.4 0.0
Agriculture 5.1 0.5–1 1.5 0.2–0.3

Total 34–41 26–32 10–13 7.2–9.1
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nomic potential is significantly less than this value,
since sink capacity and bioenergy partly compete for
the same areas. Ecological restrictions, such as the
increased occurrence of nitrous oxide emissions with
reduced ploughing, further limit the potential
(Freibauer et al., 2002). If 60 per cent of the techno-
logical potential was utilized in a sustainable fashion,
bioenergy would only contribute 3,134PJ per year or
5.1 per cent of the primary energy use (figures for
2000).The economic sink potential would be 119 mil-
lion tonnes of carbon or 10.3 per cent of the emis-
sions.

The utilization of biomass for energy generation
replaces approximately the same quantity of fossil
carbon as the carbon that could potentially be stored
through cultivation measures. In this calculation, the
contribution that can be attributed to storage was
limited in the 2001 Bonn Agreements, as part of the
Kyoto follow-up process. Forest increment in the EU
is equivalent to 164 million tonnes of carbon per
year, 103 million tonnes of which is felled (UN-ECE
and FAO, 2000), and the remaining 60 million tonnes
carbon per year are stored in the biomass as volume
growth. For operational reasons, this quantity cannot
be harvested for the purpose of energy generation,
but forms a carbon sink. The actual effect of forestry
is therefore about 30 per cent higher than estimated
(60 million vs. 39.4 million tonnes carbon; Table
3.2-7).

Taking account of storage through management is
very significant for the Earth’s carbon balance, since
it is the only mechanism through which the carbon

deposits in the soil can be protected. With 1,500–
2,000Gt, an exceedingly large quantity of carbon is
stored in the soils of the terrestrial ecosystems, cor-
responding to approximately 300 years of emissions
from the utilization of fossil fuels at current con-
sumption rates. Since this carbon can partly be
released through cultivation measures, the protec-
tion of these deposits has to be a primary target for
the preservation of the basis of human existence and
of climatic conditions (Section 3.6).

Global bioenergy potential 
The Council estimates the global sustainable bioen-
ergy potential to be around 100EJ per year (Table
3.2-8), of which 40 per cent originate from forestry
residues and by-products, 17 per cent from agricul-
tural waste and approximately 7 per cent from the
combustion of dung. Energy crops play an important
role with a further 36 per cent.

In order to determine the potential of energy
crops, the maximum area of arable land must be
known. Areas to be used for food production for a
growing world population and protected areas for
the preservation of biodiversity and ecosystem func-
tions have to be taken into account. Deserts (19 per
cent) and mountain areas with a slope of more than
30 per cent (11 per cent) also have to be ruled out
(FAO Land and Plant Nutrition Management Ser-
vice, 2002).

The area available for agriculture as a proportion
of the global land area is around 12.5 per cent, of
which 26.5 per cent is used as permanent pasture.

Table 3.2-7
Technological biomass
potential for energy
generation according to
material groups in the EU.
In the base year of 1990,
1,157 million tonnes of
carbon were released from
fossil fuels. The carbon
equivalent figures show the
greenhouse gas emissions
(CO2, N2O, CH4), that were
avoided compared with the
utilization of fossil energy
carriers.The ARD balance
indicates the sink potential
from afforestation, refor-
estation and deforestation.
Sources: Freibauer et al.,
2002; Kaltschmitt et al.,
2002; Schulze et al., 2002

Calorific
value
[MJ/kg]

Quantity

[106 tDW/a]

Energy
potential
[PJ/a]

Carbon
equivalent
[106 t Ceq/a]

Area

[106 ha]

ENERGY POTENTIAL

Forestry 171.6 3,192 63.8 113
Timber residue/firewood 18.6 44.5 828 16.6
Small branches etc. 18.6 25.0 465 9.3
Industrial wood residue 18.6 67.0 1,246 24.9
Old timber 18.6 26.8 498 10.0
Landscape management 18.6 8.3 154 3.1

Agriculture 63.8 1,098 20.3 74
Straw 17.2 53.2 915 16.9 36
By-products/wastes 17.0 10.6 183 3.4 38

Energy crops 17.7 52.8 935 17.8 7.4

Total (technical) 288 5,225 101.9

Total (economic) 3,134 61.1

SINK POTENTIAL

ARD balance 1.4 7.4
Forestry management 39.4 108
Agricultural management 16.4–19.1 74

Total 57.2–59.9

Total savings potential 119.6
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Woodland covers approximately 30 per cent of the
land area. If about 20 per cent is designated as pro-
tected forests and natural grassland, a maximum of
10 per cent remains for the cultivation of biomass. In
order to assess the sustainability of this type of uti-
lization, the potential for the individual continents
has to be considered separately (Table 3.2-9). The
table shows that in Asia the existing bioenergy
potential is already being over-utilized.

The calculated technological potential for energy
crops requires an area of 322 million hectares, i.e.
approximately 2.5 per cent of the land surface, if
moderate bioenergy crop yields of approximately
6–7t dry weight per hectare per year are to be
achieved in industrialized countries and in Latin
America. In Africa, due to poor soils and traditional
farming structures, yields of this order of magnitude
are often only achievable using fast growing trees
such as eucalyptus, with yields of 0.5–30t (on average
8.5 t) per hectare per year depending on precipita-
tion, while grain yields are less than 2t per hectare
per year (Marrison and Larson, 1996; FAO, 2002).

In addition to energy crops, agricultural and
forestry waste products contribute significantly to

the global bioenergy potential. Here ,too, sustainable
utilization is a prerequisite for the calculation of the
potential. FAO data on land use, agricultural produc-
tion and timber production (FAO, 2002) were used
for the extrapolation.

Appraisal
Compared with other estimates of the global bioen-
ergy potential, the values assumed by the Council are
rather low. One reason is the fact that competing land
use demands were considered. IPCC (2001c) esti-
mated the global bioenergy potential for 2050 to be
396EJ per year, with very high proportions of the
total land area assigned to the cultivation of energy
crops (16 per cent in Africa, 32 per cent in Latin
America). In Latin America, 30 per cent of the area
is currently used as permanent pasture, and in view of
increasing meat consumption this figure is unlikely to
fall. According to IPCC, the required arable farm-
land area will even increase to 15 per cent, while 9 per
cent of the continent consists of arid areas. In order
to achieve the IPCC values, the natural forest area of
South America would have to be reduced from cur-
rently 46 per cent to approximately 16 per cent,

Area No. of animals Utilizable yield Total
quantity

Technological 
potential

[106 ha] [106 animals] [tdry weight/ha/a] [t/animal/a] [106 tdry weight/a] [PJ/a]

Forestry 4,173 0.5 2,237 41,600
Agriculture 1,505 0.7 994 17,200
Energy crops 322 6.6 2,113 37,400
Dung 1,599 0.8 1,220 7,600

Total 103,800

Table 3.2-8
Global technological potential of biogenic solid fuels. Since the potential was estimated cautiously, the specified values can be
regarded as sustainable.
Sources: FAO, 2002; Kaltschmitt et al., 2002

Table 3.2-9
Geographic distribution of the technological energy potential of biogenic solid fuels.
Source: Kaltschmitt et al., 2002

Europe Former
USSR

Asia Africa Middle
East

North
America

Latin
America

Total 

Total energy potential [PJ/a]

Wood 4,000 5,400 7,700 5,400 400 12,800 5,900 41,600
Stalks 1,600 700 9,900 900 200 2,200 1,700 17,200
Energy crops 2,600 3,600 1,100 13,900 – 4,100 12,100 37,400
Dung 700 300 2,700 1,200 100 800 1,800 7,600

Total 8,900 10,000 21,400 21,400 700 19,900 21,500 103,800

Currently utilized 2,000 500 23,200 8,300 – 3,100 2,600 39,700

[106 ha]

Area for energy crops 22 32 10 124 0 36 108 332
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which from a nature conservation point of view can
definitely not be considered sustainable (WBGU,
2001a). A similar argumentation applies to the situa-
tion in Africa.

In terms of yields, IPCC assumes a figure of
around 15t per hectare per year. This approximately
corresponds to the value of 19.5t per hectare per year
achieved for sugar cane (Kheshgi et al., 2000). For
Miscanthus, 2–44t per hectare per year are assumed
depending on region and soil conditions
(Lewandowski et al., 2000), for switchgrass (Panicum
virgatum) 4–34.6t per hectare per year (Paine et al.,
1996; Sanderson et al., 1996). The yields of woody
energy crops in moderate and northern latitudes are
assumed to be 7–10t per hectare per year for poplars
(Hanegraaf et al., 1998; Kheshgi et al., 2000), for wil-
lows 4.7–12t per hectare per year (Tahvanainen and
Rytkönen, 1999; Goor et al., 2000). Only few authors
assume yields of more than 15t per hectare per year
for willows (Boman and Turnbull, 1997). For many
regions, the yields assumed by IPCC are therefore
too high. This applies in particular to traditional
farming in Africa. The Council therefore assumed
average dry matter yields of only 6–7t per hectare per
year.

With a comparable land distribution, other
authors have also calculated a bioenergy potential of
350–450EJ per year (Fischer and Schrattenholzer,
2001). However, their figure for the potential of agri-
cultural residues (35EJ per year) is twice the value
assumed by the Council, since twice the value was
assumed for the recovery per unit area.While a yield
of 1.2t per hectare per year of agricultural residues is
realistic in temperate latitudes, this value is not real-
istic in the tropics, where the soil structure has to be
stabilized by large quantities of carbon being fed
back into the soil. While the Council assumed
approximately 0.5t per hectare per year of recover-
able forestry residues, taking account of ecological
and economic restrictions (no utilization in primeval
forests or in regions with poor infrastructure),
Fischer and Schrattenholzer (2001) assumed 1.4t per
hectare per year of forestry biomass that can be uti-
lized for energy generation.Although this figure may
be justified for the commercial forests of temperate
regions, for tropical and boreal regions the value
appears too high. For energy crops, the average yields
of 4.7t per hectare per year assumed by Fischer and
Schrattenholzer are moderate, although the inclusion
of the global grassland area in the utilization for
energy generation would violate ecological princi-
ples (WBGU, 2001a).

3.2.4.2
Environmental and social impacts of traditional
biomass utilization in developing countries 

Effects on the natural environment
Biomass is becoming scarce, particularly in arid
regions such as the Sahel or in the steppes of Asia
(BMZ, 1999), since more material is taken here than
grows back. In Asia, 1,700PJ per year is generated
from non-sustainable timber utilization, correspond-
ing to approximately 20 per cent of the energy gen-
erated from biomass. In Africa the proportion gener-
ated in a non-sustainable fashion is 30 per cent, in
Latin America 10 per cent (Kaltschmitt et al., 1999).
Non-sustainable biomass utilization destroys forests,
degrades soils, reduces biodiversity and damages
water resources.

Effects on human health
According to UN estimates, 1.6 million people world-
wide die of the consequences of indoor air pollution
every year (WHO, 2002b). Approximately half the
world population is subjected to the damaging effects
of traditional biomass utilization, the majority of
them women and children (Bruce et al., 2000; Table
3.2-10). Particular risks are associated with the
incomplete combustion of wood or dung in tradi-
tional, technologically inadequate stoves, with emis-
sions of soot, suspended matter and carbon monox-
ide significantly exceeding safe values (UNDP et al.,
2000). Health risks are associated with small particles
(particles with a diameter of less than 2.5 µm are par-
ticularly dangerous), SOX, NOX, O3 and polycyclic
aromatic hydrocarbons. The susceptibility to acute
respiratory tract infections is significantly higher for
children who are subjected to fumes and exhaust
gases from the combustion of biomass than for chil-
dren in households with modern fuel utilization
(Behera et al., 1998; Smith et al., 2000). Mothers and
children also suffer an increased risk of chronic
obstructive pulmonary diseases, lung cancer, tuber-
culosis, asthma or ischaemic heart diseases (Smith et
al., 2000; Smith, 2000; Box 3.2-1).

3.2.4.3
Evaluation

The Council estimates the global potential of modern
bioenergy to be approximately 100EJ per year, made
up of 20 per cent from the utilization of agricultural
waste products and approximately 40 per cent each
from forestry waste products and energy crops. Such
an expansion could only be achieved over several
decades (Table 4.4-1).The long-term potential of tra-
ditional biomass utilization is approximately 5EJ per
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year. The Council’s estimate places stronger empha-
sis on the sustainability of biomass utilization than
comparable studies, e.g. by avoiding the conversion
of natural ecosystems to cultivate energy crops, and
ensuring an adequate return of nutrients to wood-
land and farmland soils.The figures are therefore sig-
nificantly lower than other current potential esti-
mates, such as those presented by IPCC (2001c) or
Fischer and Schrattenholzer (2001).

3.2.5
Wind energy

3.2.5.1
Potential

For calculating the onshore and offshore wind energy
potential, it is assumed that advanced multi-mega-
watt wind energy converters are used (Fig. 3.2-2).The

Table 3.2-10
Health threats during
different stages of the
biomass fuel cycle. Cor
pulmonale: right ventricular
failure due to chronic
pulmonary disease.
Source: WHO, 2002a, c

Fuel cycle stage Potential health effects

Production
Dung as fuel
Charcoal

Infections
Carbon monoxide poisoning,
burns, traumas

Collection of fuel Reduced child care
Less time for food preparation
Poorer family nutrition 

Combustion
Smoke (acute effects)

Smoke (chronic effects)

Toxic gases 
(e. g. carbon monoxide)

Heat

Inflammation of the conjunctiva
Irritation/inflammation of the upper respiratory tract
Acute respiratory tract infections
Positive effect: deterrent for insects, spiders, etc.

Lung cancer
Chronic obstructive pulmonary diseases, chronic bronchitis
Tuberculosis
Cor pulmonale

Poisoning
Foetus: low birth weight, damage

Burns (acute effect)
Cataract (chronic effect)

Box 3.2-1

Biomass stoves cause disease: The example of
India

Three-quarters of households in India (approximately 650
million people) depend on biomass, which meets 85–90 per
cent of the energy demand. Due to inadequate combustion
technology, this energy source represents a significant
health threat from emissions, mainly for women and chil-
dren. In India, the health risks due to indoor air pollution
are significantly greater than the risks due to outdoor pol-
lution, even in large cities (Fig. 3.2-1 and Section 4.3.2.7).
According to estimates, approximately 500,000 women and
children under 5 die early due to the utilization of solid
fuels in households.This is equivalent to 5–6 per cent of the
national disease figures and therefore exceeds the much
more frequently mentioned risks of smoking or malaria.

In India, government and private programmes support
the introduction of improved stoves. It is estimated that 7.6
million efficient stoves were used in households in 1992.

Sources: Terivision, 2002; Smith, 2000; UNDP et al., 2000;
Murray and Lopez, 1996.

Acute infections (11.8)

COPD (0.54)

Lung cancer (0.01)

Tuberculosis (1.85)

Asthma (0.46)

IHD (1.33)

Figure 3.2-1
Estimated distribution of annual health impact, expressed
in DALYs (Disability Adjusted Life Years), attributable to
indoor air pollution caused by cooking in India. COPD
chronic obstructive pulmonary diseases; IHD ischaemic
heart diseases (e.g. heart attack).
Source: Smith, 2000
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conversion potential was calculated based on wind
speeds interpolated from meteorological data for the
appropriate hub height. Average values over a 14-
year period were used (1979–1992). However, in
addition to the conversion potential, further limita-
tions have to be considered for calculating the global
technological potential (Box 3.1-1). Urban areas, for-
est areas, wetlands, nature reserves, glaciers and sand
dunes, for example, were excluded from the calcula-
tion. Agriculture, on the other hand, was not
regarded as competition for wind energy in terms of
land use. However, the installation of wind power
plants may be prohibited by the prevailing wind con-
ditions due to the topology (e.g. ravines, basins) or
the slope of the terrain (problem with foundations).
Furthermore, certain minimum distances to settle-
ments, for example, must be adhered ,too. Sea depths
of more than 40m are currently not considered to be
suitable for offshore installations. The average
annual ice coverage of the sea and a regionally vary-
ing minimum distance from the coast (0–12 nautical
miles) were also taken into account. For both off-
shore and onshore applications, local exclusion crite-
ria (smaller nature reserves, infrastructure surfaces,
military areas, etc.) were accounted for through cor-
rection factors derived from the respective popula-

tion density. Taking account of these, the global tech-
nological potential for onshore and offshore installa-
tions was calculated as 1,000EJ per year.The Council
considers 10–15 per cent of this technological poten-
tial to be realizable in a sustainable fashion, and pro-
poses a figure of approximately 140EJ per year as the
contribution from wind energy for a sustainable
energy supply that is achievable in the long term.

3.2.5.2
Technology/Conversion

Wind power plants convert the kinetic energy con-
tained in moving air into mechanical rotation energy
and subsequently into electricity. Theoretically, a
maximum of just under 60 per cent of the power con-
tained in the wind can be extracted (Dwinnell, 1949).

The global market for wind energy plants is cur-
rently structured into two fundamentally different
areas of application: While in Asia tens of thousands
of very small, decentralized systems are used as bat-
tery charging stations, large, grid-connected turbines
are more significant globally from a quantitative and
economic point of view.

Conversion potential [W/m2]

Wind energy

0 1.5 2.5 3.5 4.5 5.50.5

Enlarged map section 
showing Europe

Figure 3.2-2
Global distribution of the conversion potential of onshore and offshore wind energy (in the latter case up to a depth of 40 m).
The conversion potential was derived from the theoretical potential, based on the predicted annual efficiency of a multi-
megawatt wind energy converter in 2050 (see Box 3.1-1). Economic and land use restrictions were not considered. The
resolution of the calculation was 0.5*0.5°, approximately corresponding to 50*50km.
Source: Kronshage and Trieb, 2002
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In contrast to traditional windmills that operate
according to the resistance principle, modern rotors
utilize the lift principle (similar to aeroplane wings).
In addition to the rotor, large systems essentially con-
sist of a generator and a tower. Different system
designs have been proposed over the years, although
horizontal three-blade models mounted on a tower
made of steel tube have now become generally
accepted. Usually, a mechanical gearbox is installed
between the rotor axis and the generator for adjust-
ing the rotor speed to the required generator speed,
although more recently gearless generator technol-
ogy has become established on the market.The rated
power of grid-connected systems has increased from
typically 30kW to up to 3MW over the last 30 years,
with 5MW versions being envisaged for offshore
applications.

Due to fluctuating wind speeds, the average
annual output of wind turbines is only between 20
and 25 per cent of the rated power (more than 30 per
cent for offshore installations). In general, the power
contained in the wind is proportional to the cube of
the wind speed. Modern systems start producing
energy at a wind speed of approximately 3m/s. Gov-
erning sets in at wind speeds around 25m/s in order
to avoid damage to the systems. Since the average
wind speed at rotor height is an important parameter
for the yield from wind power plants, it has significant
influence on the costs of electricity production. Tak-
ing account of operation and maintenance costs, gen-
eration costs are currently between €-cents 5.5 and
13 per kilowatt hour at appropriate locations in Ger-
many (BMU, 2002b).

Good onshore locations may become scarce with
increasing utilization of wind energy, so that offshore
wind parks are now being proposed, with the first
such installations already in operation. While in the
North Sea the number of full-load equivalent operat-
ing hours can increase to up to 4000 hours per year,
the installation costs also approximately double. The
main motivation for the installation of offshore
applications is therefore not a possible price advan-
tage, but the opening up of suitable new locations.
For Germany, the installed capacity that could be
realized largely conflict-free is estimated to be up to
25GW.

During a 20-year service life, a wind power plant
can generate approximately 80 times the amount of
energy that is currently required for its manufacture,
utilization and disposal, depending on the location
(Bundesverband Windenergie, 2001). The systems
can thus recover the energy required for their con-
struction in approximately three months. Like for
many renewables, no greenhouse gas emissions arise
during system operating, but due to the energy

required for manufacture and disposal. Average CO2

emissions per kilowatt hour of wind-generated elec-
tricity depend on the electricity mix in the country of
manufacture and on the system. The more advanced
the transformation process towards a sustainable
energy supply system, the lower the specific CO2 val-
ues. No explicit values are therefore provided.

3.2.5.3
Environmental and social impacts

The following issues occasionally lead to reservations
vis-à-vis wind energy due to possible environmental
and social impacts:
• Land use: On the one hand, wind energy is cur-

rently one of the most economic forms of renew-
able energy generation, on the other hand it is also
characterized by comparatively low energy densi-
ties. Large areas of land are therefore required to
generate significant quantities of energy, typically
0.06–0.08km2 per megawatt (EUREC Agency,
2002). However, there is no reason why land on
which wind power plants have been installed
should not continue to be used for agricultural
purposes, so that the actual land use is only about
1 per cent of the above figure (e.g. for foundations,
access roads) and is thus very small.

• Noise pollution: Wind power plants generate
mechanical and aerodynamic noise. Both compo-
nents have already been reduced successfully
through modern technology (acoustically opti-
mized rotor profile, direct drive generators, mod-
erate speeds). Provided adequate distances to set-
tlements are maintained, noise emissions from
modern wind power plants are therefore no longer
a problem.

• Visual intrusion: Occasionally, wind power plants
are regarded as visually intrusive. While this sub-
jective effect is difficult to quantify, it is neverthe-
less one of the main obstacles for the expansion of
wind energy. Shadows and reflections are also
regarded as visual interference. However, these
effects can largely be avoided through careful
selection of the location and through appropriate
technology (e.g. matt finish).

• Nature conservation and offshore systems: The
environmental effects of offshore wind energy uti-
lization are currently the subject of intensive eco-
logical research (BMU, 2002c).Among the factors
being examined are the location and size of wind
parks, noise emissions and the effects of energy
transmission on birds, marine mammals and fish.
Competing utilization of the sea by, for example,
the fishing industry, the military, the steel industry
and shipping also have to be considered.
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3.2.5.4
Evaluation

Electricity from wind energy can already be supplied
cost-effectively under current political boundary
conditions. The environmental relevance of the tech-
nology (resource use, greenhouse gas emissions,
material recycling) is regarded as positive.The Coun-
cil therefore advocates further speedy expansion of
this renewable energy source. Only a certain propor-
tion of the calculated global technological potential
can be regarded as sustainable. The Council recom-
mends a figure of approximately 140EJ per year as
the contribution from wind energy achievable in the
long term for a sustainable energy supply.

3.2.6
Solar energy

3.2.6.1
Potential

The solar energy potential of four different technolo-
gies was calculated:
• Centralized solar thermal power plants with opti-

cal concentration (Fig. 3.2-3),
• Centralized photovoltaic power plants without

optical concentration (Fig. 3.2-4),
• Decentralized photovoltaic modules without opti-

cal concentration (Fig. 3.2-5),
• Thermal solar collectors (Fig. 3.2-6).
Without specifying a particular technology, photo-
voltaic systems were assumed to have an annual sys-
tem efficiency of 25 per cent by 2050. For solar ther-
mal systems, the potential for combined heat and
power was not considered. For solar collectors for
heat generation, an annual efficiency of 40 per cent is
regarded as achievable by 2050. The technological
potential was calculated based on this conversion
potential, taking account of land and surface use
restrictions (see Box 3.1-1 for a definition of the dif-
ferent types of potential). Each of the conversion
technologies considered yields values that corre-
spond to multiples of all future projections of human
energy use for the respective sectors. Against this
background, the global technological potential can
be regarded as practically unlimited.The annual flow
of solar energy is distributed relatively uniformly
over the Earth’s more densely populated regions.
This advantageous characteristic is reflected in the
maps showing the potential of technologies without
optical concentration. However, considerable sea-
sonal fluctuations occur in higher latitudes, which
have to be compensated by other technologies.

3.2.6.2
Technology/Conversion

Photovoltaics
Photovoltaic cells (‘solar cells’) convert light directly
into electric energy. Solar cells currently consist of
several layers of different semiconductor materials.
They are electrically connected in series and encap-
sulated within modules. In this way, technologically
manageable electrical voltages are generated. The
encapsulation protects the semiconductor elements
from environmental influences and guarantees long
service life. Photovoltaic modules can be connected
to module arrays and connected to consumer loads
or to the grid via suitable electronics. A storage ele-
ment (e.g. rechargeable battery) is usually integrated
in systems that are not connected to the grid.

Since the development of the first solar cell in
1954, the dominant raw material for solar cell pro-
duction has been crystalline silicon. Due to the
required high purity of the material, solar cells at cur-
rent cell thicknesses are rather expensive. Numerous
alternative technologies are being developed with
the aim of significant reductions in material use and
costs (Luther et al., 2003; Table 3.2-11).

For long-term global strategies, in addition to effi-
ciency and price, the availability of raw materials
should also be considered in the assessment of solar
cell technologies. Silicon as the second most frequent
element of the Earth’s crust is non-critical, while
other elements such as indium and tellurium, which
are used in some thin film technologies, could
become scarce at high production rates.

A further consideration is the energy payback
period of the systems. In central Europe, modern
grid-connected systems recover the energy required
for their manufacture within approximately three
years. This period is short compared with the con-
firmed technological lifetime of the systems of more
than 20 years (Pehnt et al., 2003). It should be noted
that today’s systems are not optimized in terms of
energy payback period.

Like for wind energy, any greenhouse gas emis-
sions that may occur are not generated during the
operation of photovoltaic systems, but during manu-
facture and disposal. The average CO2 emissions per
kilowatt hour of solar electricity therefore depend on
the electricity mix within the country of manufacture
of the system.

Since solar cells are connected to modules, which
in turn can be combined to systems of any size, pho-
tovoltaics offers a wide range of possible applica-
tions. Remote micro-systems typically supply some
tens of watts, large, grid-connected power plants can
be designed for the megawatt range. While photo-
voltaic systems in remote rural areas are today usu-
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Figure 3.2-3
Global distribution of area-specific conversion potential for energy conversion via solar thermal power plants with linear
optical concentration. The specified power densities relate to the surface area used. Like for photovoltaic power plants, the
annual system efficiencies, defined according to the current status, depend on the latitude, since the relative active collector
area decreases towards the poles due to shading. Combined heat and power was not considered. The resolution of the
calculation was 0.5*0.5°, approximately corresponding to 50*50km. See Box 3.1-1 for a definition of the different types of
potential.
Source: Kronshage and Trieb, 2002

Figure 3.2-4
Global distribution of area-specific conversion potential for energy conversion via centralized photovoltaic power plants
without optical concentration. The specified power densities relate to the surface area used. Like for solar thermal power
plants, the annual system efficiencies, defined according to the status in 2050, depend on the latitude, since the relative active
module area decreases towards the poles due to shading. The resolution of the calculation was 0.5*0.5°, approximately
corresponding to 50*50km. See Box 3.1-1 for a definition of the different types of potential.
Sources: Efficiency estimation: WBGU; technical implementation of the map: Kronshage and Trieb, 2002
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Figure 3.2-5
Global distribution of the area-specific conversion potential for decentralized solar-electric energy conversion via photovoltaic
modules without optical concentration. The specified power densities relate to the tilted module area, not to the horizontal
ground surface. The maps were based on the year 2050, with assumed annual system efficiencies of 25 per cent. The resolution
of the calculation was 0.5*0.5°, approximately corresponding to 50*50km. See Box 3.1-1 for a definition of the different types
of potential.
Sources: Efficiency estimation: WBGU; technical implementation of the map: Kronshage and Trieb, 2002

Figure 3.2-6
Global distribution of the area-specific conversion potential for decentralized energy conversion via thermal solar collectors.
The specified power densities relate to the tilted collector area, not to the horizontal ground surface. The maps were based on
the year 2050, with assumed annual system efficiencies of 40 per cent. The resolution of the calculation was 0.5*0.5°,
approximately corresponding to 50*50km. See Box 3.1-1 for a definition of the different types of potential.
Source: Kronshage and Trieb, 2002



ally already more cost-effective than the alternative
of expanding of the central grid, in situations where
extensive grids already exist, such systems are far
from competitive compared with large conventional
power plants. As part of the exemplary Council sce-
nario (Chapter 4), installation prices for the modules
and the associated system components of €1 per watt
are regarded as realistic for grid-connected systems
in 2020. This is only approximately one-third of
today’s investment costs. For 2020, this would result
in global average electricity costs of approximately
€-cent 12 per kilowatt hour.The costs depend on the
geographical latitude – in tropical arid regions the
costs are only approximately half compared with
Europe. In 2020, crystalline silicon is expected to be
mass-produced and reach an annual capacity in the
order of 10GW. By then, mass production should also
have been achieved for various thin film technologies
(Lux-Steiner and Willeke, 2001). In future, different
solar cell technologies will continue to be used in par-
allel, with the specific choice being determined by the
costs, the application area, the regional field of appli-
cation and the technological availability.

In the medium and long term, further technologies
that are currently being developed in the laboratory
may contribute to cost reduction and tapping of new
areas of application:
• Photovoltaic power plants with optical concentra-

tion and capacities from several 100kW to MW
combine cost-effective concentrators (e.g. Fresnel
lenses) with highly efficient solar cells (Fig. 3.2-7).

• Solar cells based on dyes or organic compounds,
for example.

Basic research is presently also exploring visionary
photovoltaic concepts, the potential of which is diffi-
cult to estimate at this stage (Chapter 6). Currently

achievable efficiencies of typical technologies are
summarized in Table 3.2-12.

Solar thermal power generation
In solar thermal power plants, direct sunlight is con-
centrated onto an absorber via optical elements. The
absorbed radiation energy heats a heat transfer
medium. This heat energy can subsequently be used
for driving largely conventional engines such as
steam turbines or Stirling motors. Solar thermal
power plants are therefore closely associated with
classic power plant technology, with solar energy
replacing fossil fuels. All solar thermal systems built

Sun

Fresnel
lens

Solar cell

Heat sink Schematic diagram
of possible configuration
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Figure 3.2-7
Schematic diagram of future solar power plants based on
photovoltaic systems with optical concentration. The solar
radiation is concentrated onto a very small solar cell area via
cost-effective lenses (left). The concentration factor could
reach a value of 1,000. The module systems have to track the
sun (right). It is expected that any additional costs for the
optical components and the mechanical tracking system will
be compensated through savings and efficiency increases for
the semiconductor solar cells. Power plants using this
technology could already be used in the near future for
supplying peak electricity (caused by, for example, electric
cooling systems).
Source: WBGU

Table 3.2-11
Future development of
photovoltaics. Due to the
high modularity of this
technology, applications
meeting a variety of
demands can be realized. It
is therefore expected that
the technological variety of
photovoltaic electricity
generation will persist. The
energy costs are essentially
inversely proportional to the
annual insolation (Fig. 3.2-3).
Source: WBGU

2000 2020 2050

Main, market-dominating
technologies

Crystalline silicon
solar cells

Crystalline Si and
thin film solar cells.
Tandem solar cells
for PV power
plants with optical
concentration.
Organic and dye
solar cells

Thin film solar cells
(incl. Si), tandem
solar cells, organic
and dye solar cells,
new concepts

Modul efficiency [%] 14–15 Si wafer module:
18–20
Thin film: 15
Organic, etc.: 10
Tandem: 40

no info available

Costs [€/kWh] ~0.6 
(Location with 1000
full load hours)

~0.14 
(Location with 1300
full load hours)

~0.06 
(Location with 1300
full load hours)

Capacity range W–MW W–MW W–MW
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to date are based on strong concentration of sunlight,
so that their application only makes sense in regions
with a high ratio of direct solar radiation. Three dif-
ferent technologies have already been realized:
• Parabolic trough power plants: Solar radiation is

focussed onto tubular light absorbers, usually con-
taining special oil as heat transfer medium, in lin-
ear reflectors with parabolic shape that track the
sun around one axis. The oil is heated to approxi-
mately 350–400°C and subsequently generates
steam in a heat exchanger for a largely conven-
tional steam turbine. Such systems can be
designed for relatively large capacities, currently
between 30 and 80MW. In California, such power
plants have already been supplying electricity for
more than 10 years, with a total installed capacity

of approximately 350MW. Further significant cost
reductions could be achieved through direct
vaporization of water within the absorber tubes
(Fig. 3.2-8).

• Solar power towers: A large array of movable mir-
rors focuses the sunlight onto a receiver installed
on a tower, where the heat transfer medium
(water, salt, air) is heated to 500–1,000°C. Due to
the high temperatures, the energy can, in principle,
be coupled directly into a gas turbine or a modern
combined cycle plant. Capacities of around
200MW have been proposed for solar power tow-
ers, which is approximately 10 times the capacity
of current pilot plants.

• Parabolic dish power plants: This system uses par-
abolic mirrors to track the sun. A heat transfer
medium at the focus of the mirror can be heated to
600–1,200°C. Such systems are usually rather
small (some 10kW of nominal capacity). They
therefore lend themselves for decentralized appli-
cations. Engines are used to convert the heat
energy into mechanical energy and subsequently
into electrical energy. The technology is currently
at an experimental stage.

In general, the aim is to design systems with high
operating temperatures, due to the higher efficien-
cies that can thus be achieved during the conversion
of heat into electricity in thermodynamic machines
(Table 3.2-13).

Medium-term heat storage (hours, days) can sig-
nificantly extend the scope for solar thermal power
plant technology. Using melted salts as a storage
medium, solar thermal systems have already been
realized that generate electricity around the clock
without conventional auxiliary heat supply.

The close relationship between solar thermal sys-
tems and conventional power plants enables the inte-
gration of fossil heating and solar thermal technology
in so-called hybrid power plants. For regions with
high incident solar radiation, the extension of exist-

Table 3.2-12
Efficiencies of solar cells in
the laboratory and in flat
modules. The figures in
brackets relate to values
from pilot production or
initial commercial
production. W wafer techno-
logy, T thin film technology.
Sources: Green et al., 2002;
UNDP et al., 2000; Hein et
al., 2001; Hebling et al., 1997

Cell technology W/T Efficiency in the 
laboratory [%]

Efficiency of the
module [%]

Monocrystalline silicon W 24.7 13–15
Multicrystalline silicon W 19.8 12–14
Amorphous silicon (incl.
Si-Ge-tandem) T 13.5 6–9

Copper indium/gallium
diselenid T 18.9 (8–11)

Cadmium telluride T 16.5 (7–10)
III-V concentrator cells
(incl. tandem and triple) W and T 33.5 (25)

Crystalline thin film
silicon cell T 19.2

Organic and dye
solar cells T 2–11

~

<

Turbine

Generator

Pump Waste heat

Thermal store
warm

AbsorberSun

cold
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Figure 3.2-8
Schematic diagram of a future solar thermal trough power
plant. In this example, the solar array is arranged as a Fresnel
concentrator, with the required parabolic shape being
realized as a segmented reflector array made up of smaller
flat glass mirrors. In contrast to systems commonly used
today, it is likely that in future water will be used as the heat
transfer medium and evaporated directly in the absorber
tubes. Such systems are expected to achieve lower costs and
to avoid problems with thermal oils. The thermal store shown
in the diagram is intended to enable operation of the power
plant even after sunset.
Source: WBGU



ing fossil power plants with a solar thermal compo-
nent is seen as an important short and medium term
market for renewables.

Another possibility is the combination of solar
thermal power plants with thermal biomass utiliza-
tion. This would enable continuous operation of
multi-megawatt power plants exclusively based on
renewables.

Solar thermal power plants can also be operated
in combined heat and power mode. An example is
electricity generation and the simultaneous extrac-
tion of potable water through sea water desalination
(e.g. via thermal distillation processes). Solar effi-
ciencies of up to 85 per cent are possible in combined
heat and power mode.

In the long term, the concepts of parabolic troughs
or solar power towers appear more promising than
smaller parabolic dish systems, since compared with
photovoltaics the latter have the disadvantages of
two mechanical systems that are subject to wear and
tear (optical alignment of the parabolic dish, thermo-
dynamic machine). In sunny regions, parabolic
troughs and solar power towers are currently by far
the most cost-effective option for generating electric-
ity using solar energy in large power plants. Due to
their different features, it is expected that both tech-
nology options will be used widely, depending on the
underlying conditions (size of power plant, infra-
structure, local electricity demand, options for the
transmission of electricity over long distances, inci-
dent solar radiation, etc.).

Solar heat
Solar collectors convert solar radiation into heat.
Typical applications are swimming pools, domestic or
industrial hot water, space heating, or process heat,
with the required temperature increasing in the
above order. The higher the required temperature
level, the more complex the collector, since more
effort is required to avoid heat losses.A distinction is
made between the following basic types of thermal
collector:

• Collectors with unglazed absorber: In this simplest
form of solar collector, a heat transfer medium
(e.g. water) flows through black plastic mats with-
out cover. High heat losses occur through convec-
tion and conduction, so that only moderate tem-
peratures can be achieved. Due to their low costs,
such collectors have become established for swim-
ming pool heating.

• Flat plate collectors: In this collector type, heat
losses are usually reduced by two measures. On
the side facing the sun, the absorber is covered
with a glass pane, and at the back it is insulated. A
further option is the use of optically selective
absorbers with strong absorption characteristics in
the visible and near infra-red spectral range, but
little emission in the thermal infra-red range.
Compared with unglazed absorbers, significantly
higher temperatures can thus be achieved. Flat
plate collectors are currently predominantly used
for heating domestic or industrial water. In Ger-
many, typically approximately 60 per cent of the
related annual heat demand can be covered by the
solar contribution. While demand can usually be
met fully in the summer, in the winter the water
tends to be pre-warmed by the collector and sub-
sequently heated by conventional means.Thermal
collectors are also increasingly used in so-called
combination systems to support space heating.

• Evacuated tube collectors: With this type of collec-
tor, vacuum insulation almost completely elimi-
nates heat losses through conduction and convec-
tion from the absorbers, which are located within
glass tubes. Such systems can achieve good effi-
ciencies and high temperatures, even in winter.
This type of collector is particularly suitable for
higher geographical latitudes, winter conditions or
process heat applications. Due to the hermetic
encapsulation of the absorber, they are also begin-
ning to be widely used to heat domestic or indus-
trial water in countries with less developed tech-
nological infrastructure.
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2000 2020 2050

Main technologies Parabolic
troughs

Parabolic troughs
and solar power
tower

Parabolic troughs
and solar power
tower

Electrical efficiency [%] 14 20–25 25–30

Costs [€/kWh] 0.14–0.2 ~0.07–0.14 ~0.06

Features Integrated heat 
store for several
hours

Integrated heat
store for several
hours

Capacity range Several 
tens of MW

Several tens up to
100MW

Several tens up to
100MW

Table 3.2-13
Efficiencies, costs, capacity
range and special features of
solar thermal power plants
in pure solar operation. The
term ‘parabolic troughs’ also
includes systems based on
Fresnel collectors (Fig. 3.2-8).
The efficiency figures relate
to the electrical annual
system efficiencies per
aperture area and per direct
vertical insolation on the
converter surface (‘direct
normal incidence’, DNI)
Source: WBGU 
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The heat energy collected in a solar collector system
is usually transferred to a heat store, so that differ-
ences in heat demand and supply can be compen-
sated over several days. Seasonal storage systems
that enable heat collected in the summer months to
be utilized during the winter have also been tested
successfully in pilot plants. Since heat losses increase
with the ratio of surface to volume, seasonal heat
stores (as far as they are based on the utilization of
sensible heat) should be comparatively large, which
necessitates their integration into a local district heat
network.

In principle, the modularity of solar collectors
enables them to be used in any output range that may
be required. For a typical location in Germany, the
costs for heat generated in this way are currently €-
cents 3–7 per megajoule (BMU, 2002b), for sunnier
locations costs are correspondingly lower. The mate-
rials used in thermal solar collectors are usually envi-
ronmentally compatible and can moreover be almost
completely recycled.

Cooling with solar energy
Cooling and air-conditioning of buildings are ideal
applications for solar energy, since demand largely
coincides with the availability of solar energy. Two
techniques are available: On the one hand, solar elec-
tricity can be used to operate a conventional com-
pression-type refrigerating machine. On the other
hand, solar heat can be used to drive thermodynamic
cooling processes via sorption or adsorption tech-
niques. Hybrid cooling systems utilizing solar and
conventional energy can save more than half the pri-
mary energy required for the operation of a conven-
tional system.

As space cooling is associated with significant
energy consumption for newly industrializing and
developing countries in lower geographical latitudes,
solar cooling technologies are an interesting alterna-
tive: Furthermore, solar cooling technologies are well
suited for the usually decentralized energy structures
in these countries. In future, the significance of cool-
ing and air-conditioning technologies utilizing solar
heat may increase considerably for many areas of
application and world regions.

3.2.6.3
Environmental and social impacts

Possible negative environmental effects of photo-
voltaic energy technology result from the manufac-
turing process and the materials used in the end
product.While in principle the environmental impact
of the manufacturing process can be reduced to low
levels by implementing appropriate measures and

technologies, environmental risks cannot be ruled
out completely for some thin film technologies. In
principle, toxic substances could be released during
accidents (e.g. fires) or in the event of damage to the
solar modules. Safe recycling is an important factor
for the application of these technologies. No such
risks exist if silicon is used for solar cells. Solar ther-
mal power plants are benign, as long as environment-
friendly heat transfer media are used. The same is
true for solar collectors. Moreover, the potential
maps in Chapter 4 show that supplying Europe with
solar energy through energy imports from neigh-
bouring world regions with high incident solar radia-
tion is easier to realize than an autonomous energy
supply system (Fig. 4.4-5). The creation of an associ-
ated infrastructure in the Maghreb countries and in
the Middle East, including transmission cables to
Europe, would be significant from a strategic policy
angle as well as from a development angle.

3.2.6.4
Evaluation

Solar energy can be used as a source for solar elec-
tricity, hot water, space heating and cooling. Suitable
technologies are available for all areas of application,
although in some cases they still have to go through
cost-reduction processes, and further improvements
are required through research and development
efforts. A significant expansion rate should be the
aim for the medium term, so that reasonable cost-
efficient solar technologies are available, once the
expansion of other renewable forms of energy
reaches the limits of their sustainable potential. In
contrast to all other forms of renewables, based on all
future projections of human energy consumption
both the technological and the sustainable potential
of solar energy is practically unlimited.

3.2.7
Geothermal energy

3.2.7.1
Potential 

The energy source for near-surface applications of
the ground heat, e.g. in heat pumps, is the sun. In con-
trast, systems that utilize the heat contained in lower
strata tap into the Earth’s heat sources, i.e. the ther-
mal energy dating back to the time our planet was
formed, but mainly the energy from the decay of
radioactive elements. The very high temperatures in
the Earth’s interior (probably around 5,000°C) cause
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a continuous heat flow of approximately 0.1W per
square metre towards the surface through the
Earth’s crust. In regions with geothermal anomalies,
e.g. in volcanic regions, high temperatures occur close
to the surface of the Earth. Below 100°C, this geo-
thermal heat is only suitable for heating purposes,
above 100°C it may also be used for power genera-
tion.

It is difficult to make general statements about the
potential: While in principle near-surface utilization
of geothermal heat is possible anywhere, so-called
hydrothermal utilization is bound to the occurrence
of hot water. The utilization of the heat contained in
dry, deep rock is still under development.

According to estimates, within the next 10–20
years economic reserves will reach the level of the
current global primary energy use (UNDP et al.,
2000). However, in order to avoid global utilization
of geothermal heat becoming unsustainable, the
amount of geothermal heat being extracted should
be limited to the Earth’s natural heat flow. The
potential available regionally is often unknown. Due
to open questions regarding the technological imple-
mentation and various sustainability aspects of uti-
lization (e.g. unresolved disposal of large quantities
of waste heat due to lower conversion efficiencies in
low-temperature processes), the Council has
assumed a realistic and sustainable potential of 30EJ
per year by 2100.

3.2.7.2
Technology/Conversion

Deep, hot rock or hot sediments
In the so-called hot dry rock technique, cold water is
pressed through deep boreholes, and heated water is
extracted. For the heat exchange with water, dry hot
rock strata with cracks and fissures are required.
With this technique, comparatively high tempera-
tures of approximately 100–180°C can be achieved.
At other locations, water is pressed through the pores
of hot sedimentary rock, although this technique is
limited to temperatures of around 100°C.

In both cases, the extracted heat can be fed into
local or district heat networks, or used as process heat
in industry. The higher the temperature, the more
efficient the electricity generation.While at tempera-
tures above 150°C, steam can be used directly for
electricity generation in appropriately adapted con-
ventional steam turbines, so-called binary systems
will usually have to be used for lower temperatures.
In these systems, the heat energy contained in the
water is transferred to another liquid within a heat
exchanger. Depending on the temperature of the
geothermal heat, such systems only reach electrical

efficiencies of 10–16 per cent, at temperatures of
about 80°C even less (BMU, 2002b). Significant
quantities of waste heat are thus generated, which
can be utilized locally or has to be disposed of. Cur-
rent cost estimates for electricity generation vary
between €-cent 7–15 per kilowatt hour. Due to the
constancy of the geothermal heat flow, geothermal
power plants with capacities in the megawatt range
are particularly suitable for base load operation.

Hydrothermal systems
In contrast to the hot dry rock application, at other
locations steam or hot water may already be present
in the ground, which can be extracted through bore-
holes and used directly for heating or electricity pro-
duction. The water should be returned to the same
depth via a second borehole in order to maintain the
water cycle, and to avoid the contamination of sur-
face waters through the high mineral content of the
water extracted from the ground. At temperatures
between 40–120°C, geothermal heat from thermal
aquifers has hitherto only been utilized for space and
water heating.

Near-surface geothermal heat
The key technology for utilizing near-surface geot-
hermal heat is the heat pump. It transforms heat from
a lower to a higher temperature level, consuming
additional energy in the process. Usually, geothermal
heat in the 5–10°C temperature range is extracted
from the ground through heat exchangers placed at a
depth of 1–2m.

All heat pumps require high-quality energy for
their operation, which must be taken into account of
for their evaluation. The so-called coefficient of per-
formance (COP), i.e. the ratio of useful energy (uti-
lized heat energy) and energy used (e.g. electricity,
gas), is used for this purpose. Since in conventional
power plants only approximately one-third of the
primary energy is converted to electricity, a heat
pump running on electricity at today’s energy mix
should have an annual COP of significantly more
than 3.6. With all other heat pumps, for which the
energy balance does not include waste heat losses at
power plants, a COP of 1.1 is adequate. Current pro-
totypes and small versions of thermally driven heat
pumps (natural gas) achieve annual COPs of 1.3.
Electrically driven compression heat pumps achieve
COPs of more than 3.6.

In combination with heat pumps, the ground can
be used as a heat store, if the same systems are used
for cooling/air conditioning in the summer. In this
case, the waste heat generated during the cooling
process is stored in the ground, thereby increasing
the temperature for heating operation during the
winter.



73Cogeneration 3.3

3.2.7.3
Environmental and social impacts

Hot water extracted through deep boreholes has to
be re-injected, since it not only contains minerals, but
also hydrogen sulphide, ammonia, nitrogen, heavy
metals and carbon dioxide. Suitable technology
already exists. For electricity generation with ther-
modynamic machines based on volatile media, the
organic medium used should be non-toxic and not
have significant greenhouse potential. Due to the low
flow temperatures and low conversion efficiencies,
large quantities of waste heat are generated locally
during geothermal electricity generation, which have
to be disposed of.

For electric heat pumps, the total energy balance
has to be considered carefully. Low-temperature heat
sources also have to be selected carefully: Strong
cooling of ground water should be avoided, but the
extraction of heat from rivers subjected to waste heat
loads may in fact be ecologically sensible.

3.2.7.4
Evaluation

Geothermal heat has large technological potential.
In contrast to solar and wind energy, it is continu-
ously available. The Council nevertheless estimates
the sustainable potential by 2100 only very cautiously
at 30EJ per year.

Geothermal heat from large depths at high tem-
perature levels can be used for electricity generation,
local and district heat networks, or a combination of
both. On the other hand, only thermal applications
are suitable for lower temperature levels. The Coun-
cil recommends the further development of relevant
technologies and the promotion of their more wide-
spread use. Care needs to be taken that heat pumps
using near-surface heat have adequate COPs.

3.2.8
Other renewables

In addition to the technologies for utilizing renew-
able energy sources described so far, for which large-
scale application within a sustainable energy system
can be assumed, first attempts are being made to con-
vert renewable energy sources that are at an early
stage of development.

The marine energy sources of tidal and wave
energy fall into this category. Under certain geomor-
phological conditions, where a flow of water is
restricted and thus accelerated, the velocity of the
tidal water flows may be sufficient for energy gener-

ation purposes. Due to the significantly higher den-
sity of water compared with air, much lower flow
velocities are required than for wind energy. Tidal
flows with speeds as low as approximately 1m per
second appear to be suitable for utilization. In estu-
aries and river mouths, the tidal amplitude can be
more than 2m and can be used for the operation of
turbines in tidal power plants.Wave energy is created
through the interactions of the surface of the sea and
the wind. The energy density increases with the dis-
tance from the coast. The technological challenge is
therefore to develop systems for locations at signifi-
cant distance from coastlines. A variety of concepts
have already been proposed, some of which are being
tested.

In many processes of the chemical, petrochemical
or associated industries, fossil energy carriers are not
only used as raw materials for products, but are also
utilized to some extent for energy generation. In
order to decouple energy generation and the utiliza-
tion of fossil energy carriers for non-energy purposes,
the sun can take over the energy function directly in
many cases. For high-temperature processes, for
example, technological concepts can be used that are
similar to those used in solar thermal power plants
(Section 3.2.6.2).

Sunlight can also be used in photochemical and
catalytic applications, which are currently dominated
by artificial light sources. In principle, the photo-
chemical synthesis of liquid energy carriers should be
possible. Other promising approaches for the future
utilization of solar energy are membrane systems
employing processes similar to photosynthesis, or
photochemical and biological production of hydro-
gen.

The research section of this report (Section. 6.3.1)
addresses energy conversion concepts that the Coun-
cil considers to be capable of developing into mar-
ketable technologies over the next 10–20 years.
Overall, the Council cautiously estimates the poten-
tial of these emerging technologies at 30EJ per year
by 2100.

3.3
Cogeneration

3.3.1
Technology and efficiency potential

In combined heat and power (cogeneration) plants,
fuels are fired not just to generate electricity but also
to utilize heat that would otherwise go to waste. This
heat can then be used for e.g. heating purposes. In
this way, such plants attain a high degree of utiliza-
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tion of the fuel employed, possibly up to 80 to 90 per
cent with well designed plants. Cogeneration is there-
fore an important technology for conserving primary
energy.

Cogeneration plants may be employed wherever,
alongside electricity generation, there is a demand
for low-grade heat (up to around 120°C) or process
heat (up to around 200°C). There is a wide selection
of cogeneration technologies available in a power
range from 1kWe to several hundred MWe (Table 
3.3-1). The electricity utilization factor today attain-
able during cogeneration operation ranges from 15
per cent for smaller steam turbines to 45 per cent in
high efficiency engine-generator sets and, in future,
this could climb to 60–65 per cent, for example in
combination power plants employing fuel cells when
this technology matures. The electricity-to-heat ratio
varies accordingly between 0.20 and 1.50 and, over
the long term, may even attain 2.50. High ratios
favour the application of this technology, since the
trend is for heat demand to reduce relative to elec-
tricity consumption at typical sites. Additionally,
such plants will fare economically better, as usually
revenues from electricity are higher than from heat.

As fuel, fossil energy sources, like coal, oil or gas,
may be fired but fuels from renewable sources and, in
future, even hydrogen may be employed. Steam tur-
bines and Stirling engines may also fire solid fuels,
like coal and wood, but all other technologies require

liquid or gaseous fuels, in some cases with high purity
requirements. For fuel cells, in addition hydrogen
must be won from fuels containing this element. The
actual energy transformation component is therefore
only a part of the complete system that must always
be considered as a whole in terms of efficiencies and
costs.

As a rule, cogeneration plants are more efficient in
their use of primary energy than if electricity and
useful heat were to be furnished separately. The
energy savings that can be realistically attained and
the resulting cut in CO2 emissions depend very
greatly on the size and type of the cogeneration
plant, its design parameters, reference system and
fuels fired. Typical primary energy savings with
cogeneration plants are 15–30 per cent, correspond-
ing to a CO2 abatement of up to 50 per cent, when
comparing natural gas-fired cogeneration with sepa-
rate generation of electricity and heat from coal.
When the avoided additional heat generation is cred-
ited, typical specific CO2 emissions of cogeneration
plants firing natural gas are 0.19 to 0.25kg per kilo-
watt hourelectrical (Nitsch, 2002).The higher the overall
degree of utilization and electricity-to-heat ratio of a
cogeneration plant, the greater its energy and eco-
logical advantages; consequently, over the longer
term, relevant technologies – combined cycle, fuel
cells and high efficiency engines – are more advanta-
geous.

Table 3.3-1
Overview of technical data of systems with full cogeneration: figures in brackets are the maximum electricity-to-heat ratios
that will be attainable in future. cogen cogeneration, PAFC phosphoric acid fuel cell, PEMFC proton exchanger membrane fuel
cell, MCFC molten carbonate fuel cell, SOFC ceramic solid oxide fuel cell.
Sources: Nitsch, 2002, and WBGU

Technologies Capacity

[MW]

Electrical
efficiency
[%]

Electricity-to-
heat ratio

Technology status and potential

Steam turbine cogen plant 1–150 15–35 0.20–0.50 Mature

Gas turbine cogen plant 0.5–100 25–35 (40) 0.30–0.60 Still development potential

Combined cycle cogen plant 20–300 40–55 (60) 0.60–1.20 Still development potential

Small scale engine cogen
units

Spark-ignition
Diesel

0.005–20
0.005–1
0.05–20

25–45 (50)
25–37 (45)
35–45 (50)

0.40–1.00
0.40–0.80
0.60–1.00

Still development potential,
especially for small outputs

Micro-gas turbines 0.02–0.5 20–30 (35) 0.30–0.50 Still significant development potential,
market penetration commencing

Stirling engines 0.001–0.05 30–35 (45) 0.30–0.60 Still development potential,
market penetration commencing

Fuel cells
PAFC
PEMFC
MCFC
SOFC

0.001–20
0.1–0.2
0.001–0.2
0.1–10
0.001–20

30–50 (60)
35–40
30–40 (50)
45–50 (55)
40–45 (60)

0.80–1.50
0.80–1.00
0.80–1.00
1.00–1.40
1.00–1.50

Still major development potential
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3.3.2
Range of applications

In principle, by applying cogeneration it is possible to
meet a very high share of the demand for space heat-
ing and hot water, amounting to some 65 per cent,
and of the demand for industrial process heat,
amounting to up to 80 per cent of medium-grade
heat. But cogeneration technologies may also be
applied for cooling, air drying, air-conditioning and
seawater desalination, for example by solar-thermal
power plants in countries with high insolation.

In urban areas, the possibilities for cogeneration
range from supplying single- and multi-family
houses, office blocks and commercial buildings
through groups of buildings up to entire housing
estates and industrial or commercial zones. Addi-
tional options for cogeneration result from more
effective utilization of existing district heating supply
networks and replacing heating plants by cogenera-
tion plants.

In industry, the focus is on modernization of ‘tra-
ditional’ cogeneration, for example replacement of
steam and simple cycle gas turbines by IC engine,
combined cycle and, over the medium term, fuel cell
plants, but also on expansion of process heat genera-
tion. Decentralized cogeneration plants, like IC
engines, gas and micro-gas turbines, Stirling engines
and fuel cells, are undergoing rapid technical and
economic development, which means that the range
of application for cogeneration is steadily growing.

At present, cogeneration in Germany supplies
165TWh heat per year, or 11 per cent of the total heat
demand, and 72TWh electricity per year, or 13 per
cent of total electricity generation, at an electricity-
to-heat ratio of 0.43. Currently, it prevents CO2 emis-
sions of around 30 million tonnes per year compared
to the separate generation of electricity and heat.
This means that Germany is a mid-field runner
among European countries. Outside of Europe,
cogeneration is rather more restricted in application.
But the theoretical potential of cogeneration in Ger-
many at around 500TWhe electricity, or some
110GWe of installed capacity, is approximately seven
times today’s share, and thus corresponds to virtually
the entire present electricity generation. For this cal-
culation, an appreciable reduction in heat demand
down to some 60 per cent of today’s level and con-
tinued evolution of cogeneration technologies with a
corresponding increase in the average electricity-to-
heat ratio to roughly 1.0 has been assumed (Nitsch,
2002). By 2030, a relatively certain total potential of
around 200TWh cogeneration electricity per year
and 280TWh useful heat per year may be expected,
corresponding therefore to a three-fold increase of

the current level, with an average electricity-to-heat
ratio of 0.7. To attain this, about 20,000MWe of addi-
tional cogeneration capacity would be required, of
which some two-thirds would fall on decentralized
plants (rated less than 10MWe).The mobilizable CO2

abatement potential is around 80 million tonnes CO2

per year, and corresponds to roughly 7 per cent of
German emissions in the reference year, 1990.

3.3.3
Economic performance

From the aspect of provision of electricity, a cogener-
ation plant is financially viable if the additional
expenditures for extraction of heat and reduced elec-
tricity generation in comparison to conventional
power plants are at the very least offset by revenues
from heat sales. For today’s larger turbine- and
engine-based cogeneration plants, the electricity gen-
eration costs so determined are €-cent 3.5 per kilo-
watt hourelectrical and for smaller plants €-cent 6 per
kilowatt hourelectrical.

From a macro-economic viewpoint, application of
cogeneration would be worthwhile even now, espe-
cially if external costs are factored in. Like in the
past, it may be expected that capital and running
costs will drop even more, particularly for smaller
cogeneration units. But if comparisons are made on
the basis of short-term marginal costs, that is the cur-
rently low costs of purchasing electricity from the
present already partially depreciated power plant
inventory, the financial performance of cogeneration
plants will only be satisfactory in exceptionally
favourable cases. The financial problems of existing
cogeneration plants are due almost solely to the drop
in electricity prices following liberalization of elec-
tricity markets. Consequently, the further market
prospects for cogeneration plants depend greatly on
the energy policy setting, for example the German
law on cogeneration.

For innovative cogeneration systems, like those
employing fuel cells, Stirling engines and micro-gas
turbines, their introduction faces similar obstacles.To
gain broad market acceptance they will have to attain
as a minimum the cost level of cogeneration systems
already deployed today, which means, for fuel cell
cogeneration plants, installation costs of €1,000 to
1,200 per kilowatt hourelectrical, signifying a necessary
cost reduction by one order of magnitude.When con-
sidering the learning curves of comparable decen-
tralized technologies, this should certainly be attain-
able with larger market volumes.
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3.3.4
Evaluation

Thanks to its energy and ecological advantages com-
bined with its economic performance, especially if
external costs are considered, cogeneration technol-
ogy is an indispensable component of any efficiency-
raising strategy for energy-transforming systems.
Today’s cogeneration technologies in particular fit
very well into the emerging trend for greater inter-
meshing and decentralization of energy supply.

Extending cogeneration is therefore a significant
specific measure for raising the efficiency of energy
systems on the supply side. Although from the
macro-economic aspect this technology’s perfor-
mance is already positive, the conditions currently
prevailing on the market are problematical. The
Council therefore recommends that expansion of
cogeneration be fostered to a greater degree by
enhancing the energy policy setting.

3.4
Energy distribution, transport and storage

3.4.1
The basic features of electricity supply structures

The regional structures of global energy supply vary
greatly since energy supply and demand depend on
numerous local factors. Basically, a distinction can be
made between contiguous, densely populated
regions and expansive, sparsely populated regions.
While the former often have electricity and gas grids
over large areas, the latter usually have a distributed
approach using microgrids and single-home power
systems (off-grid concepts; Section 3.4.2).The quality
of the energy supply does not necessarily differ in
these two fundamentally different concepts. Supply
strategies for large grids deserve special attention as
they handle the largest share of energy supply by far
(Section 3.4.3).

In electricity grids, the amount of electricity gen-
erated and consumed always has to be the same. If
the amount generated exceeds current consumption,
the frequency and voltage of the grid rise; if genera-
tion is lower, they drop. If no remedy is provided,
equipment connected to the grid could be damaged.
Hence, knowledge of the statistical and empirical
shares of generation and consumption are decisive in
controlling electricity grids; characteristic daily and
annual trends help to this end.As grids consist of sev-
eral voltage levels, the various load curves have to be
taken into consideration at all levels; even if the high-

voltage level is balanced, a part of the grid at the
medium-voltage level could be overloaded, for
example. As fluctuating renewable energy sources
such as wind power and photovoltaics become more
important, the supply side is also becoming more
dynamic. There are several strategies for the optimal
coordination of fluctuating energy supply and
demand:
• Adaptation of energy demand to supply (load

management);
• Modification of structures on the generation side

with the aim of adapting the generation of elec-
tricity to energy demand;

• Large-area networking of power producers and
consumers to use statistical balancing effects to
match generation and consumption;

• Storage of energy.

3.4.2
Supply strategies for microgrids

Rural areas in developing countries not only lack
such basic goods as clean drinking water and
telecommunications, but also energy services (Sec-
tion 2.4). Expanding the grid in these regions is unre-
alistic in many cases as the low expected power con-
sumption of users would not justify the high cost of
extending the grid over long distances. Thus, electric-
ity is preferably supplied from distributed sources, as
are other energy services.

The technologies for distributed power supply fit
into two categories: isolated systems for single users
and microgrids for larger user groups, such as vil-
lages. Diesel, wind power, photovoltaics, and micro-
hydropower are used to generate electricity as they
can be tailored to the local needs perfectly and com-
bined to reduce costs. Isolated systems for individual
users usually only have to satisfy very small energy
needs. Photovoltaics is best suited for this purpose as
suitably sized PV-generators are available, and oper-
ation of the systems is low-maintenance. The typical
technology for individual systems is called a Solar
Home System. Such a system generally comprises a
photovoltaic module, a battery, and a charge con-
troller. While smaller systems are designed for direct
current for, e.g., several fluorescent lamps and a
radio, larger systems can provide alternating current
and hence even run colour televisions and other
appliances. One major obstacle towards the intro-
duction of such systems is the relatively high initial
investment, combined with a lack of microcredit.
Hence, fee-for-service concepts are often used; here,
an investor installs a system for the customer, who
can only use the power for a fee. Overall, the socio-
economic barriers are often greater than the techni-
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cal ones when it comes to such individual solutions. If
the costs of the technologies used today (primary
battery, petroleum lamps, diesel generators) are cal-
culated for the service life of systems using renew-
able power, photovoltaics, hydropower and wind
power generally turn out to be more economical.
Another type of individual application that is wide-
spread are photovoltaic pump systems.These systems
often create additional income by increasing agricul-
tural production.

Under certain conditions (such as when the space
between homes is small enough), it might make more
sense to set up micro-systems for multi-user groups
instead of using individual systems. The greater
demand for electricity provides more flexibility in
the selection of the power generator. In addition, a
microgrid can be designed to allow for a connection
to the national grid when it is extended.

3.4.3
Supply strategies within electricity grids

3.4.3.1
Fluctuating demand in electricity grids

The energy demand in expansive electricity grids like
the European interconnected power grid consists of
a large number of consumers with different con-
sumption patterns at different times of the day and
year. The consumption of most consumers can be
predicted: electricity is needed at certain times of the
day for cooking and lighting.While the exact times at
which appliances are switched on and off cannot be
predicted, the large number of spatially distributed
power consumers level out the statistical fluctua-
tions, leaving relatively smooth daily and annual
curves.

The patterns of consumption vary between coun-
tries, regions and climatic zones. For example, in hot
countries the use of air-conditioners affects the daily
curve. In Germany, power is mostly needed during
the day and in the evening. The base load is the low-
est level of consumption in the daily pattern, which in
Germany is approximately just below the halfway
point for the daily peak.To cover fluctuating demand
and ensure the power supply, base load power plants
(such as coal-fired and run-of-river plants), which
cannot increase and decrease output quickly, are
used in combination with gas and pumped storage
hydropower plants, which can be run up and down
more quickly to meet fluctuating demand. Overall,
enough power plants have to be available to cover
peak demand. But since the plants do not generate
power all the time, capacity provisioning is a cost fac-

tor. Hence, the gap between peak load and base load
has been brought down in the past few decades by
means of measures to control energy demand (load
management of major industrial consumers, cheap
night power, etc.).

3.4.3.2
Fluctuating supply from renewable sources

The supply of energy from renewable sources like
wind and solar fluctuates greatly. The relevant time
frames depend on the type of final energy (electricity
or heat) and the potential to store it. As heat cannot
be transported well, the daily load curve cannot be
leveled out by means of a large heat grid.The options
used to store heat are much more simple and local
than those used to store electricity. The fluctuations
in electricity can be viewed in seconds, minutes,
hours, and over the yearly load curve.

Fluctuations in seconds/minutes
In this time frame, random fluctuations occur with
wind power and solar energy due to passing clouds
and gusts of wind. These statistical fluctuations do
not, however, correlate if the systems are in different
locations: if many systems are networked, these
short-term fluctuations are balanced (Fig. 3.4-1).
Hence, in large-scale, bi-directional grids no prob-
lems are expected in this time frame. Even extreme
fluctuations, such as emergency shutoffs during
storms, are technically manageable. Power plants that
can be easily regulated (gas turbines, pumped storage
plants, etc.) have to compensate for the remaining
variations in electricity production from wind and
solar sources.

Fluctuations in the hourly range
The power output of solar energy systems depends
on the angle of solar radiance, which in turn depends
on the time of day. Hence, the hourly fluctuations are
easily predictable. The amount of time during which
electricity can be generated from solar energy can be
increased by connecting systems in an east/west
direction (Fig. 3.4-2).

The use of solar thermal power plants for the gen-
eration of electricity can increase this time frame
even longer. These power plants can deliver power
for some five hours after sundown by means of ther-
mal storage tanks (Nitsch and Staiß, 1997). It makes
most sense to use such power plants in the western
parts of a grid, for instance in Spain for Europe.

The wind speed does not have a salient daily load
curve. On the average, there is more wind when there
is a lot of cloud cover so that solar and wind correlate
negatively. Hence, wind and solar energy converters
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compensate for each other to a certain extent in the
hourly range.

Seasonal fluctuations
The power that can be generated from solar energy
varies from season to season and according to lati-
tude. Near the equator and at high latitudes, rainy
seasons and heavy clouds affect the yearly load curve
additionally. In principle, a large-scale north/south
grid can compensate for these effects (Fig. 3.4-3).

Seasonal fluctuations in wind power are more
regional and harder to forecast than solar radiation.
The supply of hydropower has a clear yearly curve
(for instance, due to rainy seasons), which can par-
tially be compensated for by storing water behind
dams.As biomass can be stored readily, energy can be
generated from it throughout the year.

3.4.3.3
Strategies for matching energy supply and
demand

Meeting the fluctuating energy demand with the like-
wise fluctuating supply of energy from renewable
sources also poses a considerable challenge. In the
following, some tools are described to this end; all
need to be adapted to special regional features.

Electricity transport and distribution
The fluctuations on the supply side (Section 3.4.3.2)
recommmend having power provision technologies
and regions linked in a large grid so that the energy
supply can fulfil demand at any time of the day or
year. As electricity can be easily transported, regions
that are far from each other – and hence have differ-
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Figure 3.4-1
Levelling of fluctuations in
the generation of electricity
by linking a large number of
photovoltaic systems. A
comparison of the highly
fluctuating single system and
the mean of 100 systems
with the same output in
different locations.
Source: Wiemken et al., 2001

Figure 3.4-2
The supply of solar energy in Europe as a function of the
time of day and location. The use of thermal intermediate
storage can extend the daily operating time of solar thermal
power plants.
Source: Quaschning, 2000

Figure 3.4-3
Annual curves of solar irradiance in the northern and
southern hemisphere for Algiers, Berlin, and Cape Town.
Source: Quaschning, 2000
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ent energy production times and consumption pat-
terns – could be connected in a grid.

To help identify different regional supply strate-
gies, a distinction needs to be made between the
large-scale, global connection of regions and the
finely meshed grids for the local population: one can
imagine generating large amounts of power in areas
that will not have any finely meshed grid for the fore-
seeable future.The energy could be transported from
there to highly industrialized centres without any
great losses. For example, the transport losses in high-
voltage, direct-current lines for solar power from
northern Africa to central Europe would be about 10
per cent over some 3300km. Indeed, transcontinental
and intercontinental links can be envisioned all the
way up to a ‘global link’, especially if there are break-
throughs in technology development (such as a
superconductor).

Control of electricity demand, load
management
The load curve can be adapted to the supply struc-
ture if proper incentives and technologies are used
(Section 3.4.3.1). Such measures would reduce the
transmission losses and the need for storage as the
share of renewable sources grows. The potential is
hard to estimate at present but is probably at least
around 20 per cent of electricity demand in the win-
ter and some 10 per cent in the summer, or 10 per
cent of household consumption. Load-based rates
are the main incentive for consumers; here, rate
lamps or switches could be introduced for this pur-
pose. This would provide the incentive for ‘intelli-
gent’ appliances (refrigerators, electric cars, etc.) that
only consume electricity when rates are low.

Energy storage
In the long term, the transport and direct consump-
tion of electricity in extended grids will probably
remain less expensive than storage. Storage should
therefore be kept to a minimum. Even if load man-
agement is optimized, however, fluctuations in the
power grid are expected to be so great once the share
of renewable energy sources has reached around 50
per cent that the daily and yearly load curves will
exhibit both excess power and shortages, necessitat-
ing additional energy storage. There are a number of
different technical solutions to meet the wide range
of trigger speeds, output power, and storage capacity.
The technologies can be roughly divided up into
quite fast storage types with high output (such as
capacitors, flywheels, superconductors) and slower
ones with high energy content (pumped storage
hydroelectric plants, compressed air tanks, electro-
chemical storage, etc.). To keep costs down, pumped
storage hydroelectric plants are used most often to

provide large-scale grid support for mid- to long-
term energy storage. Redox systems, especially those
using hydrogen, are being developed for future stor-
age systems.

Synergies of electricity and heat
In high latitudes, the demand for energy correlates
with the demand for heat. If the energy supply mainly
stemmed from solar energy, a shortage of electricity
could be expected in winter. If wind power domi-
nates the generation of electricity, then one would
expect to have excess power in winter. The use of
heat pumps can link power consumption to heat
needs; greater heat demand can then be met when
the supply of electricity increases.

Demand for electricity and heat can also be
decoupled if the heat storage capacity increases. For
example, control reserves in grids can be designed as
CHP plants. The excess heat can be stored, thus
increasing overall efficiency. Heat pumps can further
be used to store heat from potential excess electric-
ity.

3.4.4
Hydrogen

3.4.4.1
The basics

Hydrogen has long been known as an important, uni-
versally useable element in metallurgy and for the
synthesis of chemical compounds. It was used for
energy purposes in Germany in the past as an essen-
tial component of town gas. The volume of hydrogen
consumed today is equivalent to around a fifth of the
world’s consumption of natural gas. In terms of
energy, the use of hydrogen has, however, been negli-
gible. It is important for the transformation of the
energy system as basically only water and energy are
required to produce it and almost no pollutants are
emitted when it is used. Hydrogen technology would
allow for the long-term storage of large amounts of
energy, and the gas can be easily transported. In com-
bination with renewable energy sources, hydrogen
thus has the potential to become a crucial energy car-
rier in a future sustainable energy system.

3.4.4.2
Production

There are two basic steps to manufacture hydrogen:
from organic matter (fossil resources or biomass) or
by splitting water molecules using electricity (elec-
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trolysis). Hydrogen can be produced in great quanti-
ties from hydrocarbons (natural gas, oil, coal, bio-
mass, etc.) by means of a reformation process. The
heat for the high reaction temperatures (850–
2,000°C) results from the partial combustion of the
raw materials. Some 60 per cent of the energy in coal
and up to 85 per cent of the energy content of natural
gas can be stored as chemical energy in hydrogen.
The energy balance sheet could be improved even
further in the long run if high temperature solar heat
is used. In particular, hydrogen technology would
allow for biomass to be used efficiently: a synthesis
gas containing hydrogen occurs during gasification
and contains some 75 per cent of the chemical energy
stored in the biomass; thus, if efficient energy con-
verters are used (such as fuel cells), the overall effi-
ciency for the generation of electricity could be as
high as 40 per cent.

In addition to biomass conversion, electrolysis is
the most important way to produce hydrogen from
renewable energy without any by-products or toxic
emissions. All renewable energy sources that can be
used for the generation of electricity can thus be used
to produce hydrogen. One special benefit that elec-
trolysis offers is that even a fluctuating supply of
electricity from renewable sources can be efficiently
used (Section 3.4.3.2). The largest electrolysis sys-
tems currently have a connected load of 150MWe.
While alkaline electrolysis at ambient pressure has
long been used commercially and is a mature process,
more advanced concepts – like high-pressure elec-
trolysis – are still under development. Table 3.4-1
compares the most important methods of producing

hydrogen. It also contains the data that can be
expected to apply when hydrogen is brought to mar-
ket according to the transformation roadmap pro-
posed by the Council (starting around 2020, Chapter
4). The efficiency of all of the processes, including
construction of facilities and procurement of
resources, is around 60 per cent and will increase to
just below 70 per cent in future.

Facility output varies greatly across production
processes. To lower costs, conversion plants for nat-
ural gas are designed for the highest output possible
per facility, while transport costs for the primary
energy carrier limit the size of biomass plants. Elec-
trolysis can be used as a modular technology both for
distributed power supply close to the consumer (such
as at filling stations) or centrally to suit the output of
the plant generating electricity.

At electricity costs of around €-cents 4 per kilo-
watt hour, hydrogen could cost around €-cents 7–8
per kilowatt hour in the long term (Nitsch, 2002). In
contrast, hydrogen produced from natural gas is
already half as expensive at €-cents 4, though CO2 is
released into the atmosphere in this process. Hydro-
gen produced with renewable electricity has the eco-
nomic disadvantage of necessarily being more
expensive than the electricity it is produced with.

3.4.4.3
Storage and distribution

Like natural gas, hydrogen can be compressed and
liquefied for storage and transport in liquefied gas

Steam reformation of
natural gas

Gasification of 
biomass

Electrolysis 
(module)

Today >2020 Today >2020 Today >2020

H2 production
[m3/h]
[MWH2

]
100,000

300
100,000

300
13,000

40
13,000

40
500

1.5
500

1.5

Resource input
[MW] 405 385 551) 531)

Electricity required
[MW] 1.5 1.5 3.0 2.8 2.1 2.0

Process efficiency
[%] 74 78 73 76 73 77

Water required
[m3/h] 58 58 28 28 0.4 0.4

Operating pressure
[bar] 30 30 50 50 30 100

Efficiency, gaseous
hydrogen at consumer
[%]

64 68 60 66 632) 672)

Investment costs
[€/kWH2

] 350 350 ca. 700 ca. 500 1,000 ca. 700

Table 3.4-1
Key data for selected
methods to produce
hydrogen, today and in
2020.
1) corresponds to some
12t/h of wood;
2) without the deployment
of renewable electricity,
but with transport losses
across 3,000km as high-
voltage direct current.
Sources: WBGU with
reference to Nitsch, 2002;
Pehnt, 2002; Dreier and
Wagner, 2000; Winter and
Nitsch, 1989; BMBF, 1995;
DLR and DIW, 1990 
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tanks and compression tanks. In addition, hydrogen
can be bound e.g. to metal hydrides for depressurized
storage. In the long term, hydrogen will probably be
stored in very large quantities to compensate for
daily and seasonal fluctuations. Here, the tried and
tested technologies for the underground storage of
natural gas in empty salt caverns and gas or oil stor-
age sites are available. The storage costs of hydrogen
are roughly twice as high as for natural gas due to the
low energy density of hydrogen. But the effect of
these costs will be minimal as these costs only make
up a small portion of the overall costs. In addition to
liquefaction, which consumes roughly a third of the
energy content of hydrogen, high-pressure compos-
ite tanks for up to 700 bar are especially interesting
for mobile applications. In addition to the specific
costs for fuel, the much greater costs for the storage
of hydrogen required for its mobile use in compari-
son to these costs for petrol and diesel will greatly
step up the trend to much more efficient vehicles.

When assessing the infrastructure needed for the
use of hydrogen, it must be kept in mind that its pro-
duction and consumption will be closely related to
the electricity supply as electrolysers can be designed
for distributed power and adapted to the main points
of consumption (such as combined heat and power
units with local heat distribution networks, filling sta-
tions, and industrial plants). In addition, one great
advantage of hydrogen as an energy carrier is that
the existing infrastructure for natural gas can be used
for transport and distribution. Solely hydrogen grids
have also been in operation for many years. Overall,
the conditions are good for the long-term, gradual
transition towards hydrogen as an energy carrier for
stationary applications based on the well developed
natural gas infrastructure.

High-voltage, direct-current power lines are avail-
able as a tried and tested technology for the long-
term, long-distance transport of energy across thou-
sands of kilometres. Transport via pipelines will not
be necessary or economically attractive until a regen-
erative hydrogen economy has been established on a
large scale, entailing very large amounts of energy for
transport. A typical pipeline, for instance one from
northern Africa with a diameter of 1.6–1.8m, would
supply some 23GW of H2, which would cover some
10 per cent of Germany’s current energy needs
(Nitsch, 2002). The transport costs for these dimen-
sions and a distance of 3000km would be around €-
cents 1.5 per kilowatt hour of hydrogen (Winter and
Nitsch, 1989). This figure takes into account energy
losses of 15 per cent due to the compression and
transport of the gas. Another option for long-dis-
tances is the transport of liquified hydrogen in
tankers. While transport via tankers is very inexpen-
sive and entails little loss, some 10kWh of electricity

per kilogram of H2 is needed to liquefy hydrogen at
-253°C. The overall efficiency of around 75 per cent
for gaseous hydrogen then drops to around 60 per
cent for liquid hydrogen. But if hydrogen is to be con-
sumed as a fluid (for instance as fuel), large-scale
liquefaction and tanker transport are nevertheless an
interesting option.

3.4.4.4
The use of hydrogen

Hydrogen can be used in many of the same ways as
natural gas. All of the common energy converters
(flame burners for heaters, industrial and power
plant boilers, turbines, and combustion engines)
require only moderate adaptations to be run on
hydrogen or gas mixtures rich in hydrogen.

The efficiency of hydrogen combustion in engines
is comparable to that of petrol with state-of-the-art
technology. As the only pollutant emitted is NOX,
emissions can be kept very low by optimizing the
combustion process (Section 3.4.4.5). Both in station-
ary (CHP units) and mobile applications, hydrogen
would largely solve the problems of the local emis-
sion of pollutants, even if only ‘conventional’ tech-
nologies are used, as the exhaust gas does not contain
carbon monoxide, sulphur dioxide, hydrocarbons,
lead compounds, or soot particles. Combustion of
pure H2/O2 is also interesting; here, one direct by-
product (i.e. without a heat exchanger) is dry steam,
which can be conditioned with the addition of water.
This technology is well suited for the provision of
process steam in industry and to generate power for
peak loads.

Furthermore, hydrogen can also be used with
other technologies that are less suitable for hydro-
carbons and would require that the hydrocarbons be
reformed beforehand.The best known process is fuel
cell technology. In addition, catalytic combustion,
which occurs below 500°C and only has minimal NOX

emissions, is a noteworthy option. It allows for the
construction of open heating surfaces using cataly-
sers, for instance for space heating with ‘zero emis-
sions’.

Fuel cells are an important building block in
energy systems supported by regenerative hydrogen
as they can convert hydrogen into electricity and use-
ful heat directly, efficiently and without any emis-
sions. Fuel cells are available as pilot and demonstra-
tion systems and in small batches for a wide range of
outputs from a few watts (portable systems) to units
with several kW (small and mid-size combined heat
and power units) and even several MW (large CHP
plants). They run at temperatures of 80–800°C (Fig.
3.4-4). Combined power plants with fuel cells as aux-
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iliary units in the 50–100MW range are also already
in planning. The automotive industry is intensively
developing fuel cells to make them ready for produc-
tion as zero emission drive units for vehicles.The effi-
ciency rates for commercial systems considered pos-
sible for the short term are 45 per cent (for PEMFC,
probably surpassing 60 per cent in the long term) and
55–60 per cent (for MCFC, SOFC). In combination
power plants, efficiency rates up to 70 per cent are
considered possible (Table 3.3-1). It should be kept in
mind here that these rates of efficiency are even pos-
sible for small units with only a few kW of output
thanks to their modular design, thus making fuel cells
well suited for efficient, distributed CHP units with a
high overall degree of usage (Section 3.3). However,
the proven rates of efficiency in practice still fall
some 5–10 per cent short of these targets.

To become competitive in the short term, fuel cells
will require further progress in technology and sys-
tem design and, above all, an enhanced energy policy
setting, especially for CHP units. This is essential to
provide a secure basis on which developers can
advance the technology and make the investments
needed before products can be brought to market.

The development of energy converters is increas-
ing the importance of efficient systems with rela-
tively low output levels. What began over a decade
ago with renewable energy technologies is now con-
tinuing with combined heat and power units, micro
gas turbines, Stirling motors, and fuel cells. Power
plants are also now being planned as combined-cycle
(gas and steam) systems with far lower outputs of no
more than 200MW. Progress in electronics and IT
will allow for the combination of a growing number

of small units into distributed power plants. The lib-
eralized energy market rewards such developments
as these systems can respond flexibly to market
demands and investments in them are modest.

3.4.4.5
Potential environmental damage from hydrogen

The flame temperatures for the combustion of
hydrogen must not be allowed to reach levels that
would produce great amounts of NOX. Solutions to
this problem are, however, already available as the
lack of other pollutants has allowed researchers to
focus on the optimization of the combustion process
to minimize NOX emissions.

Hydrogen molecules are a natural component of
the atmosphere at a concentration of around 0.5ppm
near the surface. When hydrogen is used in large
amounts, the atmospheric concentration may
increase due to leaks, causing chemical reactions that
indirectly increase the concentration of the heat-
trapping gas methane. Some initial estimates
revealed that the current use of hydrogen by
mankind does not significantly affect the methane
concentration (IPCC, 2001a). Even if H2 fuel cells
replace 50 per cent of fossil fuels and less than 3 per
cent is lost due to leaks, this additional volume would
not exceed the current hydrogen source (volatile
organic compounds including methane) (Zittel and
Altmann, 1996). To resolve the current uncertainties,
these issues need to be taken up in research on
atmospheric chemistry. In addition, the decomposi-
tion of hydrogen in soil needs further study.
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Figure 3.4-4
The principle of a home
energy system based on
hydrogen. Such homes can
also be connected to a
hydrogen grid, in which case
distributed gas reformation
and purification would not
be necessary.
Source: WBGU
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3.4.5
Electricity versus hydrogen: An assessment

The basic efficiency/cost ratios for the generation of
renewable electricity and regenerative hydrogen by
means of electrolysis are listed in Table 3.4-2.
Gaseous hydrogen in central Europe has some 65 per
cent of the energy content of solar electricity at the
point of deployment.With liquid hydrogen, users still
have somewhat more than 50 per cent of the original
solar power.

Today, electrolysis is, beside biomass reformation,
the most favourable conversion method for renew-
able energy from hydrogen. Regenerative hydrogen
is thus provided less efficiently and at a higher cost
than renewable electricity. It will hence only be
important for the energy industry when it can be
used in applications that make economic sense and
compliment the universally useful energy source of
electricity.The main argument for the introduction of
hydrogen technology will be its good storage proper-
ties.

Most energy services (space heat, hot water,
process heat, propelling power, light, and communi-
cation) can be provided using useful heat and elec-
tricity from renewable energy sources. Both are less
expensive than regenerative hydrogen. Using hydro-
gen only makes sense when the direct use of electric-
ity or heat is not possible for technical or structural
reasons (such as in the transport sector or when the
supply of renewable electricity exceeds demand and
the excess power needs to be stored). The gains in
terms of storability or applicability have to be
weighed against the additional costs and conversion
losses, both for individual applications (niche mar-
kets) and for the overall energy system.

The importance of hydrogen for the energy indus-
try thus lies in the possibility of expanding the applic-
able limits of renewable energy sources. But first, the
direct use of these energy sources will have to
become more common itself, of course. The impor-
tance of hydrogen is thus directly linked to the inten-
sity and continuity of an overall strategy for the tap-
ping of renewable sources of energy.Various applica-
tions can be envisioned for the energy function, the

storage function and the transport function of hydro-
gen:
• The storage of large amounts of fluctuating elec-

tricity from renewable sources once a very large
share of renewable energy has been attained and
conventional load management and storage no
longer suffice;

• The transport of energy across long distances,
even between continents;

• The requirement for zero emissions locally or in
the overall electricity system (CO2-free energy
system). This will entail a suitable energy supply
for users even in areas not or hardly accessible for
electricity (such as transport, notably aviation, and
part of industrial high-temperature heating).

Provided the share of renewable energy sources in
the overall energy supply does not exceed 50 per
cent, supply fluctuations can be compensated for in
large interconnected grids and by combining various
renewable energy sources. In addition, load manage-
ment (control of user demand) and (thermal) energy
storage in solar thermal power plants, for instance,
could also level out fluctuations. As electricity from
renewable energy sources increasingly penetrates
the grid, however, large-scale technologies to store
high-quality energy will probably become indispens-
able.

Hydrogen can perform this task. It also will bene-
fit from the current ascent of natural gas, which is
considered a form of fossil ‘transition energy’
towards an energy system with more renewable
energy and hydrogen.This is because the investments
in infrastructure, which often hamper the introduc-
tion of new energy sources, will be kept compara-
tively low since the natural gas infrastructure can be
used very well to transport hydrogen. Hence, only
distributed hydrogen grids will have to be estab-
lished.

3.5
Improvements in energy efficiency

Today, in industrialized countries significant losses
still occur during various energy conversion stages
and during the application of useful energy:

Degree of utilization Costs

Only 
production

Including long-
distance 
transport

Only 
production

Including long-
distance 
transport

Electricity 1 0.9 1 1.5
H2, gaseous 0.75 0.65 1.65 1.9
H2, liquid 0.6 0.52 2.5 4

Table 3.4-2
Efficiency/cost ratios
between renewable
electricity (generation = 1.0)
and regenerative hydrogen
for advanced technologies.
Source: Nitsch, 2002
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• approximately 25–30 per cent during the conver-
sion from primary energy to final energy;

• on average approximately one-third during the
conversion from final energy to useful energy, with
high losses of approximately 80 per cent in the
drive systems of road vehicles;

• approximately 30–35 per cent through unneces-
sarily high useful energy demand, e.g. for air con-
ditioning of buildings and in industrial high-tem-
perature processes (Fig. 3.5-1).

In theory, the energy demand for each energy service
could be reduced by more than 80–85 per cent of cur-
rent energy demand (Jochem, 1991). Within the
framework of discussions on sustainable develop-
ment, in Switzerland this potential became the basis
for the technological vision of a ‘2000 watt society’,
which could be achieved around the middle of this
century (ETH-Rat, 1998).

In addition to technological aspects of energy and
material efficiency and of closed-loop materials man-
agement, the demand for energy and material ser-
vices, which changes with increasing income, higher
resource efficiency and the move towards a knowl-
edge society, also needs to be made a focus of debate.
The question is whether post-industrial societies
need to aim for sufficiency in material goods (includ-
ing mobility) in the long term. This would not lead to
a risk of stagnation for the world economy, since
growth in intangible goods (e.g. services) would not
be restricted.

3.5.1
Efficiency improvements in industry and business

The general target of increased efficiency can be dif-
ferentiated technologically as follows:

Energy services

Efficiency in %

Useful energy according
to sector

Primary energy
14,565PJ

(100%)

(65%)

Final energy
9,469PJ

(16.4%) (10.5%) (19.6%) (18.5%)

Industry Commerce, trade,
services

Domestic Transport

2,686PJ2,859PJ1,533PJ2,391PJ

Losses
4,478PJ
(30.7%)

535PJ
(3.7%)

2,015PJ
(13.8%)

929PJ
(6.4%)

1,512PJ
(10.4%)

Total useful energy 4,991 PJ (34%)

Non-energy-related
consumption

1,052PJ (7.2%)

Conversion losses
4,044PJ (27.8%)

Conditioned  Space heating 76
spaces

Industrial  Process heat 57
products

Mobility Motive power  19
 for transport

Automation, Other drives 59
refrigeration

Illuminated  Lighting 9
surfaces

PC-, telephone, Information and   unknown
internet operation communication            

Figure 3.5-1
Energy losses within the energy utilization system represented by Germany in 2001. Primary energy consumption in that year
totalled 14,565PJ. After conversion losses and non-energy-related consumption, the remaining final energy consumed was
9,469PJ. The conversion into heat and mechanical energy led to significant losses totalling 4,478PJ. The box lists the efficiency
of conversion from final energy into useful energy for different energy services. Ultimately, only 4,991PJ or 34 per cent of the
primary energy used was converted into useful energy.
Source: IfE/TU Munich, 2003



85Improvements in energy efficiency 3.5

• significantly improved efficiencies during the con-
version stages of primary energy/final energy and
final energy/useful energy, often using new tech-
nologies, e.g. combined heat and power or com-
bined refrigeration and power systems, fuel cell
technology, replacement of burners with heat
pumps (Williams, 2000);

• significantly reduced useful energy demand per
energy service through low-energy buildings,
through substitution of thermal production
processes with physical/chemical or biotechnolog-
ical processes, through light-weight design of mov-
ing parts and vehicles, of through recovery or stor-
age of kinetic energy (Levine et al., 1995; IPCC,
2001b);

• reduction of no-load losses, i.e. of the final energy
use consumed during the lifetime of devices and
systems without serving a purpose. One way of
achieving this is through a reduction of idle times
and no-load power by using more efficient tech-
nologies and by influencing user behaviour;

• increased recycling of energy-intensive materials
and increased material efficiency through
improved design or material characteristics, with
significantly reduced primary material demand
for each material service (Angerer, 1995);

• more intense utilization of long-lived investment
and consumer goods through machine and equip-
ment hire, car sharing and other related services
(Stahel, 1997);

• the spatial arrangement of new industrial and
other settlement areas according to exergy criteria
(Kashiwagi, 1995), and better mixing of settlement
functions in order to avoid motorized mobility.

In principle, the options for reducing the energy
demand of industrial production while demand for
energy services grows can be split into five cate-
gories, only two of which are subject to thermody-
namic limits (Jochem, 1991).

Improvements in the efficiency of energy
converters
Energy converter systems (e.g. burners, turbines,
motors, etc.) can be technologically improved, for
example, through more heat-resistant materials, bet-
ter controls, etc.The replacement of burners with gas
turbines in medium-temperature processes, for
example, or the use of heat transformers and the
arrangement of new enterprise zones with cascading
heat utilization open up further potential (Stucki et
al., 2002; Kashiwagi, 1995).

Reduction of useful energy demand
through process improvements and
substitutions
Process improvements and substitutions offer signif-
icant options for increasing energy efficiency. Exam-
ples are:
• substitution of metal rolling including intermedi-

ate heating furnaces through casting with near-
final dimensions, and in the more distant future
through spraying of shaped sheet metal compo-
nents in their final form;

• substitution of thermal separating processes
through membrane, adsorption or extraction tech-
niques, as already used in the food and pharma-
ceutical industries;

• application of new enzymatic or biotechnological
techniques for synthesis, dyeing or material sepa-
ration; improvement of mechanical drying tech-
niques or extension/combination with new con-
cepts (e.g. ultrasonic, pulse technique);

• substitution of heat treatment techniques through
techniques with higher accuracy and controllabil-
ity (e.g. electrical ultra-short heating through
microwaves, laser techniques);

• returning of braking energy into the grid (regen-
erative braking) through appropriate power elec-
tronics.

Increased recycling and improved material
efficiency 
The production of energy-intensive materials from
discarded materials often requires significantly less
energy than their production from raw materials,
even taking account of the energy required for the
recycling processes. Relatively high recycling rates
are today achieved for those materials that have
already been in use for decades (e.g. in Germany:
crude steel: 42 per cent, paper: 60 per cent, container
glass: 81 per cent); on the other hand, the values for
newer materials are much lower (e.g. plastics: 16 per
cent). Through further utilization of the recycling
potential, total industrial energy demand could be
reduced by at least 10 per cent (Angerer, 1995). Fur-
ther potential results from reducing the material
demand per unit service provided by a material. This
can be achieved by modifying the material character-
istics and through changes in product design (e.g.
thinner packaging materials, foams, flatter surface
structures) (Enquete Commission, 2002).

Substitution of materials through less
energy-intensive materials
The substitution of materials opens up significant
energy saving potential. Decisions about materials
and their substitution are today predominantly made
based on costs, material and utilization characteris-
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tics, as well as the image of the material and current
trends. In future, low total energy demand or low
total emissions should become increasingly impor-
tant criteria. Materials and products that are biogenic
or can be produced using biotechnological tech-
niques (e.g. wood, flax, starch, natural greases and
oils) can thus become interesting alternatives.

More intense use of consumer goods
More intense use of consumer goods can also con-
tribute to improving material and energy efficiency.
The notion of a parallel economy (‘using instead of
possessing’) describes the idea of making goods from
a pool accessible to several users. Familiar examples
are the rental of construction or agricultural
machines, electric tools, cleaning machines, cars (car
sharing) or bicycles. In this way, a lower quantity of
goods can satisfy the same social needs (Fleig, 2000).

The energy saving potential inherent in these five
options requires further examination, and future
technological developments are in any case difficult
to forecast. Overall, the total technological energy
saving potential is estimated as more than 50 per cent
of today’s industrial energy demand (Jochem and
Turkenburg, 2003).

3.5.2
Increased efficiency and solar energy utilization in
buildings

Any discussion about increases in efficiency for
energy use in buildings has to take account of very
different basic conditions around the globe, because
economic, social and natural influences (e.g. building
tradition, available materials, population density,
family structures and particularly the climate) lead to
different designs. Even within individual countries,
the differences between poor/rich, towns/rural areas
and existing buildings/new buildings mean that
increases in efficiency in the building sector have to
be approached from different angles.

Space heating
In high latitudes, and particularly in continental cli-
mate regions, domestic energy use is dominated by
space heating, so that improved thermal insulation of
buildings has to be a priority. For example, vacuum
insulation systems are currently under development
offering up to 10 times higher insulation with identi-
cal thickness than conventional insulating materials.
They are of particular interest for building refurbish-
ment projects. A further example of an innovative
approach is transparent thermal insulation installed
on the exterior walls of buildings. While sunlight can
penetrate the material and is absorbed in the dark

wall behind the insulation, any heat released by the
wall cannot escape back through the insulation mate-
rial and therefore contributes to heating the building.

Further keywords for technological efficiency
improvements are efficient gas condensing boilers,
avoidance of electric resistance heating and connec-
tion to local or district heating networks or cogener-
ation power plants. Overall, energy efficient build-
ings require heat supply systems that efficiently and
cost-effectively meet the remaining low heat
demand. Micro-heat pumps will therefore become
increasingly significant in future, since they utilize
the available electricity infrastructure and can be
offered cost-efficiently as mass products; micro-
cogeneration plants with fuel cell technology could
also become interesting in future (Section 3.4.4.4).

Improved economic stimuli also have large poten-
tial. In eastern Europe, the introduction of individual
bills for users of district heating systems alone
reduced demand by up to 20 per cent.The conversion
from manual control of district heating networks to
automatic control offers similar potential.

Windows
Solar and energy-efficient construction aims to cre-
ate an innovative building envelope, with energy,
light, sound and mass transfers adjusted according to
seasons and user demands. One of the central ele-
ments are the windows, with two different require-
ments being in conflict with each other:While for the
purposes of illumination and (particularly in domes-
tic buildings) of heat gain, the aim is to let as much
sunlight as possible enter a room via a window, the
heat flow back through the window has to be mini-
mized in order to maintain a comfortable indoor cli-
mate. In a multi-pane glazing system, for example, the
glass panes facing each other may be coated in such a
way that visible light can enter the room, while losses
through infra-red heat radiation are largely sup-
pressed. Through the use of selective coatings and
filling with heavy inert gas, modern triple glazing can
reduce heat losses to very low levels of approxi-
mately 0.5W per square metre and Kelvin (U-value:
thermal transmittance of a window). In future, vac-
uum windows may lead to further advances.

In order to avoid overheating in the summer, opti-
cal switching functions can be implemented in win-
dows that control their optical characteristics without
significantly influencing their thermal behaviour and
without using conventional shading mechanisms (e.g.
slats). The trend in technological developments is
towards coatings whose optical properties can be
changed reversibly across a wide range (e.g. electro-
chromatic or gas-chromatic glazing).
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Heating of domestic and industrial water
Due to the relatively low temperature required for
heating domestic and industrial water, solar energy is
eminently suitable for this purpose (Section 3.2.6.2).
If fossil or electric energy is used to complement
solar energy, like for space heating, gas condensing
boilers or heat pumps provide a very attractive and
energy-efficient solution. Good thermal insulation of
pipes and boilers and devices for water saving are
simple and economic measures, but unfortunately
are still not implemented as a matter of course.

Space cooling
In many countries, the air inside buildings is cooled in
the summer or all year round. The worldwide trend
towards urbanization increases this trend.With iden-
tical temperature difference to external air, the
energy consumption for cooling is higher than for
heating, because the buildings being cooled often
have poor thermal insulation. Proposals for effi-
ciency improvements include:
• Buildings: Improved air conditioning technolo-

gies; of particular interest are automated complete
solutions for commercial buildings with numerous
networked individual components. Controlled
ventilation in combination with heat exchangers
and heat or cold stores offer significant potential.
The options for active cooling of buildings using
solar energy were discussed in Section 3.2.6.2. Pas-
sive cooling concepts can be used that enable a
pleasant indoor climate to be achieved in mid-lat-
itudes without the use of refrigeration machines.
Examples of suitable measures are night ventila-
tion or concrete core cooling via ground probes or
heat pumps.An innovative technology is the use of
micro-encapsulated phase-change materials that
enable light-weight buildings to be made ‘ther-
mally heavy’. In this case, heat loads occurring
during the day are stored by melting the materials
at almost constant temperature, and then released
to external air during the night.

• Town planning: More green spaces and better air
flow through building agglomerations have a pos-
itive influence on the urban climate. Similar to
local district heating, local district cooling net-
works with efficient central cooling devices could
be a useful option. In analogy to CHP, combined
cooling and power via appropriately modified
thermodynamic heat transformers could be con-
sidered.

Cooking
Given the current energy mix in industrialized coun-
tries, electricity should not be used for cooking, since
the utilization of gas is more advantageous for this
purpose. In developing countries, liquid gas or

kerosene cookers are preferable to traditional stoves
using wood or charcoal as fuel (Section 3.2.4).

Lighting
Good daylight utilization in office buildings can save
energy for artificial illumination and increase work-
ing comfort. Daylighting systems therefore try to
reduce the difference in brightness between the areas
near the windows and core areas, and to improve nat-
ural illumination so that less artificial light is
required. These measures reduce the electricity
demand for illumination and the associated genera-
tion of heat, which in turn does not have to be com-
pensated through additional cooling. Where this is
not possible, fluorescent lamps, which are five times
more efficient, should be used instead of incandes-
cent lamps. In developing countries, within the con-
text of electrification the aim is to switch from
kerosene lamps to fluorescent lamps.

Other electrical appliances
Like all other forms of final energy, electricity should
be used as efficiently as possible. While suitable
appliances are often more expensive to buy, higher
initial costs are usually compensated through lower
consumption over the lifetime of the device. No-load
losses are particularly problematical. Consumer elec-
tronics and communications devices in particular are
often not isolated from the mains when operated by
remote control, but remain in standby mode with
reduced electricity consumption. A convenient
option for avoiding unnecessary electricity consump-
tion is the installation of an automatic switch
between the device and the socket, which separates
the respective device from the mains in standby
mode. To increase the prevalence of efficient domes-
tic appliances, consumers should be able to easily
identify whether a particular device has low standby
consumption or can be separated completely from
the mains.

The electricity consumption of large domestic
appliances (e.g. dishwashers, washing machines and
refrigerators) on the market could be reduced signif-
icantly through obligatory EU efficiency labels. Tar-
geted consumer information can significantly
increase the efficiency of energy utilization without
any technological investment. Refrigerators, for
example, use significantly less energy if they are
placed in a cool and well ventilated space. Mechani-
cal spin driers use much less electricity than heated
driers to extract moisture from laundry.

Removal of structural obstacles
In the building sector, structural barriers need to be
removed. Architects, for example, are usually paid
according to the value of the building, and not
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according to its efficiency. As contact persons for
clients, architects and installers play a significant role
as energy advisors, for which they should be trained
adequately. Another issue is the so-called
landlord/tenant dilemma, with the former often not
being motivated to make investments in improved
insulation and heating technology, because the
investment costs cannot be fully reflected in the rent,
while the tenant benefits from lower energy costs.
The tenant, on the other hand, is unlikely to make
such investments, because the costs usually do not
pay for themselves over a comparatively short ten-
ancy period.

3.6
Carbon sequestration

Carbon dioxide can be removed from the atmo-
sphere in three ways: through natural uptake in the
biosphere, by dissolving in seawater followed by sed-
imentation, and by human intervention in the form of
technical carbon management. Falling under the lat-
ter is capture of CO2 before or after the combustion
of fossil energy carriers, its transformation into the
liquid or solid phase, and transportation to reposito-
ries for long-term sequestration in suitable geologic
reservoir formations or in the deep ocean (Reichle et
al., 1999; Ploetz, 2002).

3.6.1
Technical carbon management

A high rate of CO2 capture is possible by technical
means at point emission sources, like coal- and gas-
fired power plants, cement plants, steelworks and oil
refineries. Basically, a distinction can be made
between two methods of CO2 capture:
• flue gas scrubbing, in which CO2 is removed from

the flue gas stream by absorption or adsorption,
membrane separation or distillation;

• removal prior to combustion, in which first a
hydrogen-rich synthesis gas is won from coal or
natural gas by coal gasification or steam reform-
ing, followed by CO2 removal.

Power plant efficiency is reduced by CO2 capture and
storage. The main reasons for this are the energy
expended for regeneration of absorbents, mem-
branes and solvents as well as for their manufacture
and disposal, and for CO2 transportation (Table 
3.6-1).

The estimated costs for CO2 capture including
compression/liquefaction for transportation account
for some three-quarters of the total costs of seques-
tration both in the ocean and in geologic formations
(Reichle et al., 1999; Grimston et al., 2001) and are
therefore the overall cost determining factor. Hen-
dricks and Turkenburg (1997) quote, for a standard
power plant, capture costs of €100 to 250 per tonne
carbon and, for a combined cycle power plant with
integrated coal gasification, less than €100 per tonne
carbon.

Estimates of future potentials for CO2 sequestra-
tion are currently focused on storage capacity. It is
likely that these will be determined less by technical
feasibility than by costs in comparison with other
CO2 abatement strategies as well as by social and
political acceptance. It is estimated that, if geologic
sequestration were to be applied on an industrial
scale, electricity costs for the final consumer could
rise by 40 to 100 per cent (Grimston et al., 2001).

Current estimates of potential appear in national
research programmes as medium- and long-term
objectives. Thus the American Federal Energy Tech-
nology Center (FETC) states a target for reducing
CO2 sequestration costs by a factor of 10–30 by 2015.
As from 2050, around half the required emission
reductions (referred to a 550 ppm stabilization sce-
nario for CO2) is to be attained by CO2 sequestration.
However, the US Department of Energy does not
expect sequestration even to be practicable on an
industrial scale before 2015 (US DOE, 1999).

Table 3.6-1
Efficiency of CO2 retention
and sacrifices in efficiency
for various capture
technologies.
Source: Göttlicher, 1999

Process CO2 retention
efficiency
[%]

Loss in efficiency for
power generation
[%]

CO2 removal from synthesis gas following
CO conversion (from coal gasification or
steam reforming of natural gas) 90 7–11

Build-up of CO2 concentration in effluent gas
(usually by combustion in atmosphere of
oxygen and recirculated flue gas) ~100 7–11

CO2 removal from flue gases no data 11–14
Carbon removal before combustion no data 18
CO2 retention in power plants with

fuel cells
no data 6–9
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Sequestration in geologic formations
The aim of CO2 sequestration is to segregate the
greenhouse gas for as long a period as possible from
the atmosphere. To this end, following its capture,
CO2 must be stored where it can be isolated from
contact with air. Coming into consideration as stor-
age options are deep geologic formations, like salt
caverns, deep coal seams, depleted and active gas and
oil fields as well as deep (saline) aquifers. But when
assessing a repository, a distinction must be made
between permanent storage and applications where
CO2 is pumped in only as an additional economic
measure. Thus injecting CO2 into deep coal seams
that cannot be mined serves methane recovery
(EGR or enhanced gas recovery; Bachu, 2000). CO2

also reduces oil viscosity, which is why it is used all
over the world in oil wells to improve their yield
(EOR or enhanced oil recovery). But the retention
time of a few months up to years for CO2 sequestered
in this way is short (Bachu, 2000). Therefore, these
two options have to be assessed critically with regard
to their carbon balance. For estimates of storage
potential worldwide, usually the theoretically avail-
able storage capacity is quoted (Table 3.6-2), and not
the technical or economic potential. The figures vary
greatly, in particular because just a few systematic
investigations of storage capacities are available.

If large quantities of CO2 are stored underground,
there is a risk that it could be liberated if leaks occur.
Because CO2 is heavier than air, a CO2 lake could
accumulate at the ground where the gas exits, in
which all life would be asphyxiated (Holloway, 1997).
Therefore, the integrity of the repository is of great
importance. At present, only depleted gas and oil
fields may be regarded as secure repositories, and to
a lesser extent also saline formations. For deep
aquifers, the integrity of these repositories is still
unknown, although it is assumed that this will be
high. Pilot applications, like in the Sleipner Field in
the North Sea appear to confirm this (Baklid et al.,
1996; Torp, 2000). But there are still no integrity and
monitoring guidelines or assessment criteria for stor-
age quality requirements (Gerling and May, 2001).

Ocean sequestration
Use of the huge CO2 repository represented by the
oceans and seas with its estimated capacity for
anthropogenic CO2 much exceeding 1,000GtC
(IPCC, 2001c; Herzog, 2001) involves, at today’s sta-
tus of knowledge, high risks with respect to longevity
of storage and environmental impacts. The storage
period depends on where the CO2 is injected and on
prevailing ocean currents as well as depth of injec-
tion. Simulations show that CO2 has to be placed at
greater depths to prevent its rapid release into the
atmosphere. At an injection depth of 950m at
favourable locations, CO2 could be retained over
long periods in the ocean, of an order of magnitude
of 1,000 years (Drange et al., 2001).

Due to injection, the partial pressure of the CO2 is
increased and at the same time the seawater’s pH is
lowered. Although as yet the biological conse-
quences have not been adequately investigated, they
are a cause for concern. Proven are significant
changes in the structures of microbiological commu-
nities, inhibition of metabolism and an appreciable
sensitivity of marine organisms to lowering of pH.
Upsetting the acid-base equilibrium by lowering pH
could result in disintegration of calcium-containing
skeletons as well as changes in metabolism that may
reduce the growth and activity of organisms
(Nakashiki and Oshumi, 1997; Seibel and Walsh,
2001). It has also been observed that fish find it diffi-
cult to breathe (Tamburri et al., 2000). The costs for
CO2 sequestration in the sea, including capture and
transportation, are today quoted as 30 to 90 US$ per
tonne CO2 (Hendriks et al., 2001; DeLallo et al.,
2000).

3.6.2
Potential for sequestration as biomass

Carbon sequestration in terrestrial
ecosystems
At present, terrestrial ecosystems store some
460–650GtC in vegetation and 1,500–2,000GtC in the
soil (Fig. 3.6-1; IPCC, 2000a, 2001a). 30–50 per cent of
the carbon exists in an easily degradable form, which
means that if no precautions are taken some 700Gt of

Table 3.6-2
Comparison of various
geological sequestration
options.
EOR Enhanced Oil
Recovery, EGR Enhanced
Gas Recovery.
Sources: Parson and Keith,
1998; IPCC, 2001c; Herzog,
2001

Sequestration 
option

Estimated
capacity
[GT C]

Relative costs Repository
integrity

Technical
practicability

Active oil wells (EOR) low very low good high

Deep coal seams (EGR) 40–300 low unknown unknown

Depleted oil and gas 
repositories 200–500 low good high

Deep aquifers,
caverns/salt domes 100–1,000 very high good high
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carbon could be liberated over a short time by
changes in land use. On the other hand, according to
simulation calculations, by 2050 these reservoirs
could be augmented by some 70GtC in forests and a
further 30GtC on land used for agriculture (IPCC,
2001c). Despite its substantial sink capacity, CO2

uptake in the terrestrial biosphere can offset only to
a small part anthropogenic greenhouse gas emis-
sions, including emissions from land use, as docu-
mented by the rising concentration of CO2 in the
atmosphere. Due to the increase of biomass in the
forests of North America and Europe, since the
beginning of the 1990s some 10 per cent of global
emissions have been absorbed (IPCC, 2001c). An
analysis of carbon flows of entire continents shows
that, for example, the primary forests of Siberia elim-
inate a large part of the CO2 emissions of Russia and
the EU due to intensified photosynthesis (Schulze,
2002).

In contradiction to the hypothesis of ecological
equilibrium (Odum, 1969) and despite a relatively
constant core biomass, natural ecosystems are capa-
ble of tying in large quantities of CO2 (Schulze et al.,
1999). Within the climate system, primary forests act
as important CO2 sinks, but are under increasing
threat due to human intervention ranging up to their
complete destruction. Their protection would have
positive impacts for both climate protection and
nature conservation.

The behaviour of the natural carbon reservoir in
soils under the influence of temperature rise is very
difficult to estimate at present, since the effects of cli-
mate on the stored amounts differ between the trop-
ics and the boreal zones. But more serious than the
possible impacts of climate change would appear to
be the effects of anthropogenic changes in land use
on the carbon storage capacities of soils. According
to IPCC (2000a, 2001a), in the 1980s and 1990s
1.6–1.7GtC per year were liberated from terrestrial
ecosystems. Even if it proves possible to greatly limit
the consumption of fossil fuels, failure to protect the
soil carbon inventory would completely countervail
all climate protection efforts. One possibility to pro-
mote carbon storage is offered by changing the man-
agement regime of ecosystems used for agriculture
and forestry to one designed for carbon sequestra-
tion. Forest measures encompass, for example, avoid-
ance of clear-cutting combined with ecologically
compatible practices. However, in agriculture there is
a high degree of uncertainty concerning both suitable
areas of land and the level and permanence of the
attainable sequestration. Changed management of
agricultural soils, for example modified ploughing
techniques, might involve raising nitrous oxide emis-
sions and increasing fertilizer application, thus result-
ing in liberation of carbon dioxide (Freibauer et al.,
2002).

Clearance

of vegetation

CO2 (3.5)
CO (0.5)

Carbon-containing
aerosols (<0.1)

Ocean
[39,000]

Vegetation [460–650]

Soils [1,500–2,000]

DOC export
(0.4)

Charcoal
formation
(<0.1)

Atmosphere
[730]           (increase per year: 3.2) 

Combustion of fossil

energy carriers

(6.3)
Uptake in seas 
and oceans (1.9)

(4)

Land-use
change (1.7)

Uptake on
land (1.9) 

Photosynthesis
(110)

Autotrophic
respiration (50) 

Heterotrophic
respiration (55)

Ocean-atmosphere
exchange
(90)

Figure 3.6-1
Global carbon inventories and flows in vegetation, soil, oceans and the atmosphere. All values in Gt carbon (inventories:
square brackets) or Gt carbon per year (flows: round brackets and in italics).
Source: amended from Ciais et al., 2003
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Carbon sequestration in marine ecosystems
Single-cell algae in the world’s oceans – phytoplank-
ton – are responsible for around half of global carbon
fixing by photosynthesis. In some areas of the ocean,
phytoplankton growth is greatly restricted due to a
lack of the micro-nutrient iron, for example in the
sub-Arctic Northeast Pacific, in the Pacific near the
equator and in the South Seas. Various ocean fertil-
ization experiments have demonstrated that a local
and short-duration algae bloom can be triggered by
adding iron (Martin et al., 1994; Boyd et al., 2000).

Watson et al. (2000) assume when estimating the
longevity of sequestration that iron will have to be
added continuously to achieve permanent removal
of CO2 from the atmosphere. If the additional phyto-
plankton does not sink but instead remains near the
surface, within a year the carbon would return to the
atmosphere. Despite the large uncertainties, com-
mercial projects are already underway (Markels and
Barber, 2001).

The global potential of biological marine CO2

sequestration is limited to ocean areas that are defi-
cient in micro-nutrients, for example in the South
Seas. Because here deep water is formed that feeds
the upwelling areas in the tropics, nutrient-poor
buoyant water could result in losses in primary pro-
duction. Consequently, on an overall balance, fertil-
ization with iron could be a zero-sum game. Addi-
tionally, serious consequences are to be expected for
marine ecosystems as a result of fertilization with
iron (Chisholm et al., 2001) in the form of a reduction
in the species diversity and composition of phyto-
plankton communities, an increase in toxin-produc-
ing cyanobacteria as well as eutrophication and
accelerated oxygen consumption in the deeper ocean
layers, with the consequence of anoxic degradation
processes, so possibly liberating greenhouse gases
like methane or nitrous oxide.

3.6.3
Evaluation

Generally, all options for carbon management are
less sustainable than measures for emissions reduc-
tion by raising efficiency and switching from fossil
fuels: carbon enters, from stable fossil repositories, a
cycle that leads also into the atmosphere with greater
or lesser risk, where its greenhouse action comes into
play. However, in many countries fossil carriers will
remain as the predominant energy source over
decades (Chapter 4). Therefore, end-of-pipe tech-
nologies for carbon sequestration offer an option for
climate protection to hinder excessive emissions, in
particular during this century. Criteria for evaluating
specific carbon management options are the

longevity of sequestration, its reliability, and its envi-
ronmental impact.

The Council regards geological sequestration as
possessing an interim potential that could be used for
removing CO2 from the atmosphere under the condi-
tion that the integrity of the repository can be guar-
anteed and the retention period is sufficiently great,
i.e. exceeds 1,000 years. At today’s status of knowl-
edge this is the case for storage in depleted and active
gas and oil fields as well as in salt caverns.The Coun-
cil conservatively estimates the sustainable potential
to be around 300GtC.The greater technical potential
of CO2 sequestration in saline aquifers of more than
1,000GtC is assessed by the Council as non-sustain-
able at present knowledge, as there is sufficient evi-
dence neither of the longevity and integrity of stor-
age nor of the avoidance of environmental harm.
Before pursuing this sequestration approach, further
research is needed.

Concerning sequestration in the ocean via both
deep-sea injection and iron fertilization, on account
of the environmental risks and uncertainties in the
longevity of storage, in particular in the case of iron
fertilization, the Council does not regard this as hav-
ing any sustainable potential.

The terrestrial biosphere makes a key contribu-
tion to stabilizing atmospheric carbon dioxide con-
centrations. But there is hardly any scope for extend-
ing this repository, as natural ecosystems like primary
forest and wetlands are limited in their area and
additionally are suffering widespread destruction by
human activity. Therefore, the creation of additional
sinks does not represent an alternative to avoidance
of fossil emissions.

3.7
Energy for transport

Due to the fact that a high proportion of energy
demand is consumed for transportation, this sector
plays a crucial role for the transformation of energy
systems. The challenge is to enable mobility while
reducing the consumption of fossil fuels. Strategies
preventing traffic and shifting the modal split, and
concepts improving transport efficiency provide cru-
cial stimuli for the political debate surrounding sus-
tainable development and climate protection. In the
EU and Japan, trends towards efficiency improve-
ments are now becoming apparent: more economical
aviation engines, the marketability of ultra-efficient
cars and the emerging mass production of fuel cell
vehicles show that the industry already sees eco-
nomic potential.
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3.7.1
Technology options for road transport 

The route towards environment-friendly road trans-
port is characterized by a variety of options for effi-
cient and renewable drive and fuel systems, although
the ideal solution has yet to be found (Wancura et al.,
2001). Only few of the technologies, for which broad
market penetration can be expected over the next 30
years, are likely to offer relief for the environment
and the climate. Some are even likely to lead to addi-
tional greenhouse gas emissions, for example the pro-
duction of methanol from hard coal, or the produc-
tion of hydrogen in conventional power plants
(ETSU, 1998).

Vehicles with fuel cells
Vehicles with hybrid fuel cell drive will be able to
reduce emissions of greenhouse gases and air pollu-
tants by almost 100 per cent. The gaseous or liquid
energy carrier generates electricity in an electro-
chemical oxidation process, with the only by-prod-
ucts being water and heat.The vehicle is driven by an
electric motor, perhaps in combination with battery
systems. Hydrogen, methanol or petrol are currently
used as fuels. Hydrogen can be produced from nat-
ural gas or via the electrolysis of water, with the elec-
tricity originating from either fossil or renewable
sources (Section 3.4.4). Methanol produced from
natural gas and petrol have a high hydrogen content,
which can be separated and utilized directly in the
fuel cell.

The weak point of this technology has hitherto
been the high energy consumption during the pro-
duction of the fuel. In the most favourable case, a fuel
cell car is estimated to reduce CO2 emissions by
about 50 per cent over its life time, compared with an
average diesel or petrol car (Bates et al., 2001).
Another issue is the storage of hydrogen in the car,
which has not yet been solved economically. Assum-
ing wide application of fuel cells and a high propor-
tion of renewable energy carriers used for their pro-
duction, most noxious substances can be reduced by
more than 90 per cent (IABG, 2000b).

Natural gas
From an environmental perspective, the utilization of
natural gas for transportation is a positive bridging
technology on the route from fossil fuels to renew-
able solutions (Section 3.2.1). Compared with petrol
or diesel, natural gas can improve the greenhouse gas
balance and reduce urban air pollution. Further
expansion should be encouraged through a denser
network of gas filling stations and vehicle conver-
sions, particularly in towns and regions suffering

from high pollution. Bi-fuel technologies combine
the utilization of two fuels (e.g. natural gas and
petrol) within the same vehicle and offer an impor-
tant transition option as long as area coverage of gas
supply is still patchy (Halsnaes et al., 2001).

Hybrid drives and batteries
Hybrid drives combine electric motors and combus-
tion engines. They are currently being tested for cars,
buses and small lorries. Hybrid drives with electric
motors are expected to lead to a doubling of primary
energy efficiency (Johansson and Ahman, 2002).
Modern battery and storage technologies have
strategic importance for the whole energy system,
particularly in combination with fuel cell drives,
where they play an essential role (Section 3.4; IABG,
2000b; Halsnaes et al., 2001). Before the wide market
introduction of vehicles with hybrid drives and elec-
tric vehicles, further technological improvements in
terms of battery capacity, charging process and
charging stations are required (Fischedick et al.,
2002).

Improvements in efficiency for conventional
vehicles
Today, the development of more efficient drive tech-
nologies is a standard strategy of all European car
manufacturers. Improving the efficiency of combus-
tion processes is currently the subject of intense
research (e.g. through the integration of ceramic
components, new ignition systems, variable valve
management, improved turbo chargers; Halsnaes et
al., 2001). Compared with 1995, the fuel consumption
of diesel engines, and therefore the CO2 emissions
per mile, have already been reduced by 20 per cent.
A reduction of the energy and environmental costs
by a further 50 per cent is considered feasible
(Johansson and Ahman, 2002). The advantage of
optimized conventional drive systems is the option of
rapid introduction on the market. Efforts are also
being made in the construction and design of vehi-
cles, with targeted modifications being introduced
that lead to less energy consumption for the same
mobility service. However, this efficiency potential is
much lower than for drive and fuel technologies. A
maximum of 6 per cent of CO2 have been avoided
through weight reductions achieved to date; reduced
rolling resistance has only saved about 1 per cent
(Bates et al., 2001).

Drive systems with renewable fuels
Renewable fuels such as biogas, biodiesel, ethanol,
methanol from residual timber and hydrogen are
currently being introduced on the market.They offer
some reduction in environmental and energy costs,
but prices are higher (e.g. for hydrogen from wind or
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solar electricity), which is why subsidies for their
introduction on the market are required in the
medium term.

3.7.2
Improvements in efficiency through information
technology and spatial planning

Information technology has already revolutionized
the transport sector, so that today persons and goods
can be moved much more efficiently (Golob and
Regan, 2001). However, in an era of growing world-
wide flows of commodities, freight transport in par-
ticular offers further potential for significant effi-
ciency improvements. The volume of road freight
traffic outside urban areas could be reduced by up to
8 per cent in the short term through the application
of telematics for fleet management (Kämpf et al.,
2000).The total potential for reductions through effi-
ciency measures in road transport is estimated to be
more than 60 per cent (IPCC, 2001c). However, since
in Germany road transport is only responsible for
approximately 5 per cent of all CO2 emissions, a max-
imum of 2–3 per cent of nationwide CO2 emissions
could be saved, assuming no change in overall
mileage. The best short-term result (10–15 per cent
efficiency improvements) is expected from electronic
road charging (ETSU, 1998).

The investments in telematics and information
systems are currently motivated mainly by the desire
to improve traffic flows, and less by environmental
aspects. A particular side effect of telematics could
prove to be problematical: improved traffic flows
could lead to further increases in the volume of traf-
fic, thus compensating any emission reduction that
may have been achieved.

With the aid of information technology, the transi-
tions between road, rail, local public transport and
inland water transport are today facilitated through
concepts such as multi-modality or ‘combination
transport’. All approaches for promoting a multi-
modal infrastructure aim to increase the demand for
and the attractiveness of non-polluting means of
transport. The worldwide potential for efficiency
improvements through the expansion of multi-modal
infrastructures is very large. In this context, making
rail use more attractive through political measures
should have a high priority (Section 5.2.4.1). Cur-
rently, rail has a weak competitive position compared
with the car. The area coverage of rail network is
inadequate. Prices and transfer facilities are not very
attractive. Options for rail use are limited, particu-
larly for the populations of smaller towns.

Modern concepts for spatial, urban and transport
planning offer much more than technological effi-

ciency improvements and can achieve a net reduc-
tion in the amount of traffic per capita or per tonne
of goods. New settlements are today designed in such
a way that traffic is avoided right from the start, with
mixed use ensuring short routes, or good local public
transport connections and high population density
leading to good public transport utilization. These
concepts have not yet been implemented widely and
offer significant potential for better energy efficiency
in the transport sector worldwide.

3.7.3
Sustainability and external effects of increased
transport energy demands

Road transport not only causes the familiar environ-
mental effects associated with fossil fuels (Section
3.2.1), but has many other negative ‘external effects’
(accidents, land sealing, noise, etc.; UNEP, 2002).
Emissions from aviation have a particularly strong
effect on the climate, since at typical cruising alti-
tudes they contribute to the greenhouse effect not
only via the CO2, but also through the formation of
ozone and vapour trails. No comprehensive evalua-
tion of different transport technologies from a sus-
tainability perspective has been undertaken to date
(Enquete Commission, 1995). In order to avoid new
technologies being developed without consideration
of environmental issues, the Council recommends
the evaluation of options for future transport tech-
nologies in consultation with experts from the cli-
mate, energy, ecology and town planning disciplines.

While renewable fuels such as biodiesel (methyl
ester), ethanol and methanol from biomass are
thought to have large technological potential, their
environmental balance and in particular their green-
house gas balance needs to be examined critically. If
they are produced in conventional agriculture, the
emission of greenhouse gases (N2O, CH4) during pro-
duction may even completely negate the CO2 emis-
sion reduction effect of biogenic fuels. Their produc-
tion therefore only makes sense if sustainable agri-
cultural methods are applied, if adequate land area is
available, and if a positive overall greenhouse gas
balance is achieved (IPCC, 2000a). In view of the
introduction on the market of biofuels and bio-oils it
is sensible to promote integrated research along the
chain of ‘cultivation method – industrial processing –
fuel utilization’, in order to be able to define condi-
tions for the sustainable production and use of such
fuels.
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3.7.4
Evaluation

To achieve a transition towards sustainable energy
use in the transport sector, efficiency improvements
for existing technologies (e.g. improved engines,
fuels) and the increased utilization of renewable,
more environment-friendly energy sources for drive
systems should have priority. In view of the problems
associated with the allocation of land (Sections 3.2.4
and 4.3.1.3) and the low natural conversion rate of
only 1 per cent from solar energy to biomass, the
Council’s recommendation is to limit efforts associ-
ated with the technology option of ‘biogenic fuels’,
and to reduce current levels of support. Priorities for
support should be fuel cell drives, natural gas and
hybrid vehicles, telematics and multi-modality. Com-
pared with petrol or diesel, natural gas has environ-
mental benefits, mainly for the climate and for air
quality. It should therefore be supported as a bridg-
ing technology. In the long term, fuel cell engines
using fuels produced from solar or wind energy open
up a promising avenue towards sustainable develop-
ment.

3.8
Summary and overall assessment

Chapter 3 assesses the sustainably utilizable fossil,
nuclear and renewable energy resources, based on an
appraisal of the specific conversion technologies and
an evaluation of their environmental and social
impacts.

The fossil fuel resource base – potential geopoliti-
cal developments aside – appears sufficient to meet a
globally growing energy demand throughout and
beyond the coming century. This, however, is unac-
ceptable for climate protection reasons (Section
3.2.1).The Council views geological storage of carbon
dioxide as providing only a limited potential of – cau-
tiously estimated – some 300GtC if depleted oil and
gas caverns are used. On the basis of the knowledge
currently available, the Council does not consider the
other options for CO2 sequestration to be sustainably
utilizable (Section 3.6).

In the Council’s assessment, the use of nuclear
power is not sustainable because it is associated with
intolerable risks (e.g. proliferation, terrorism, and the
absence of secure final repositories). Similarly, the
Council currently does not see a potential for use of
nuclear fusion within the context of a sustainable
energy system. This technology would not be avail-
able in time to contribute to the transformation

process, and would also be associated with substan-
tial risks (Section 3.2.2).

The use of traditional biomass prevailing in many
developing countries is assessed by the Council to be
unsustainable because, among other things, it gener-
ates substantial health hazards (Section 3.2.4.2).

The Council appraises the sustainable hydro-
power potential relatively cautiously at 15EJ annu-
ally (in 2100). This is because, in many developing
countries, in particular, the preconditions are scarcely
in place to meet the requirements upon their envi-
ronmental and social impacts which, quite justifiably,
have become stricter (Section 3.2.3).

In contrast, new renewable energy sources harbour
a major sustainable potential for the future: solar
energy, wind power, modern biomass use, geothermal
energy and other sources. While those sources that
can only be expanded to a limited extent (e.g. wind
power, bioenergy) are often already available today
at competitive prices, the sources which can be
expanded practically without limit (e.g. photo-
voltaics, or solar thermal power generating plants)
are still comparatively expensive today in a micro-
economic perspective. For cost-reducing learning
processes to be able to run their course in the field of
solar electric energy conversion, a vigorous expan-
sion rate would need to be ensured over the medium
term. Only then will the technologies that can be
expanded effectively without limit be available at
sufficiently low cost at the point in time when the
expansion of other types of renewable energy meets
the limits of their sustainably utilizable potential.

The Council estimates the globally sustainable
potential of bioenergy at about 100EJ per year. This
is significantly lower than other recent appraisals of
bioenergy’s potential because the Council has given
stronger weight to the limitations upon biomass
usage that result from sustainability considerations
(Section 3.2.4). Wind power can already be produced
today in a manner that is both environmentally
sound and, in some cases, micro-economically cost-
effective. The Council estimates the sustainably uti-
lizable potential at approx. 140EJ per year (Section
3.2.5).Against the background of all future prospects
of human energy usage the sustainably utilizable
solar energy potential is practically limited only by
technological and economic restrictions upon growth
in installed capacity, but not by resource availability
as such (Section 3.2.6; Fig. 4.4-5). Capacity could be
raised by the end of the century to more than 1,000EJ
per year (Table 4.4-1). Due to technological uncer-
tainties, the Council has estimated the sustainable
potential of geothermal energy cautiously at 30EJ per
year by 2100 (Section 3.2.7). In addition to the above
sources, it is reasonable to expect that in the future
currently unforeseeable technological developments
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will lead to the tapping of other renewable energy
sources or novel conversion technologies (Section
3.2.8). The Council integrates this expectation within
its assessment by assigning it a sustainably utilizable
potential amounting to 30EJ per year in 2100 (Table
4.4-1).

The Council’s assessment underscores the major
potential to improve efficiency in conversion
processes throughout the entire chain of the energy
system, e.g. by expanding the use of combined heat
(and cold) and power technologies (Section 3.3).
Moreover, there is a major potential to improve effi-
ciency in the use of final energy, as well as at numer-
ous further points in industry, commerce and build-
ings (Section 3.5).

The increasing use of fluctuating renewable
energy sources will impart growing relevance to the
issues surrounding the transportation, distribution
and storage of energy. Here there is major potential
for technological development, for instance by shap-
ing power demand and the ever closer networking of
power production through to an interconnected
worldwide system (Section 3.4). Over the long term,
hydrogen can play a key role as energy carrier and
storage medium. The intensified use of natural gas
and the associated expansion of appropriate infra-
structure will facilitate the transition to a hydrogen
economy (Section 3.4.4).

In the transportation sector, the key medium-term
challenges are, in the view of the Council, to improve
the efficiency of existing technologies and establish
new mobility concepts. The Council views fuel cell
drives within the context of a hydrogen economy as a
highly promising long-term option, but can lend only
limited support to the large-scale use of biogenic
fuels.

Current global energy systems are based essen-
tially upon fossil fuels and nuclear power as well as,
in developing countries, the use of traditional bio-
mass.The Council’s assessment of the sustainably uti-
lizable potential of energy carriers available world-
wide shows that these energy systems are in need of
a transformation that must be shaped in a long-term
process.This global transformation of energy systems
towards sustainability will have to rely above all
upon vigorous expansion of renewable energies, and
upon efficiency improvements (Chapter 4).
Appraisal of the sustainably utilizable potential
shows that, over the long term, solar energy will need
to be made the key element of global energy supply.





4

4.1
Approach and methodology for deriving an
exemplary transformation path

The first chapters of this report discussed the initial
setting (Chapter 2) and the technological and sus-
tainable potentials of present global energy sources
(Chapter 3). For several reasons, today’s global
energy system must be considered non-sustainable.
In particular, its climate impacts jeopardize the life-
support systems on which human existence depends,
air pollution and the unsustainable use of biomass
generate substantial health problems and some 2,000
million people still lack access to modern forms of
energy.

Approach
Chapter 4 elaborates one of many possible scenarios
for the transformation of present energy systems
towards a sustainable energy future. The stress here
is on ‘possible’. Many developments are conceivable
that would reconfigure present worldwide energy
systems in a sustainable fashion. Insofar, the scenario
derived in this chapter is not to be understood as pre-
scriptive, but illustrative. It illustrates that it is both
technologically and economically feasible to turn
global energy systems towards sustainability.

Methodology
To derive a transformation path, the German Advi-
sory Council on Global Change applies the principle
of setting normative guard rails which it has already
used previously (WBGU, 1997b; Toth et al., 1997;
Petschel-Held et al., 1999; Bruckner et al., 1999).This
is based on the concept of demarcating potential
future development trajectories by guard rails.
Guard rails thus deliver criteria that a scenario must
meet if it is to be sustainable (Fig. 4.1-1). Compliance
with guard rails is a necessary condition for the sus-
tainability of a path, but not a sufficient one, as guard
rails can shift, for instance through new knowledge,
or can be joined by entirely new guard rails. The
Council takes this approach because it is generally

difficult to provide a positive definition of sustain-
able futures. It is easier to demarcate the realm per-
ceived as unacceptable.Within the sustainable realm,
under the restrictions posited, there are no further
requirements upon a scenario for the future.The sce-
nario can follow any trajectory within that realm. As
long as it does not collide with a guard rail, it remains
sustainable.

The guard rail approach for selecting sustainable
scenarios can be compared to a filter that tests a
series of plausible scenarios for the future in terms of
their compatibility with a set of guard rails. At the
same time, using a modelling approach, simulations
are computed that identify sustainable path trajecto-
ries.The guard rails themselves are formulated by the
WBGU (Section 4.3). The filtering method does not
lead to any single viable path, but merely sets limits
to the diversity of possible futures.

The guard rails can also be used to identify the
areas in which measures can be taken – either to lead
the system out of the non-sustainable into the sus-
tainable realm, or to change the direction of a trajec-
tory which, while presently still in the sustainable
realm, would collide with a guard rail if it were to
continue unaltered (Fig. 4.1-1). Such measures are
discussed in Chapter 5.

Figure 4.1-2 concretizes the analysis philosophy of
the guard rail concept for the example of the climate
system. Here the guard rail method is applied as fol-
lows:
1. First, a basic set of scenarios for the future is pre-

sented (Section 4.2).
2. The Council selects a scenario (Section 4.2.6) that

is conservative in terms of the transformability of
its structures towards less energy-intensive prod-
ucts and services. If the transformation towards
sustainability can be demonstrated for such a ref-
erence scenario, then the condition of sustainabil-
ity will also hold for scenarios that are less conser-
vative with regard to these structures.

3. In the next step, the guard rails are discussed, and
compliance of the selected scenario with these is
tested (Section 4.3). This reveals certain problems
that attach to this scenario. In particular, the sce-

An exemplary path for the sustainable
transformation of energy systems
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nario transgresses the climate guard rail (Section
4.3.1.2), as do all the other basic scenarios exam-
ined in the first step.

4. Subsequently, the selected scenario is modified in
such a way that it complies with the guard rails.
This delivers an exemplary transformation path
(Section 4.4).

5. Finally, simulations are carried out using another,
newly developed modelling approach, in order to
underpin the exemplary path. Here cost-effective
paths complying with the climate guard rail are
identified, and the scope for action explored that
results if various guard rails are stipulated. These
additional analyses are used to discuss the proper-
ties of the exemplary transformation path (Sec-
tion 4.5).

4.2
Energy scenarios for the 21st century

From the numerous energy scenarios that are avail-
able, the WBGU chose the IPCC scenarios as the
basis for its analysis. These scenarios focus on the cli-
mate problem, which corresponds to the Council’s
priorities. The IPCC scenarios are recognized by the
international scientific community and are based on

consistent assumptions about the driving forces for
greenhouse gas emissions.

4.2.1
SRES scenarios as a starting point

The analysis of possible long-term developments of
the energy system is based on a range of scenario
groups developed by the IPCC (2000b, 2001c): The
non-mitigation emissions scenarios – i.e. scenarios in
which additional climate policy measures are
assumed to be absent – described in the IPCC Special
Report on Emissions Scenarios, SRES (IPCC, 2000b;
referred to in the following as ‘SRES scenarios’)
serve as reference scenarios for the IPCC climate
change mitigation scenarios that build upon them
(‘post-SRES scenarios’; IPCC, 2001c).The SRES sce-
narios show the wide range of plausible future devel-
opments, resulting from the uncertainties attaching
to the driving forces and their interactions and to the
mechanisms simulated in the different models
(IPCC, 2000b). Many of the scenarios assume strong
environmental or social interventions, which distin-
guishes them from conventional business-as-usual
scenarios.

A total of 40 scenarios were grouped into four
families. All scenarios within a ‘family’ have a char-

Non-sustainable area

Guard rail

Current
state

Current
state

M
ea

su
re

Goal: To prevent non-sustainable trajectories

Goal: To steer the system out of the non-sustainable area

M
ea

su
re

M
ea

su
re

Boundary zone

M
ea

su
re

Sustainable area

Figure 4.1-1
Connection between guard
rails, measures and future
system development.
The figure shows possible
states of a system in terms of
its sustainability, plotted over
time. The current state of a
system relative to the guard
rail can be in the green area,
the ‘sustainable area’
according to best available
knowledge, or in the red
area, the ‘non-sustainable
area’. If a system is in the
non-sustainable area, it must
be steered by appropriate
measures in such a way that
it moves ‘through’ the guard
rail into the sustainable area.
The guard rail is thus
permeable from the non-
sustainable side. If a system
is in the sustainable area,
there are no further
requirements upon it at first.
The system can develop in
the free interplay of forces.

Only if the system, moving within the sustainable area, is on course for collision with a guard rail, must measures be taken to
prevent it crossing the rail. The guard rail is thus impermeable from the sustainable side. As guard rails can shift due to future
advances in knowledge, compliance with present guard rails is only a necessary criterion of sustainability, but not a sufficient
one.
Source: WBGU
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acteristic storyline, i.e. a description of the relation-
ships among influencing factors and their develop-
ment. For simplicity, the four families can be distin-
guished along two dimensions: In the first dimension,
a distinction is made between a world focussing on
strong economic growth (A), in contrast to a world
focussing strongly on sustainability (B). In the B
world, environmental measures are considered, e.g.
for air pollution control, but not measures specifi-
cally aimed at climate protection (e.g. CO2 taxes).
The second dimension distinguishes between a world
with increasing economic convergence and social
and cultural interaction among regions (globaliza-
tion, 1) and a world with stronger emphasis on
regional differences and local solutions (regionaliza-
tion, 2).

This leads to four scenario families: A1 (high
growth), B1 (global sustainability), A2 (regionalized
economic development), B2 (regional sustainabil-
ity).

4.2.2
Basic assumptions of the SRES scenarios

A1 world: high growth
The A1 storyline has the following characteristics:
strong market-orientation, sustained economic
growth (worldwide approximately 3 per cent per
year, corresponding to the growth rate over the last
100 years), strong emphasis on investment and inno-
vation in education, technology and institutions,
rapid introduction of new and more efficient tech-
nologies, increasing mobility and increasing social
and cultural interaction and convergence among
regions (e.g. in terms of per capita income). In the
long term, the current demographic developments in
industrialized nations (very low fertility rates, high
degree of aging) are assumed to be transferred to the
developing countries, due to the global convergence
assumed in the A1 world. Following an increase of
the world population to approximately 9,000 million,
a reduction to approximately 7,000 million in 2100 is
expected from 2050. This population development is
in the lower range of existing projections, but above
the lowest UN projection (IPCC, 2000b).

Energy productivity will increase by approxi-
mately 1.3 per cent, which is faster than the average
over the last 100 years. However, low energy prices
offer little incentive for the efficient utilization of
final energy, so that very high primary energy con-
sumption is assumed, with a strong increase in motor-
ization and urban sprawl worldwide. In effect, the
scenarios transfer the economic development in
Japan or South Korea after World War II or in China
over recent years to all developing countries (Roehrl

and Riahi, 2000). In terms of economic growth and
global convergence of per capita income, the scenar-
ios are therefore very optimistic.

Within the A1 scenario family, a distinction was
made between four different paths, depending on the
assumed technology development: the carbon-inten-
sive path A1C, the oil- and gas-intensive path A1G,
path A1T with a high proportion of non-fossil energy
carriers, and finally the middle path A1B, for which
similar improvement rates were assumed for all
energy carriers or technologies. This differentiation
highlights the influence of technological develop-
ment, with the other driving forces remaining
unchanged (in particular identical economic devel-
opment) (Section 4.2.5).

B1 world: global sustainability
The B1 scenarios assume the same population devel-
opment and similarly strong economic growth as the
A1 scenarios. Here ,too, the development in the dif-
ferent regions is assumed to converge (‘globaliza-
tion’). Disparities in income are assumed to narrow
at the same speed as in the A1 scenarios.

However, the B1 world is distinguished from the
A1 world by a strong social and environmental
awareness – de Vries et al. (2000) characterize it as
‘affluent, just and green’.The world is also character-
ized by high efficiency improvements in the energy
sector. A high proportion of increases in production
and income are utilized for the expansion of social
institutions, redistribution measures and environ-
mental protection. Economic structures are charac-
terized by rapid change towards a service and infor-
mation society, in which materials are used sparingly.
Clean and efficient technologies are introduced
rapidly. Values shift towards a non-material mindset.

Despite strong economic growth, energy demand
is low, i.e. only approximately one-quarter of the
energy use in the A1 scenarios in 2100. On average,
energy intensity decreases by approximately 2 per
cent per year over the next 100 years. Compared with
the historic rate of 1 per cent per year this represents
a significant improvement, driven particularly by
high energy prices. This world is characterized by
high income transfer and high taxes. Globalization
and liberalization are combined with a strong inter-
national sustainability policy. Strong support for
research and development is provided. Cities
develop in a compact way and with a high proportion
of non-motorized traffic. Furthermore, the trend
towards urbanization is dampened. Even without
deliberate climate policy measures, these develop-
ments lead to low greenhouse gas emissions, because
they are in themselves very effective in terms of cli-
mate protection.
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A2 world: regionalized economic
development
The A2 world is heterogeneous, since the regions
want to preserve their national, cultural and religious
identity and take different development paths
(Sankovski et al., 2000). Separate economic regions
develop. Economic growth and the speed of techno-
logical developments is therefore lower than in other
scenario families. Technologies spread more slowly,
and trade flows are smaller than in A1 scenarios. Per
capita income converges less strongly than in the A1
or B1 scenarios. The scenario is based on very high
population growth (15,000 million by 2100), since fer-
tility patterns do not converge, in contrast to the A1
and B1 scenarios. Energy productivity increases by
only 0.5–0.7 per cent per year, and energy demand is
high, although not as high as in the A1 scenarios. The
energy systems of the A2 world are very heteroge-
neous. The energy carrier mix in the individual
regions strongly depends on resource availability.

B2 world: regional sustainability
The B2 storyline describes a future in which local and
regional solutions for sustainable development play
a significant role. International institutions and struc-
tures become less important. The emphasis is on
environmental protection, but only at a national and
regional level.The growth in population is lower than
in A2 scenarios (approximately 10,000 million by
2100). Economic growth is moderate, technological
development is less pronounced than in the B1 or A1
world. Many projections match today’s trends, for
example in terms of population or economic growth,
or the increase in energy productivity. Energy
demand is lower than in the A1 and A2 scenarios, but
higher than in the B1 scenarios. The current trend of
declining investment in research and development is
assumed to continue.

4.2.3
Emissions in the SRES scenarios 

There is a strong variation in the emission of green-
house gases and noxious substances between and
within the scenario families. The fossil-intensive
growth scenarios A1C and A1G show the highest
CO2 emissions, although the A2 scenarios also have
very high emissions: Whilst economic growth is less
strong, slower technological development leads to a
smaller reduction in carbon and energy intensity.
A1B and B1 scenarios show a change in trend
towards lower emissions from about 2050. This can
be attributed to a trend reversal in population devel-
opment, and also to improvements in productivity.
These trends more than compensate the economic

growth. Conversely, the A2 and B2 scenarios show
continuously growing CO2 emissions. The B1 and
A1T scenarios have the lowest CO2 emissions of all
scenarios.They are both based on rapid development
of non-fossil technologies, although there are strong
differences in energy use.

The scenarios also differ in terms of land use and
changes thereof: The trend towards a reduction in
global forest areas is reversed in most scenarios, par-
ticularly in B1 and B2 scenarios. Due to the assumed
lower growth in population and the reduction in pop-
ulation after 2050, and due to increased productivity
in agriculture, methane and nitrous oxide emissions
are much lower in A1 and B1 scenarios than in A2
and B2 scenarios. Sulphur emissions are generally
lower than in previous projections, since it is thought
that local and regional air pollution will be abated
much earlier than previously assumed.

According to these model calculations, the global
average ground-level temperature will increase by
1.4–5.8°C between 1990 and 2100 (IPCC, 2001a).This
range is a result of uncertainties both in the climate
system and in the socio-economic driving forces.
Even the B1 and A1T scenarios with the lowest emis-
sions violate the guard rail of the WBGU climate
window (Section 4.3). The IPCC climate change mit-
igation scenarios, which are based on these SRES
scenarios, are therefore introduced below.

4.2.4
IPCC climate change mitigation scenarios (‘post-
SRES’ scenarios)

The IPCC Third Assessment Report (TAR) devel-
oped possible paths for achieving different stabiliza-
tion targets for the CO2 concentration of the atmos-
phere (between 450ppm and 750ppm) based on the
SRES scenarios (IPCC, 2001c). The assumptions
about the main driving forces (population, economic
growth, demand for energy services) match those of
the respective SRES scenarios. Stabilization of the
CO2 concentration by 2150 at the latest was specified
as an additional condition. However, the reduction
only applies to energy-related greenhouse gas emis-
sions: CO2 emissions from changes in land use and
(non-energy-related) emissions of other greenhouse
gases are identical to those in the reference scenarios.

Even for a stabilization level of 450ppm, the
expected global warming during the 21st century will
only remain below the WBGU guard rail (global
warming less than 2°C relative to pre-industrial val-
ues; Section 4.3.1.2) for medium to low climate sensi-
tivity values. For the long-term equilibrium, global
warming above the limits specified in the WBGU cli-
mate window is expected, even for low climate sensi-
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tivity (IPCC, 2001d). If the climate window guard rail
specified by the WBGU is to be complied with, stabi-
lization levels of 450ppm or less are therefore
required. However, no post-SRES stabilization sce-
narios with lower target levels are available, although
other scenarios (e.g. Azar et al., 2001) show that sta-
bilization levels of 350ppm can be achieved, for
example through increased utilization of biomass in
combination with carbon storage. By choosing a
450ppm scenario, the WBGU does not wish to give
the impression that this is a safe greenhouse gas con-
centration level in the sense of Article 2 UNFCCC.
Compliance with the WBGU climate window will
rather require an analysis of integrated climate pro-
tection strategies (not only energy policy) and the
development of appropriate scenarios.

Yet existing scenarios show (IPCC, 2001d) that in
order to reach stabilization levels of 450ppm CO2 or
below, the increasing trend of global emissions has to
be reversed very quickly, i.e. within 10 or 20 years,
after which rapid reduction needs to continue over
the following decades. If additionally the long invest-
ment cycles for power plants and distribution net-
works are considered, it becomes clear that the next
10–20 years are the crucial time window for the trans-
formation of energy systems.

4.2.5
Technology paths in the A1 world

The A1 scenarios show the different technological
paths that are conceivable under the same economic,
social, political and demographic driving forces. For
all paths, stabilization at 450ppm can be achieved,
albeit with very different energy strategies, costs and
risks.

4.2.5.1
Comparison of energy structures and climate
change mitigation strategies

The A1-450 stabilization scenarios and their respec-
tive reference paths within the A1 scenario group are
examined more closely below. The MESSAGE
dynamic optimization model, coupled with the
MACRO macro-economic model was used for quan-
tification purposes (Messner and Schrattenholzer,
2000). MESSAGE minimizes the aggregated costs of
energy production with given demand for energy ser-
vices (preset by the macro-economic model) and cal-
culates a cost-optimized energy carrier mix on this
basis. Changes in demand resulting from measures
for limiting CO2 emissions (e.g. through a CO2 tax)
were not considered in the scenarios analysed in this

report. In the stabilization scenarios, primary energy
use relative to the respective reference scenario does
not decline.The stabilization scenarios with intensive
use of fossil energy carriers even show a strong
increase in primary energy demand. This can be
attributed to the application of energy-intensive car-
bon dioxide separation technologies for carbon stor-
age (Section 3.6.1; Table 3.6-1).

Depending on the assumptions about the techno-
logical paths in the reference scenarios, the develop-
ment paths for the energy systems in the A1 scenar-
ios differ for the same stabilization target. This high-
lights the path dependency associated with a prefer-
ence for certain technologies in the individual
reference scenarios. In the A1T path, for example, the
proportion of solar energy increases due to climate
policy measures, whilst the ‘balanced’ A1B scenario
and coal-intensive A1C scenario show a strong
increase in the proportion of nuclear energy (Roehrl
and Riahi, 2000).

Coal and nuclear energy-intensive path:
A1C
The A1C scenarios are characterized by the utiliza-
tion of coal technologies with reduced noxious sub-
stance emissions, which, without additional climate
policy measures, lead to very high greenhouse gas
emissions, although they are environment-friendly if
the climate change problem is left aside. They are
based on the assumption that conventional oil and
gas reserves will decline quickly, requiring strong
investment in cost-intensive new coal technologies
(high temperature fuel cells, coal gasification and
liquefaction). But nuclear technology is also devel-
oped further (for example uranium extraction tech-
nologies), since intensive use is made of nuclear
energy, particularly in regions with low coal deposits.
In the A1C reference path, coal is the main energy
carrier, with a primary energy share of 47 per cent in
2100. The nuclear energy share is 18 per cent. Due to
the high demand for coal, which cannot be satisfied
with domestic coal in all regions, an intensive global
methanol trade will develop, since methanol (gener-
ated from coal) is required, particularly for the trans-
port sector.The main mitigation measures for achiev-
ing the 450ppm stabilization target are carbon stor-
age and increased efficiency, but these scenarios also
require strong expansion of nuclear energy.

Oil- and gas-intensive path: A1G 
The main characteristic of the A1G scenarios is the
utilization of non-conventional oil and gas resources,
including oil shale, tar sands and methane hydrates
(Section 3.2). Rapid technological progress in extrac-
tion and conversion technologies for oil and gas is
assumed. Global trade in oil and gas will increase
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strongly, and new gas pipelines will be built from
2010 or 2020. Due to the energy demand for extrac-
tion and gas transport, primary energy demand is
particularly high. In the A1G reference path, gas is
the main energy carrier in 2100 (45 per cent share of
primary energy), followed by renewable energy
sources (25 per cent) and oil (14 per cent). However,
nuclear energy also has a high share (12 per cent).
With a cumulative consumption of approximately
34,000EJ of oil and 59,000EJ of gas, even these oil-
and gas-intensive scenarios use during the 21st cen-
tury only a fraction of total fossil fuel occurrences
(Nakicenovic and Riahi, 2001). It is assumed that a
small proportion of deposits that are today classified
as additional occurrences will already be recoverable
during the 21st century (Table 3.2-1).

Here ,too, carbon storage and increased efficiency
are the main climate change mitigation measures for
reaching the stabilization target of 450ppm CO2. The
re-injection of CO2 into oil and gas fields plays an
important role. However, drastic structural changes
would be required during the 22nd century, since the
capacity limits for re-injection into gas fields would
be reached.

Mixed path: A1B
The A1B scenarios (‘balanced technology’) assume
that all technologies will develop uniformly. Lower
path dependency is therefore assumed than in the
other A1 scenarios: A coordinated global strategy of
research, development and application of technolo-
gies leads to regionally differentiated specialization
in different technologies. To secure carbon dioxide
stabilization, A1B scenarios focus on carbon storage
and on increased development of non-fossil energy
carriers and conversion technologies, particularly
new nuclear reactors, hydrogen fuel cells for the
transport sector and additional hydroelectric plants.
Hydrogen is mainly produced from renewable
energy sources.

Strong development of non-fossil energy
carriers: A1T
The A1T scenarios are characterized by a rapid
development of solar and nuclear technologies and
by the large-scale application of hydrogen technol-
ogy. Prerequisites are very large and dedicated
investment in research, development and application
of these technologies, for example in new, ‘inherently
safe’ nuclear energy technologies (e.g. high tempera-
ture reactor) and renewables. Higher investments in
energy efficiency are also assumed, so that the
demand for final energy is lower than in the other A1
scenarios (with identical demand for energy ser-
vices). On average, energy productivity increases by
1.4 per cent per year. In 2100, renewables and nuclear

energy together have a primary energy carrier share
of 86 per cent.

Due to the already low CO2 emissions, the A1T
scenarios require only few reduction measures to
achieve the 450ppm stabilization target. Carbon stor-
age is therefore only used moderately. Technological
progress is similar to the A1B scenarios, although the
departure from the fossil path is even clearer. The
A1T-450 scenario thus illustrates development
towards a hydrogen economy. Hydrogen is produced
in nuclear reactors and with renewable energy
sources (e.g. solar thermal technology). Coal utiliza-
tion ceases at the end of this century. The utilization
of nuclear energy (high temperature reactors) is
increased slightly, and so is the utilization of hydro-
gen fuel cells for transport.

4.2.5.2
The role of carbon storage

Since CO2 storage is cost-intensive (Section 3.6.1), it
is not used in the reference scenarios without climate
policy measures, except for re-injection into oil and
gas fields. It is, however, used in all A1 post-SRES sta-
bilization scenarios, albeit to a very different extent
(Table 4.2-1). The figures are comparable with the
potential estimates for carbon storage in oil and gas
fields (200–500GtC) and in deep aquifers (100 to
more than 1,000GtC) (Section 3.6), although these
figures are subject to a high degree of uncertainty.
The fossil-intensive paths A1C-450 and A1G-450, but
also the ‘medium’ path A1B-450, far exceed the
guard rail of 300GtC set by the WBGU as the upper
limit for carbon storage during the 21st century (Sec-
tion 4.3). In scenarios A1C-450 and A1G-450, the
required CO2 sequestration is greater than the poten-
tial estimated to be available for geological storage,
so that storage in deep ocean water would be
required. The WBGU regards anthropogenic carbon
storage in the ocean as non-sustainable (Section
3.6.3).

4.2.5.3
Cost comparison

Figure 4.2-1 shows the dependency of energy system
costs on the technological development in the refer-
ence scenarios and on the stabilization target
(Roehrl and Riahi, 2000). The energy system costs
are defined as the sum of investment, operation and
maintenance costs, including the costs for distribu-
tion and for environmental technology. Whilst the
MESSAGE model discounts energy system costs at 5
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per cent (assuming minimization), they are shown as
non-discounted in Figure 4.2-1.

It is evident that the cost differences between the
reference scenarios and the associated stabilization
scenarios are usually lower than the cost differences
between the individual reference scenarios. For
example, the difference between the costs for the fos-
sil-intensive paths (A1G, A1C) and the A1T path,
which strongly depends on non-fossil technologies, is
far greater than the costs for stabilization at 450ppm,
for example for the balanced A1B path or the A1T
path.The fossil path is therefore an inherently expen-
sive path. The main reason for the high costs is the
application of partly outdated energy structures
(path dependency), in which comparatively small
learning effects can be expected.An additional factor
is the increasing cost of resource extraction for non-
conventional resources (Section 3.2.1). In the coal-
intensive path, a large proportion of the future
demand for liquid fuels has to be supplied through
coal liquefaction or methanol production, both of
which are very expensive.

For the coal-intensive path, whose reference sce-
nario already shows the highest costs, the additional
costs for a stabilization of the carbon dioxide con-
centration to 450ppm are particularly high. Fixation
on a coal-intensive path therefore not only leads to
an expensive energy system in the long term, but also
causes very high CO2 reduction costs with a stabiliza-
tion target of 450ppm.

However, research and development costs and
additional macro-economic adaptation costs or
expenditure for the development and procurement
of end-use devices (e.g. vehicles, production plants,
domestic appliances) are not included in the energy
system costs shown here. Expenditure for research
and development is higher in the A1T scenario than
in the other scenarios. The research intensity of the
energy sector (i.e. the proportion of expenditure for
research and development relative to turnover) in
the A1T scenario between 1990 and 2050 reaches
globally averaged values between 4 and 13 per cent,
depending on how strongly research and develop-
ment expenditure influence the technology costs
(Riahi, personal communication). For comparison,

Figure 4.2-1
Total (non-discounted)
energy system costs
(1990–2100) and cumulative
CO2 emissions for the
reference and stabilization
scenarios (stabilization
levels 750, 650, 550 and
450ppm of CO2). Each point
represents a scenario. A1C:
Coal-intensive path. A1G:
Oil- and gas-intensive path.
A1B: Mixed path. A1T:
Strong development of non-
fossil technologies.
Source: Roehrl and Riahi,
2000

Scenario A1B A1B-450 A1G A1G-450 A1C A1C-450 A1T A1T-450

[GT C]

EOR + EGR 28 98 171 366 0 63 29 69
Other storage 0 762 0 1,148 0 1,492 0 148

Total 28 860 171 1,514 0 1,555 29 217

Table 4.2-1
Total stored CO2 quantity for the period 1990–2100 in selected A1 scenarios (reference and 450ppm CO2 stabilization
scenarios). EOR Enhanced Oil Recovery, EGR Enhanced Gas Recovery (Section 3.6.1). A1C coal-intensive path, A1G oil- and
gas-intensive path, A1B mixed path, A1T strong development of non-fossil technologies, 450 stabilization at 450ppm CO2.
Source: Roehrl and Riahi, 2000
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the extremely research-intensive pharmaceutical
industry currently has a research intensity of approx-
imately 10 per cent (Section 2.3.1). By contrast, in the
coal and nuclear-intensive scenario A1C, the globally
averaged research intensity only reaches a value of
approximately 0.3 per cent during the same interval.
This corresponds to the current research intensity of
the energy sector in the OECD countries. The mas-
sive increase in research and development expendi-
ture (against the current trend) in the energy sector
to US$19908–25 million million for the period 1990–
2050 is a prerequisite for the cost reductions achieved
in the A1T scenarios for technologies to exploit
renewable energy carriers. The additional expendi-
ture for research and development compared with
the A1C scenarios, where only approximately
US$19901 million million are spent, is at least compen-
sated by the cost reductions and the much lower
investment costs. During the same period, the invest-
ment costs for the A1T scenarios are approximately
US$51 million million, for the A1C scenarios approx-
imately US$73 million million. Nevertheless, even in
the A1C scenarios the investment costs amount to a
maximum of 1.7 per cent of GDP. The difference in
the total energy system costs is even greater: For the
A1C scenarios, total energy system costs amount to
approximately US$230 million million during the
same period, in the A1T scenarios they are approxi-
mately US$190 million million. In addition to strong
market growth, higher expenditure for research and
development over the next decades is a prerequisite
for the realization of the comparatively very high
assumed learning rates (26 per cent for solar photo-
voltaic, 11 per cent for wind energy, 10 per cent for
electricity from biomass, 8 per cent for nuclear
energy, 10 per cent for natural gas fuel cells; Riahi,
2002).

For the transformation of energy systems not only
the cumulative costs are significant, but also their
development over time (Fig. 4.2-2). For example, the
cost advantages of the non-fossil A1T path vis-à-vis
other paths only become apparent after more than 20
years when comparing the non-discounted energy-
specific energy system costs. The cost advantage of
the non-fossil climate change mitigation path com-
pared with the coal-intensive reference path only
becomes apparent from about 2040. However, the
coal-intensive climate protection path A1C-450 is
more expensive than the other paths from the outset,
since expensive measures are required, e.g. for
sequestration, due to the high emissions assumed in
the reference path (Roehrl and Riahi, 2000).

This highlights the path-dependency risk, with the
fossil path, and in particular the coal-intensive path
only being able to be maintained at very high costs.
The high costs of the coal-intensive climate protec-
tion path A1C-450 that are incurred from the outset
make the political enforceability of ambitious cli-
mate policy measures in a world taking such a path
appear doubtful.

4.2.5.4
Environmental effects 

Figure 4.2-3 shows the annual emissions of carbon
dioxide, methane and sulphur dioxide, as well as tem-
perature change for the coal-intensive and non-fossil
paths, both for the respective reference scenarios and
for the 450ppm stabilization scenarios.

It can be seen that the non-fossil climate protec-
tion path causes far lower sulphur dioxide emissions
than the carbon-intensive path. In the carbon-inten-
sive path, they increase despite the significant invest-
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Figure 4.2-2
Specific (non-discounted)
system costs (based on final
energy) for the A1C and
A1T reference scenarios and
for the A1C-450 and A1T-
450 stabilization scenarios.
The cost path for the B2
reference scenario is shown
for comparison. For the
investment decisions in
MESSAGE, future costs are
discounted with 5 per cent.
No discounting was carried
out for this graph, in order
to avoid a distortion of cost
development over time.
Sources: Roehrl and Riahi,
2000; Riahi, 2002



106 4 Sustainable transformation of energy systems

ments in low-polluting coal technologies over the
next decades to nearly twice the current value before
a reduction can be observed (Fig. 4.2-3b). Due to the
cooling effect of sulphate aerosols, initially this leads
to lower warming in the fossil path with the same
CO2 stabilization target, despite the higher methane
emissions.

4.2.6
Selection of a scenario for developing an
exemplary path

The WBGU considers it difficult to imagine that the
development described by the A2 scenarios can be
steered into the sustainable realm. The combination
of a lack of global convergence, the associated slow
technological development and low efficiency
improvement and decarbonization, together with the
absence of a general environmental orientation,
make the attainment of climate protection targets

within the WBGU climate window extremely diffi-
cult and expensive, if not impossible.

A B2 scenario could be considered for the devel-
opment of an exemplary path towards sustainability,
even if it reaches the sustainable realm later in terms
of the socio-economic guard rails (Section 4.3) than
the A1 and B1 scenarios, which are characterized by
strong convergence. However, since no B2 scenario is
available with an energy system model containing
the required technological detail, with stabilization at
a CO2 concentration of 450ppm (Morita et al., 2000),
for pragmatic reasons the WBGU has not selected
the B2 scenarios for further examination.

Because a world of global convergence (A1 and
B1 scenarios) leads more quickly into the sustainable
realm defined by the WBGU’s socio-economic guard
rails (Section 4.3), the B1-450 stabilization scenario
would lend itself as a basis for a path modified
according to WBGU criteria, in view of its orienta-
tion to both social and environmental compatibility.
However, the WBGU regards it to be more advisable
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Figure 4.2-3
Environmental effects for a path with strong expansion of non-fossil technologies (A1T, red) and a coal-intensive path (A1C,
black) with identical assumptions for population and economic development. In each case, the effects for the reference path
(continuous line) and the stabilization scenario (stabilization of the carbon dioxide concentration at 450ppm, dashed line) are
shown. Stabilization in the coal-intensive path A1C is only possible with extensive sequestration.
a) anthropogenic carbon dioxide emissions,
b) anthropogenic sulphur dioxide emissions,
c) anthropogenic methane emissions,
d) mean global warming (from 1990 baseline) with an assumed climate sensitivity of 2.5°C.
Source: Riahi, 2002
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to demonstrate the option of an energy system trans-
formation towards sustainability on the basis of a sce-
nario that assumes strong growth in primary energy
demand. The options for structural change towards
less energy-intensive products and services, or
changes in preferences, consumer habits and
lifestyles are thus estimated more cautiously.

The WBGU regards the fossil and nuclear energy-
intensive paths of the A1 scenarios (global conver-
gence, high growth, rapid technological develop-
ment) as non-sustainable, even if the minimum socio-
economic requirements (Section 4.3.2) and a stabi-
lization of the carbon dioxide concentration at
450ppm could be achieved. This stabilization is only
possible with extensive sequestration, so that at the
end of the 21st century the limits to storage in geolog-
ical formations would be reached. Storage in deep
ocean water may even be required, which the WBGU
regards as non-sustainable. These scenarios repeat-
edly overstep the guard rail for the maximum tolera-
ble utilization of carbon storage (Section 4.3.1.2).
Furthermore, these paths hinder the transformation
of the energy system for future generations, since
they are unlikely to be able to be continued during
the 22nd century. The WBGU also regards the high
proportion of nuclear energy as non-sustainable.
Finally, the energy system costs for these fossil-
nuclear scenarios are very high. Stabilization of the
CO2 concentration at 450ppm only appears possible
at very high cost. Moreover – with the same stabiliza-
tion level of atmospheric carbon dioxide concentra-
tion – due to emissions of other pollutants (e.g. SO2),
the environmental effects of the fossil paths are sig-
nificantly greater than those of the non-fossil path,
despite the fact that significant investments in the
development of power plants producing lower emis-
sions are assumed.

Since even the A1B path with a balanced technol-
ogy mix relies for stabilization at 450ppm on geolog-
ical storage to an extent that is not acceptable to the
WBGU, the WBGU uses post-SRES scenario A1T
with a 450ppm stabilization target for the develop-
ment of an exemplary path, because with certain
modifications it can comply with all guard rails. It
avoids a deepening of dependency on fossil tech-
nologies, has low emission values and assumes sus-
tained economic growth and economic convergence
among countries, as well as strong technological
development.

This choice does not imply a statement about
which of the SRES worlds the WBGU regards as the
most probable one. Quite the opposite: Since the A1
world is based on optimistic assumptions, particularly
in terms of the rapid reduction in divergence
between rich and poor countries as well as low
growth in population, the realization of a (modified)

A1T-450 path requires not only energy policy mea-
sures, but also economic and development policy
measures. To reach robust conclusions, it would
therefore be sensible to also examine an appropriate
path from the B2 world. However, this would require
the development of a corresponding climate change
mitigation scenario in the B2 world with a detailed
consideration of technologies.

4.3
Guard rails for energy system transformation

Guard rails are quantifiable limits to damage whose
transgression would entail intolerable consequences
today or in the future. Even major utility gains would
not offset this damage (WBGU, 2001a). In the fol-
lowing, the Council defines guard rails for the pro-
tection of natural life-support systems, and for the
operationalization of socio-ethical goals guided by
the vision of sustainable development (ecological
guard rails, Section 4.3.1; socio-economic guard rails,
Section 4.3.2). These guard rails establish concrete
limits in relation to energy use that must be observed
in order to live sustainably (Box 4.3-1), and can be
applied to test the sustainability of future energy sce-
narios. Guard rails should by no means be under-
stood as goals. They do not establish desirable values
or states, but rather absolute minimum requirements
which have to be complied with if the principle of
sustainability is to be observed. Nonetheless, the
guard rail approach can indeed be used to deduce
concrete goals (Chapter 5).

Even if development trajectories remain within
the guard rails, this need not mean that all socio-eco-
nomic grievances or ecological damage can be
averted. Nor do global guard rails reflect the signifi-
cant regional and sectoral disparities that may arise
in relation to the impacts of global change. Finally,
the guard rails stated by the WBGU can be no more
than proposals, for the determination of non-tolera-
ble impacts cannot be left up to the academic com-
munity but needs to take place – supported by scien-
tific expertise – within a worldwide, democratic deci-
sion-making process (WBGU, 1997b; Box 4.3-2).

4.3.1
Ecological guard rails

4.3.1.1
Protection of the biosphere

In earlier reports, the WBGU has developed five
‘biological imperatives’ as general principles



(WBGU, 2001a). These form the basis for a sustain-
able use of the biosphere, and thus also of energy.
They include:
– sustaining the integrity of bioregions,
– securing biological resources,
– conserving biopotential for the future,
– protecting the global natural heritage, and
– preserving the system control functions of the

biosphere.
The definition of ecological guard rails presented in
the following proceeds from this normative basis.

4.3.1.2
Tolerable climate window

Present energy systems are a prime driver of global
climate change. This climate change will have signifi-
cant impacts upon ecosystems as well as human civi-
lization. The following discussion therefore develops
a climate protection guard rail designed to exclude
intolerable ecological and socio-economic climate
change effects.

Defining the guard rail
The WBGU already developed the climate window
in earlier reports (WBGU, 1995, 1997b). The deter-
mination of what is deemed to be intolerable warm-
ing is oriented to the stress limits of human society
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Box 4.3-1

Guard rails for sustainable energy policy

Ecological guard rails

Climate protection 
A rate of temperature change exceeding 0.2°C per decade
and a mean global temperature rise of more than 2°C com-
pared to pre-industrial levels are intolerable parameters of
global climate change.

Sustainable land use
10–20 per cent of the global land surface should be reserved
for nature conservation. Not more than 3 per cent should
be used for bioenergy crops or terrestrial CO2 sequestra-
tion. As a fundamental matter of principle, natural ecosys-
tems should not be converted to bioenergy cultivation.
Where conflicts arise between different types of land use,
food security must have priority.

Protection of rivers and their catchment areas 
In the same vein as terrestrial areas, about 10–20 per cent of
riverine ecosystems, including their catchment areas,
should be reserved for nature conservation.This is one rea-
son why hydroelectricity – after necessary framework con-
ditions have been met (investment in research, institutions,
capacity building, etc.) – can only be expanded to a limited
extent.

Protection of marine ecosystems
It is the view of the Council that the use of the oceans to
sequester carbon is not tolerable, because the ecological
damage can be major and knowledge about biological con-
sequences is too fragmentary.

Prevention of atmospheric air pollution
Critical levels of air pollution are not tolerable. As a pre-
liminary quantitative guard rail, it could be determined that
pollution levels should nowhere be higher than they are
today in the European Union, even though the situation
there is not yet satisfactory for all types of pollutants. A
final guard rail would need to be defined and implemented
by national environmental standards and multilateral envi-
ronmental agreements.

Socio-economic guard rails

Access to advanced energy for all
It is essential to ensure that everyone has access to
advanced energy. This involves ensuring access to elec-
tricity, and substituting health-endangering biomass use by
advanced fuels.

Meeting the individual minimum requirement for
advanced energy
The Council considers the following final energy quantities
to be the minimum requirement for elementary individual
needs: By the year 2020 at the latest, everyone should have
at least 500kWh final energy per person and year and by
2050 at least 700kWh. By 2100 the level should reach
1,000kWh.

Limiting the proportion of income expended for
energy
Poor households should not need to spend more than one
tenth of their income to meet elementary individual energy
requirements.

Minimum macroeconomic development
To meet the macroeconomic minimum per-capita energy
requirement (for energy services utilized indirectly) all
countries should be able to deploy a per-capita gross
domestic product of at least about US$19993,000.

Keeping risks within a normal range
A sustainable energy system needs to build upon technolo-
gies whose operation remains within the ‘normal range’ of
environmental risk. Nuclear energy fails to meet this
requirement, particularly because of its intolerable acci-
dent risks and unresolved waste management, but also
because of the risks of proliferation and terrorism.

Preventing disease caused by energy use
Indoor air pollution resulting from the burning of biomass
and air pollution in towns and cities resulting from the use
of fossil energy sources causes severe health damage world-
wide.The overall health impact caused by this should, in all
WHO regions, not exceed 0.5 per cent of the total health
impact in each region (measured in DALYs, disability
adjusted life years).
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and the observed range of fluctuation in the recent
Quaternary period, during which humankind and its
environment have co-evolved.The aim is to preserve
the natural environment as the life-support system
for humankind and all other organisms. Defining this
tolerable window thus establishes an important basis
for implementing the UN Framework Convention on
Climate Change (UNFCCC), the ultimate objective
of which is to achieve ‘stabilisation of greenhouse gas
concentrations in the atmosphere at a level that
would prevent dangerous anthropogenic interfer-
ence with the climate system. Such a level should be
achieved within a time-frame sufficient to allow
ecosystems to adapt naturally to climate change, to
ensure that food production is not threatened and to
enable economic development to proceed in a sus-
tainable manner’ (Art. 2, UNFCCC).

Recent IPCC assessments (2001a) confirm the
WBGU’s decision to adopt the climate window as a
guard rail against intolerable climate change.The cli-
mate window is defined by two limits: Both a tem-
perature change rate of more than 0.2°C per decade

and a mean global temperature change of more than
2°C relative to pre-industrial levels are deemed unac-
ceptable. The form of the WBGU climate window
also needs to be noted (Fig. 4.3-1), for the maximum
tolerable warming rate declines with increasing prox-
imity to the maximum tolerable absolute warming
level, i.e. the climate window is not rectangular. The
arguments in support of this guard rail are substanti-
ated in the following.

Climate zone shift
One aim of the UNFCCC is to allow ecosystems to
adapt naturally to climate change (Art. 2 UNFCCC).
The impacts of climate change upon the world’s
ecosystems are not yet fully understood. What is cer-
tain, however, is that the geographical extent of dam-
age to ecosystems will grow in step with both the rate
of climate change and its absolute level and will
involve the loss of biological diversity (IPCC, 2001a).
If climate zone shifts are too swift or too large, sev-
eral of the biological imperatives will be infringed.
Hazards to certain particularly sensitive ecosystems

Box 4.3-2

Defining guard rails in terms of international
law?

A binding definition of sustainable energy policy guard
rails at international level can be established primarily
through international law, starting with the binding princi-
ples and objectives enshrined in international treaties and
conventions. However, it may be possible to derive guard
rails from customary international law as well. Political dec-
larations, resolutions and other ‘soft law’ agreements,
although non-binding, can contribute towards the defini-
tion of international legal principles.

Until now, the key instrument in the development of
sustainable energy policy has been the United Nations
Framework Convention on Climate Change (UNFCCC),
together with the Kyoto Protocol to the Convention. The
Kyoto Protocol commits the industrialized and transition
countries to reducing greenhouse gas emissions by 5 per
cent on average by the 2008–2012 period against the base-
line year of 1990. However, this must be regarded merely as
a first step towards defining binding long-term climate
guard rails.

For this reason too, there is increasing debate about
whether states’ obligations can already be derived from
customary international law, particularly the principle
which prohibits transboundary environmental damage.
Tuvalu, the Maledives and Kiribati, whose survival is
threatened by climate-related sea-level rise, are planning
legal action against major industrialized countries before
the International Court of Justice. For this reason, there is
now more intensive debate on the issue of the industrial-
ized nations’ liability under international law for damage
which can be expected to occur in developing countries in
future, especially in the small island states which are most
at risk. Until now, states have tended to be reluctant to

enforce claims against other countries. The general prefer-
ence has been to seek diplomatic solutions or develop
international civil liability instruments. However, given the
extent of climate damage and the completely inadequate
resources available to the Adaptation Fund established
under the Kyoto Protocol, the worst-affected states may
well attempt to pursue claims based on the principle of
state responsibility more vigorously in future. An increase
in tort claims against major emitters can also be expected at
the same time.

As well as many practical problems, enforcing claims in
accordance with the principle of state responsibility creates
a number of legal problems to which there are no clear
solutions.They include, for example, the scope and applica-
tion of the principle prohibiting transboundary environ-
mental damage, the question whether the UNFCCC and
the Kyoto Protocol may potentially exclude any possibility
of inter-state claims, and which actions could establish any
state responsibility for climate damage in the first place.
Here, as with tort liability, far more research is required.

Although the Kyoto Protocol has given rise to a defini-
tion of the ‘climate protection’ guard rail for the first com-
mitment period from 2008 to 2012, socio-economic guard
rails (Section 4.3.2) have rarely been integrated into bind-
ing legal instruments until now.

The failure to develop, harmonize or define sustainable
global energy policy guard rails or integrate energy-rele-
vant development goals fully into climate protection policy
is a distinct shortcoming in international climate policy at
present. The WBGU recommends that a World Energy
Charter be developed as a first step towards implementing
a sustainable energy policy. In order to overcome resistance
to this – initially non-binding – agreement, the key task will
be to convince the international community that this type
of global energy strategy offers added value (Section
5.3.2.2).

Sources: WBGU, 2001c; Tol and Verheyen, 2001
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(e.g. coral reefs, tropical forests, wetlands) must be
expected from an absolute warming level of 1–2°C
and are in some instances already apparent today
(Box 4.3-3).

An absolute global warming level of more than
2°C may cause fundamental changes in many natural
systems. This would lead to major additional green-
house gas emissions (IPCC, 2001a). The risk of
extreme climate events would then also rise sharply.
From a warming level of 3.5–4°C onwards, adverse
effects must also be expected for anthropogenic
ecosystems in most regions of the world (IPCC,
2001a).

Climate zone shifts trigger the migration of ani-
mals and plants. Transportation routes and human
land uses (agriculture, settlement, etc.) stand in the
way of this form of adaptation (WBGU, 2001a), so
that the loss of entire ecosystem types and species
must be feared.

Thermohaline circulation
The thermohaline circulation of the world ocean has
great importance for the global water and heat bal-
ance. It is driven by the downward flow of cold and
salty water, above all in the Labrador Sea and Green-
land Sea, but also in the Weddell Sea. The cold water
flows as a deep current southwards through the
Atlantic, while in exchange warm upper water is con-
veyed from tropical regions to the north by, among
other things, the Gulf Stream. If certain climate
warming thresholds are overstepped, both a shut-
down of regional components (e.g. in the Labrador
Sea or in the Greenland Sea) and a complete collapse
of the circulation are conceivable. The changes thus
triggered could set in suddenly and would be irre-
versible over a period of centuries (IPCC, 2001a).
Within a few decades, the climate of western and
northern Europe could cool by about 4°C – with
immense impacts upon Europe’s economy and ecol-
ogy. As long as the climate guard rail defined above
is not overstepped, a collapse of the thermohaline
circulation is highly improbable (WBGU, 2000).

Sea-level rise
The rising mean sea level is a result of warming dri-
ven by greenhouse gas emissions. Over the 20th cen-
tury, the absolute mean sea-level rise already
amounted to 10–20cm (IPCC, 2001a). This is about
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Box 4.3-3

Corals under threat through climate change

Even today, coral reefs are under threat due to increased
temperatures in the upper layer of the tropical seas.At tem-
peratures above 30°C corals increasingly lose their sym-
biontic algae (zooxanthellae). This impairs the corals’
skeleton growth, reproductive capacity and stress resis-
tance. Reefs are hotspots of biological diversity. Although
they cover less than 1 per cent of the seafloor, they host a
third of all known marine species. Moreover, they have
important resource functions, e.g. for coastal protection,
fisheries and tourism. As many reef-building corals live
close to their upper temperature limit, even a slight rise in
water temperature leads to increased bleaching. This phe-
nomenon will intensify with climate change and is already
observable today during an El Niño. If intervals between El
Niño events are short, it is scarcely possible for corals to
recover. The outcome is a loss of irreplaceable natural her-

itage together with its biopotential. Model computations
indicate that the temperature tolerance of reef-building
corals will be exceeded within the next decades.

Coral reefs are also threatened by sea-level rise.
Healthy reefs can achieve vertical growth of up to 100 mm
per decade; this is at the upper limit of the sea-level rise of
20–90 mm per decade estimated by the IPCC. However, in
view of the many additional anthropogenic stress factors it
is dubious whether present coral growth will suffice to keep
up with the anticipated sea-level rise. One reason is that the
increased CO2 concentration in the atmosphere and in the
upper layer of the ocean is reducing the calcium carbonate
content of seawater. This is reducing the growth rates of
coral reefs and is thus hampering their adaptation to rising
sea levels.

A guard rail of at most 2°C mean global warming is
probably already too high to safeguard the survival of many
coral reefs.

Sources: Gattuso et al., 1999; Hoegh-Guldberg, 1999; IPCC,
2001a; Coles, 2001

Figure 4.3-1
The WBGU climate protection window. The window shows
the tolerable rate of warming as a function of the absolute
warming level already reached. The acceptable rate of change
drops with increasing proximity to the maximum warming
level of 2°C relative to pre-industrial levels.
Source: WBGU, 1995
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ten times the mean rise over the previous 3,000 years.
It is important in this context to take into considera-
tion the great inertia of the climate system: The
anthropogenic emissions already caused today and
the resultant thermal expansion of seawater will only
let sea levels stabilize at a new value in centuries.The
time constants are even substantially longer if we
consider the melting of inland glaciers such as in
Greenland.

In the WBGU’s opinion it is essential to prevent
the melting of the Greenland ice, as such a process
would cause the mean sea level to rise by several
metres over many millennia (IPCC, 2001a). Model
computations indicate that for this to happen the crit-
ical warming over Greenland is around 3°C. Local
warming over Greenland is higher than global warm-
ing by a factor of 1.3–3.1 (IPCC, 2001a). If we assume
an amplification factor of 2, then a global warming by
about 1.5°C could already lead to an irreversible
melting of the Greenland ice in its entirety.

The mean global warming level of 2°C relative to
pre-industrial levels deemed unacceptable by the
WBGU translates into an absolute sea-level rise of
25–100cm (depending upon model) over the next 100
years (IPCC, 2001a). It is thus probable that the
upper limit of 15–25cm mean sea-level rise discussed
by the WBGU in an earlier special report will already
be exceeded significantly in this century (WBGU,
1997b). In scenario A1T-450 (Section 4.2.5), with a
climate sensitivity (being the magnitude of global
warming that follows from a doubling of the CO2

concentration in the atmosphere relative to pre-
industrial levels) of 2.5°C, sea-level rise will be
around 50cm by 2100. Even such a rise will involve
severe social impacts, major costs for the adaptation
of coastal infrastructure and serious losses of valu-
able coastal ecosystems (IPCC, 2001a).

These more recent findings affirm the WBGU cli-
mate window. The WBGU wishes to stress that this
guard rail cannot entirely exclude the risk of the
Greenland ice sheet melting. Moreover, the existence
of a number of small island states would be jeopar-
dized, and the number of people threatened by storm
surges would rise substantially.

Besides the absolute rise, the rate of sea-level rise
is a key parameter, as the adaptive capacity of soci-
eties and ecosystems declines if the rise happens
faster. Major socio-economic and ecological damage
is anticipated in coastal regions in the event of swift
sea-level rise. The curve of sea-level rise in the 21st

century is very similar with different CO2 stabiliza-
tion concentrations and across different models; the
rate of sea-level rise can thus be taken to be a func-
tion of the absolute rise (IPCC, 2001a). As the ratio
of the maximum to average gradient of sea-level rise
appears to be constant, a guard rail for the speed of

sea-level rise can be translated into a guard rail for
the absolute warming level. If we were to postulate a
guard rail of 5cm per decade, then this would only
just be transgressed in scenario A1T-450. A slightly
lower stabilization concentration would presumably
ensure compliance with the guard rail. Thus, as the
WBGU temperature window already limits the rate
of sea-level rise, a separate guard rail does not appear
necessary.

Economic adaptability
A first-order analysis (WBGU, 1995, 1997b) has
shown that from a temperature change of 0.2°C per
decade onwards such high climate change costs
would result that the adaptive capacity of national
economies would be exceeded, resulting in intolera-
ble economic and social disruption. It is thus also
essential for economic reasons to remain within the
WBGU climate window.

Food security
Climate change impacts greatly upon agricultural
ecosystems and thus upon food security (IPCC,
2001b). In a global perspective, climate change will
not impact negatively upon food production (if the
increase of global mean temperature does not exceed
2°C), as both the increased temperature and the
increasing precipitation in some ‘winner regions’
may be able to compensate for losses in ‘loser
regions’. Absolute warming of up to 2°C is even
expected to lead to global growth in cereal produc-
tion by 3–6 per cent (Fischer et al., 2001).The winners
are predominantly industrialized or transition coun-
tries which, due to their location in colder regions,
would profit from the increased temperatures (such
as Canada and Russia).The losers would be develop-
ing countries, above all in sub-Saharan Africa and in
Latin America (Fischer et al., 2002). However, this
assessment does not yet take into consideration
effects such as increasing extreme weather events or
mounting soil degradation, so that the ‘winners’ may
merely become the ‘less affected’. Even if global cli-
mate change causes increased temperature extremes
of only brief duration, this could lead to broad-scale
crop failures (IPCC, 2001d). Climate change at an
absolute level of 2°C would not trigger an acute
global food crisis, but must be expected to heighten
to an unacceptable degree the already prevailing
global imbalance of food supply.

Human health
It is to be expected that the negative effects of cli-
mate change upon human health will outweigh the
positive ones (IPCC, 2001b). Increased extreme
events such as heat waves and extreme storms or
floods would amplify the risk of infectious diseases,
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particularly in developing countries. For instance, ris-
ing temperatures could cause infectious diseases to
spread into regions where peoples’ immune systems
are not adapted to these diseases (IPCC, 2001b).
However, the presently available data do not permit
realistic modelling of climate change impacts upon
health. It is therefore not possible at present to state
a tolerable limit of climate change in relation to
human health.

Testing the guard rail
The A1T-450 scenario selected by the WBGU as the
reference for its transformation pathway (Section
4.2.6) runs slightly outside the climate window if a cli-
mate sensitivity of 2.5°C is assumed (Fig. 4.3-2). Sta-
bilization at 450ppm will thus not suffice to remain
within the guard rail under all possible climate sensi-
tivity values.

Further uncertainties attach to this finding:
• Window shape: The rounded right upper corner of

the climate window has not yet been defined
quantitatively in scientific terms; it merely reflects
general systems theory considerations (WBGU,
1995).

• Absolute versus relative: Assuming a climate sensi-
tivity of 2.5°C, the maximum absolute warming
level of 2°C is only just complied with in this cen-
tury. During the period between 2010 and 2030,
the warming rate exceeds the permissible maxi-
mum of 0.2°C per decade.

• Climate sensitivity: Climate sensitivity is a key
variable for the further debate (Fig. 4.3-2; Section

4.5.2.1) but is very hard to estimate. Building on
climate model computations using seven different
coupled atmosphere-ocean-land models, the
IPCC (2001a) reports possible climate sensitivity
values ranging from 1.7 to 4.2°C. The IPCC
refrains from determining a most probable value
and stresses that climate sensitivity can also be
outside of the stated range (IPCC, 2001a).

• Climate modelling: There are a number of further
factors that need to be considered: The response
of carbon reservoirs to climate change, the climate
effects of aerosols (direct and indirect effects; Sec-
tion 4.5) and tropospheric ozone, condensation
trails and other aviation-related ice clouds, as well
as the effects of the Kyoto Protocol. The first fac-
tors relate to the natural sciences and amplify or
diminish (in the case of aerosols) mean global
warming. The Kyoto Protocol is contained indi-
rectly in scenario A1T-450 and causes a reduction
of the greenhouse gas emissions of industrialized
countries. However, given the withdrawal of the
USA and the accounting of carbon sinks under the
Protocol, it must be assumed at present that indus-
trialized country emissions will merely stabilize.
Thus this uncertainty, too, leads rather to an
underestimation of warming.

Therefore, with the assumed climate sensitivity of
2.5°C, scenario A1T-450 lies at the margin of the cli-
mate protection window and for a certain period of
time is partly outside of it. The scenario is conse-
quently by no means secure within the meaning of
UNFCCC Article 2 at a stabilization concentration
of 450ppm. The uncertainty attaching to climate sen-
sitivity has a much greater effect than a few giga-
tonnes of additionally emitted CO2. It follows that, to
adhere to the precautionary principle, scenario A1T-
450 must be complemented by substantially more
vigorous climate protection policies that embrace
activities beyond the energy sector. This will be
essential to develop a sustainable scenario.

Geological carbon storage
Geological CO2 sequestration in depleted or still
worked oil and gas fields has a sustainable potential.
This potential cannot be quantified precisely at pre-
sent, but in total it can be assumed to be in the order
of several hundred GT C. To test the present scenar-
ios, a guard rail of 300GtC is assumed as a first
approximation (Section 3.6). At 226GtC, total geo-
logical storage of carbon between 1990 and 2100 is
within this guard rail in scenario A1T-450.The poten-
tial of geological storage in deep saline aquifers is
substantially larger, but so too are the uncertainties
relating to feasibility and environmental conse-
quences. In view of the inadequate state of knowl-
edge and potentially substantial ecosystem impacts,
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Figure 4.3-2
Scenario A1T-450 in the climate window for a broad range of
climate system sensitivities (1.5°C, 2.5°C and 4.5°C climate
sensitivity). Climate sensitivity expresses the warming level
that follows from a doubling of the CO2 concentration in the
atmosphere relative to pre-industrial levels.
Source: WBGU, using IIASA data
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the WBGU deems an application of this technology
inappropriate before an in-depth technology assess-
ment has taken place (Section 3.6).

4.3.1.3
Sustainable land use

In an earlier report, the WBGU provided a first-
order calculation of how the sustainable use of the
biosphere can be ensured for present and future gen-
erations alike (WBGU, 2001a). This indicated that
10–20 per cent of the worldwide terrestrial biosphere
should be safeguarded by a global network of pro-
tected areas. As this network needs to be established
in a manner differentiated according to biomes,
countries, regions, etc., there can also be regions for
which a far larger priority conservation area percent-
age is appropriate. For other regions, 2–5 per cent
may suffice.

Population growth additionally exacerbates the
land-use conflict between agriculture or forestry and
nature conservation. In the densely populated
regions of South Asia, 85 per cent of the potential
arable area is already used for food production, but
the agricultural area per capita is still smaller than
food security would require (WBGU, 2001a). The
IPCC assumes a worldwide growth of utilizable agri-
cultural area by some 30 per cent in the 21st century.
The range is from 7.5 per cent in developed countries
to 96 per cent in Africa (IPCC, 2001b).

Defining the guard rail
To prevent land-use conflicts, it is essential to define
limits for the cultivation of bioenergy crops and for
terrestrial CO2 storage. The two following principles
need to be observed in this context:
• Bioenergy carrier production and terrestrial CO2

storage must not jeopardize implementation of
the WBGU conservation area target of 10–20 per
cent. As the present worldwide total of conserva-

tion areas only figures 8.8 per cent (category I-VI
areas; Green and Paine, 1997), the conversion of
natural ecosystems into land cultivated for bioen-
ergy crops is rejected as a matter of principle.

• The production of food must have priority over
the production of replenishable energy carriers
and over storage.

These principles provide a basis for estimating the
maximum area devoted to cultivating bioenergy
crops worldwide and in certain regions. As a global
guard rail, the WBGU recommends allocating at
most 3 per cent of the terrestrial area to such energy
purposes. Cultivation of bioenergy crops on this area
could yield some 45EJ primary energy. However, in
view of disparate local conditions, it is essential to
carry out a detailed examination of the individual
continents in order to avoid land-use conflicts with
food and timber production, as well as with the con-
servation of natural ecosystems. Table 4.3-1 lists the
WBGU’s proposals for regional guard rails. A pre-
condition to their implementation is that the
required worldwide protected area network has been
realized beforehand (WBGU, 2001a).

Quantifying the guard rail 
For the European Union, Kaltschmitt et al. (2002)
state 10 per cent of the arable area (7.4 million ha) as
the potential area for cultivating energy crops; the
figure is mainly a result of taking agricultural areas
out of production (Section 3.2.4.2). If we assume for
the whole of Europe that in future 10 per cent of
arable land and 10 per cent of pasture land will be
available for energy crops, then we receive an area of
approx. 22 million ha or 4.5 per cent of the terrestrial
area as a guard rail (Table 4.3-1).

In Asia, it has been shown that biomass resources
are already over-exploited in some areas
(Kaltschmitt et al., 1999). Consequently, the available
area is small. No appraisals are available for Aus-
tralia, but in view of the large desert and semi-desert

Table 4.3-1
Potential area for energy
crops and its regional
distribution, and energy
quantity that can be
produced annually from
these areas. The energy
quantity is calculated from a
mean yield of 6.5 t/ha/y and
a calorific value biomass of
17.6MJ/kg. The percentages
relate to the total areas of
the various continents.
Source: WBGU compilation

Region Potential area Source WBGU guard rails

[million ha] [%] [million ha] [%] [EJ/a]

Europe 22 4.5 Kaltschmitt et al., 2002 22 4.5 2.5

Asia and
Australia 37 0.7 IPCC, 2001c 29 0.5 3.3

Africa 111 3.8 Marrison and Larson,
1996

111 3.8 12.7

Latin America 323 16 Schneider et al., 2001;
only Brazil

165 8 18.8

North America 101 5.9 Cook et al., 1991;
only USA

67 3.6 7.7

World 595 4.6 394 3.0 45.0
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areas the opportunities to cultivate energy crops are
very limited.

An appraisal conducted by Marrison and Larson
(1996) for Africa assumes that arable land will grow
2.4 fold and that the areas of forests and natural land-
scapes will remain unaltered. Schneider et al. (2001)
estimate for South America that 16 per cent of the
terrestrial area would come into question for culti-
vating bioenergy crops (extensive grassland,
degraded soils) without needing to convert natural
ecosystems. However, their study area in north-east
Brazil, in the state of Maranhao, had only a small pro-
portion of tropical rainforest. As that proportion is
higher in the rest of Latin America, the guard rail for
the whole subcontinent is set at 8 per cent of the area
in order to safeguard the conservation of tropical
primary forest remnants.

For the USA, 40 per cent of the bioenergy cultiva-
tion area reported by Cook et al. (1991) is made up of
agricultural areas that are no longer utilized, while
the other 60 per cent are made up in roughly equal
measure of meadows, pastures and forests. If we
exclude the conversion of forests, and reduce because
of prevailing demand uncertainties the area of mead-
ows and pastures coming into question by half, then
we arrive at a potential cultivation area of 61 million
ha. By adding 10 per cent to this value to represent
Canada, we arrive at a maximum utilizable area for
North America of 67 million ha or 3.6 per cent of the
terrestrial area.

Principles presenting limits to biomass use
Energy crops: On all areas which, after balancing dif-
ferent uses, are deemed suitable for cultivating bio-
mass as an energy carrier or for storing carbon, such
cultivation must be sustainable and ecologically
sound. Fertilizer and pesticide inputs must therefore
be minimized and tillage must be low-impact in order
to keep erosion to a minimum. These requirements
are simpler to implement when cultivating perennial
grasses and rapidly growing trees than when engag-
ing in the intensive cultivation of annual energy crops
(Graham et al., 1996; Paine et al., 1996; Zan et al.,
2001). Moreover, when cultivating energy crops in
plantations, a minimum of species, genetic and struc-
tural diversity must be maintained within the areas.
Furthermore, cultivation should be integrated into
the surrounding landscape.

Use of residues: In agriculture, care needs to be
taken that the use of straw and other residues does
not jeopardize over the long term the conservation of
soil structure, the recycling of nutrients and the pro-
portion of organic matter in the soil. The quantities
that can be extracted vary depending upon nutrient
supply and soil structure. They are close to zero on
poor tropical soils (e.g. oxisols, ultisols), but on richer

soils they can quite well be around 1–2t per hectare
and year.Assuming a global mean of 0.7t per hectare
and year and a calorific value of 17.6MJ per kilo-
gram, a utilizable agricultural area of 1,500 million
hectares worldwide yields a potential of 18EJ per
year.

The use of forestry residues, too, must not impair
nutrient recycling. Care further needs to be taken
that a sufficient quantity of dead wood remains in the
forests. Under European conditions, it can be
assumed that approx. 1.5t of forest timber can be
used sustainably for energy purposes per hectare and
year. In view of the inaccessibility and conservation
value of large parts of the boreal and tropical forests,
it appears purposeful to proceed at a global level
from about one-third of the European value, i.e. to
extract no more than 0.5t per hectare and year. Given
a global forest area of 4,170 million ha and a calorific
value for wood of 18.6MJ per kilogram, this results in
a sustainable potential of 39EJ per year.

Thus, in total, the cultivation of energy crops
(approx. 45EJ per year), the use of agricultural
residues (18EJ per year) and of forestry residues
(39EJ per year) yields a sustainably utilizable poten-
tial of modern biomass amounting to approx. 100EJ
per year. This is joined by a further 5–7EJ per year
from the traditional use of cattle dung to produce
energy (Section 3.2.4.2).

CO2 storage in terrestrial ecosystems
For the storage of carbon in biological sinks, too, it
needs to be ensured that the appropriation of areas is
sustainable. Food production and nature conserva-
tion goals must not be jeopardized. The intensified
use of biomass as a renewable energy source com-
petes with carbon storage on the same area. Because
raising the share of renewable energy sources is a key
goal of the WBGU, using the areas coming into ques-
tion to produce energy from biomass has preference
over pure carbon storage through afforestation of
‘Kyoto forests’. In existing forests, however, the con-
servation of stocks has priority, for the rise in atmos-
pheric CO2 concentration that would result from the
destruction of their carbon stocks is greater than the
CO2 savings that can be achieved through measures
accountable in the first commitment period under
the Kyoto Protocol. Thought therefore needs to be
given to an appropriate commitment to also conserve
natural stocks in future commitment periods.

Testing the guard rail
In scenario A1T-450 modern bioenergy provides
about 205EJ primary energy in the year 2050.To pro-
duce the required biomass, the scenario assumes
large areas for the cultivation of bioenergy carriers.
These areas exceed both globally and on the individ-
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ual continents the WBGU guard rail for sustainable
biomass use (Table 4.3-2). The scenario assumes an
energy yield of 112GJ per hectare and year (corre-
sponding, at a calorific value of 17.6MJ per kilogram,
to about 6.6t per hectare and year), which certainly
seems realistic.

The origin of the areas on which to cultivate
energy crops remains unclear in this scenario. Over
the period considered, the areas for forests, grassland
and arable farming change very slightly, while the
areas aggregated under the ‘other’ category decline
by the year 2100 from 3,805 to 3,253 million hectares.
If we assume that, besides deserts, mountains and
built-up areas, the areas in question are mainly arid
and semi-arid, then the question arises whether the
yields which the scenario assumes for bioenergy pro-
duction are possible on these areas. A sustainable
scenario will need to manage with much smaller
amounts of energy from biomass.

4.3.1.4
Biosphere conservation in rivers and their
catchment areas

As for terrestrial land uses, so also are there limits to
sustainable use for freshwater ecosystems (lakes,
rivers) and their catchment areas. In relation to the
energy sector, hydropower use is the aspect of partic-
ular relevance, for dams have numerous ecological
impacts that also extend beyond the immediate loca-
tion of the hydropower plant (Section 3.2.3.3). Of the
106 large catchment areas of the world, 46 per cent
have been modified by at least one dam (Revenga et
al., 1998). Even today, the cumulative negative
impact on aquatic ecosystems is considerable. In
many cases, people who had adapted their lifestyles
and traditions to their river are also adversely
affected (for instance by forced resettlement). For
these reasons, the principle of sustainable develop-
ment requires limits to the expansion of hydropower.

Sustainability of hydropower
Because many factors interact, it is not possible to
state a simple absolute and global guard rail for the
sustainability of hydropower projects (Section
3.2.3.3). Nonetheless, compliance with certain frame-
work conditions is essential when hydropower plants
are built (Section 3.2.3.4):
• Nature conservation: As for terrestrial areas, a cer-

tain proportion (about 10–20 per cent) of riverine
ecosystems including their catchment areas
should be reserved for nature conservation. Espe-
cially in the catchments of potential future
hydropower projects, areas of particular conserva-
tion value need to be protected swiftly in a pre-
cautionary manner (Section 3.2.3.4).

• Principles for major hydraulic engineering pro-
jects: The existing international guidelines for sus-
tainability (World Bank, OECD) need to be
applied to all hydraulic engineering projects. An
important basis has also been elaborated by the
World Commission on Dams (WCD, 2000) in a
worldwide discussion process. Implementation of
the guidelines at national level presupposes tech-
nical and institutional capacity-building as well as
long-term responsibilities. To elaborate sustain-
ability analyses, the scientific basis first needs to be
created. Research needs to be conducted for the
specific catchment areas by independent regional
centres, in a manner independent of concrete pro-
jects (Section 6.3.1). Such centres can also estab-
lish the basis for comparing regional site alterna-
tives, and can keep indirect and cumulative effects
(e.g. of a series of projects on one river) in focus
(Section 3.2.3.3).

Defining the guard rail
If the necessary framework conditions (investment
in research, institutions, capacity building, etc., Sec-
tion 3.2.3) are created over the next 10–20 years,
then, with a sufficiently circumspect approach, an
additional third of the presently utilized potential
can be made accessible in a step by step process until
2030 (power production then totalling approx. 12EJ
per year). Only if the above preconditions are met

Table 4.3-2
Scenario A1T-450:
Estimated proportions of
total terrestrial area of areas
cultivated for bioenergy
crops in 2050, compared to
WBGU guard rails.
Source: WBGU

Scenario region Area and proportion of total area WBGU guard rail 

High estimate Low estimate

[million ha] [%] [million ha] [%] [%]

Europe 144 29.4 129 26.2 4.5
Asia 589 12.1 494 10.2 0.5
Australia 186 21.9 147 17.4 0.5
Africa 288 9.7 241 8.1 3.8
Latin America 266 13.2 225 11.2 8
North America 353 18.9 294 15.7 3.6

World 1,826 14.0 1,529 11.7 3
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could the value be raised by 2100 to approx. 15EJ per
year.

Testing the guard rail
Scenario A1T-450 envisages hydropower being
expanded from its present level of approx. 9.5EJ to
35EJ in 2100, i.e. more than three-fold growth. This
value oversteps by far the guard rail set by the
WBGU.

4.3.1.5
Marine ecosystem protection

The marine biosphere is already impaired by con-
ventional energy systems, for instance through oil
pollution, the warming of estuaries and coastal
waters, and the dumping of nuclear waste. New
energy technologies are being debated in connection
with the restructuring of global energy systems that
may have further major impacts upon the marine
environment. Decisions thus need to be taken on
which of these technologies are non-sustainable.This
appraisal is difficult because marine ecosystems are
comparatively poorly researched and the conse-
quences of interventions are thus hard to evaluate.
Consequently there is a particular need here to
observe the precautionary principle. As it is not pos-
sible to define a universal guard rail for marine con-
servation – this would have to remain too general –
we discuss here the tolerable limits for specific tech-
nologies.

Defining the guard rail
Two technology options are currently under debate
for carbon storage in the oceans: Dissolution in sea-
water and storage in marine ecosystems (Section
3.6). Deep-sea injection of carbon dioxide elevates
the partial pressure of the CO2 and at the same time
lowers the pH value of the seawater. There is inade-
quate scientific understanding of the biological con-
sequences. Similarly, iron fertilization, for instance in
the South Seas, is feared to entail severe impacts
upon marine ecosystems. For both options, major
uncertainties attach to the permanence of storage.
With due regard to the precautionary principle, the
WBGU therefore recommends using neither of the
options within a sustainable energy system.

Using offshore wind power
In principle, wind power is a form of energy produc-
tion that is both renewable and has low environmen-
tal impact. The development of offshore technology
has given wind power a major new potential that is
expected to further accelerate the advance of this
form of energy generation. However, the establish-

ment of large-scale offshore wind farms may have
adverse effects upon the marine biosphere (e.g. in
terms of bird conservation); research is currently
under way to resolve these issues (Section 3.2.5). A
need remains to develop guidelines for the handling
of this technology on a firm scientific basis, in order
to minimize environmental effects. Areas that
already have a designated nature conservation status
must be excluded from areas designated for offshore
wind farms, as must areas that may fall within the
scope of the European Union Habitats Directive, as
well as important bird breeding or migration areas.
Offshore wind power use competes with other uses
of the areas in question:The demands of shipping, oil
industry, fishery, nature conservation and other inter-
ests need to be reconciled when planning the uses of
areas. The available data does not suffice to define a
universally valid guard rail.

4.3.1.6
Protection against atmospheric air pollution

The ecological effects of atmospheric pollution are
diverse.The nitrogen oxide (NOX) and sulphur oxide
(SOX) emissions formed when fossil fuels and bio-
mass are burnt play a key role in the human modifi-
cation of biogeochemical cycles. They impact upon
soils, terrestrial ecosystems and water bodies and are
a cause of forest dieback. Ground-level ozone
formed from NOX and hydrocarbon emissions in a
smog reaction under sunlight elevates plant respira-
tion while at the same time reducing biomass forma-
tion and increasing plants’ susceptibility to pests and
disease (Percy et al., 2002). Reduced biomass forma-
tion lessens the sink effect of the biosphere and
amplifies human-induced global warming. Emissions
of volatile organic compounds, soot and other sus-
pended particulates as well as of heavy metals and
persistent organic compounds from combustion
processes produce direct toxic, but also ecotoxic
effects when these substances enter ecosystems and
accumulate in organisms.

Tentative guard rail definition
‘Critical loads and levels’ are science-based maxi-
mum limits for specific pollutants and receptors of
varying sensitivity (ecosystems, sub-ecosystems,
organisms through to materials). Critical loads and
levels need to be formulated by preference at the
receptor and in an impact-related manner (UBA,
1996; SRU, 1994). They are determined numerically
as the rate of deposition which, if not exceeded, is not
expected to damage receptors according to the cur-
rent state of knowledge. Defining and reviewing
these ceilings is resource-intensive and complex
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because doing so requires high-resolution spatial
mapping of the different receptors (e.g. ecosystem or
soil types) and of pollutant loads for each individual
pollutant. This concept is implemented in the shape
of the 1979 Geneva Convention on Long-Range
Transboundary Air Pollution. However, until now
the Convention has remained limited to Europe and
North America. It thus does not provide a basis for
deriving a global guard rail.

As a proxy guard rail for worldwide emissions, we
could take the criterion that pollutant loads else-
where must not be higher than those in Europe
today. Given that the situation in Europe today is not
satisfactory yet for all pollutants, this can only be an
absolute minimum requirement. It also entails a
series of problematic assumptions, e.g. that the
regional distribution of pollutants is similar, that pol-
lutant imports and exports are negligible, and that
ecosystem and soil types are all similarly sensitive.
Regional guard rails could be set and implemented
on the basis of the critical loads concept by adopting
national environmental standards or multilateral
environmental agreements. If we assume an equal
quantity of utilized energy services, we can expect
that vigorous application of the state of the art in
power plants, households and transportation would
allow compliance with the guard rail.

Testing the guard rail
To produce a preliminary assessment, the WBGU
has calculated the SOX emissions per unit area in the
different regions.This provides a very rough measure
of the environmental impacts of emissions. Consider-
able sources of error are tolerated in this calculation;
for instance, it does not consider the transboundary
or seaborne transport of pollutants. The test shows
that, in scenario A1T-450, mainly East Asia (China,
Korea and neighbouring countries) as well as eastern
Europe suffer high loads. In this scenario the guard
rail is complied with everywhere in the second half of
the 21st century, because the technology by which to
prevent these emissions is already available and is
increasingly also deployed in the ‘critical’ regions
where strong growth in energy demand is to be
expected. A more rapid transformation towards
renewable energy sources would hasten compliance
with the guard rail.

4.3.2
Socio-economic guard rails

4.3.2.1
Human rights protection

When formulating strategies for the transformation
of energy policy, the WBGU is also guided by human
rights imperatives, i.e. by universal principles which
apply to all social systems. In order to define more
precisely and implement the socio-ethical objectives
of the sustainable development model, reference can
be made to norms codified in international law, such
as the human rights and labour conventions, and
principles of universal justice, such as the equal dis-
tribution of global environmental space.

Meeting the individual minimum requirement
for energy
The WBGU considers that one of the objectives of a
sustainable transformation of energy systems must
be to enable all households worldwide to gain access
to modern energy. This objective is underpinned by
the International Covenant on Economic, Social, and
Cultural Rights. In Article 11, the States Parties to
the Covenant recognize the right of everyone to an
adequate standard of living for himself and his fam-
ily and to the continuous improvement of living con-
ditions.

This right includes adequate housing, which
encompasses, among other things, access to energy
for cooking, heating and lighting (CESCR, 1991). At
the same time, it follows from this article, in conjunc-
tion with Article 12 which recognizes the right to
health, that adequate housing must protect its resi-
dents from health risks. This means that the fuel use
of traditional biomass is incompatible with the
Covenant whenever it produces indoor air pollution
to an extent that endangers health (Sections 3.2.3,
4.3.2.7). The energy supply must be developed in a
way which ensures that burdens are shared equally
and reasonably between women and men, and that
the rights of children to special protection (Conven-
tion on the Rights of the Child) are guaranteed. Spe-
cific references to an obligatory timeframe within
which a basic energy supply must be guaranteed can-
not be derived from the Covenant.

Safeguarding the energy-related bases of
the right to development 
As an adequate energy supply is a key prerequisite
for economic and social development (Section 2.2), a
collective entitlement to the amount of energy
required to facilitate and promote development
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could be derived from the ‘right to development’. In
1986, the UN General Assembly adopted its Decla-
ration on the Right to Development, which estab-
lished the right to development ‘as a universal and
inalienable right and an integral part of fundamental
human rights’. At the World Conference on Human
Rights in Vienna in 1993, the Western states finally
dropped their reservations about this Declaration.
Article 4 (1) of the 1986 Declaration, which has no
binding force under international law, imposes the
following obligation on States:“… to take steps, indi-
vidually and collectively, to formulate international
development policies with a view to facilitating the
full realization of the right to development”. It
remains unclear, however, precisely what is meant by
development on an individual basis, whether any spe-
cific provision of services can be derived from this
‘right to development’, and if so, which services they
are. Only Article 8 sets out a catalogue of objectives
for ‘equality of opportunity for all in their access to
basic resources, education, health services, food,
housing, employment and the fair distribution of
income’. A legal entitlement to an adequate energy
supply could be derived, at most, from the demand
for ‘equality of opportunity for all in their access to
basic resources’.

A ‘right to development’ which is unenforceable
in law is of little value. Nonetheless, it could – in con-
junction with Article 11 of the International
Covenant on Economic, Social, and Cultural Rights –
underpin a claim to an adequate energy supply on
human rights grounds, since this is necessary not only
for the development of agriculture and industry but
also for the ‘continuous improvement of living condi-
tions’. And this right is undisputed in international
law as well.

4.3.2.2
Access to modern energy for everyone

Basic energy services include lighting, cooked food,
comfortable interior temperatures, refrigeration and
transportation (UNDP et al., 2000), but also access to
information and communications and to motive
power for simple industrial and agricultural
processes. The WBGU considers that access to mod-
ern forms of energy is essential to safeguard these
energy services, because traditional biomass use,
especially for cooking and heating, is both an imped-
iment to development and health-endangering and
must therefore be substituted (Sections 3.2.4.2,
4.3.2.7). Electricity supply is also of great importance.
Electricity not only provides lighting and refrigera-
tion and facilitates domestic and industrial processes;
it also offers access to communications, opening up

educational opportunities and expanding the scope
for participation.

Section 2.2 makes it clear that the current situa-
tion is still far removed from this objective. If present
trends continue, it will take more than 40 years for
access to electricity to be available to all households
in South Asia, for example, and around twice as long
for sub-Saharan Africa (IEA, 2002c). If anticipated
demographic development is also taken into account,
the timescale is likely to be even longer. The WBGU
considers this prospect to be intolerable. Additional
efforts must be made to ensure access to modern
energy.

Defining the guard rail
As a minimum requirement for a sustainable trans-
formation of energy systems, the WBGU recom-
mends that access to modern energy should be pro-
gressively secured for the entire global population.
This applies especially to the switch from health-
endangering biomass use for cooking and heating to
modern energy carriers (Section 3.2.4.2) and to elec-
tricity-dependent energy services. Based on this
guard rail, the WBGU derives various objectives
which are set out in more detail in Section 7.3.1.

Testing the guard rail
The A1T-450 test scenario does not supply the neces-
sary data to allow this guard rail to be tested in quan-
titative terms. However, since this is a scenario with
high economic growth, achieving the guard rail
within a matter of decades seems entirely feasible.
Indeed, the World Energy Council defines the provi-
sion of electricity to all households which currently
have no electricity supply as operationally feasible by
2020 (WEC, 2000). Given China’s recent success in
connecting an average of 6 million people in remoter
rural areas to the electricity grid each year (Chen et
al., 2002), it should be possible to replicate this
achievement ten-fold across the world, especially if
stand-alone energy sources (e.g. village electricity
supply systems) are established at first.

4.3.2.3
Individual minimum requirement for modern
energy

Defining the guard rail
In order to meet the world population’s individual
minimum requirement for modern energy, the
WBGU recommends that:
• by the year 2020 at the latest, everyone should

have at least 500kWh final energy per person and
year;
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• by 2050, everyone should have at least 700kWh
final energy per person and year;

• by 2100, the level should reach 1,000kWh.
The WBGU considers the absolute minimum
requirement for individual needs to be approxi-
mately 450kWh per person and year (in a 5-person
household; Table 4.3-3) or 500kWh per person and
year (in a 2-person household). These figures are
within the range of 300 to 700kWh per person and
year generally postulated in the literature. Indeed,
some WEC authors consider 1,000kWh per person
and year to be the adequate minimum requirement
(WEC, 2000). A level of 450 to 500kWh per person
and year must be the absolute minimum, since this
takes no account of heating, transportation and sup-
porting domestic and subsistence-economy activities.
Furthermore, while the efficiency level assumed for
the purposes of the calculations is desirable and fea-
sible in principle, downward adjustments may be
required. On the other hand, technological advances
may mean that the basic requirement, defined above,
can in future be met with less primary energy.The fol-
lowing discussion provides a more detailed quantifi-
cation of the guard rail.

Quantifying the guard rail 
Defining a minimum per capita energy requirement
poses significant normative, methodological and
technical problems.Among other things, climatic and
geographical aspects must be taken into account,
along with cultural, demographic and socio-eco-
nomic factors. Furthermore, when converting energy
services into the energy amounts required, assump-
tions must be made about the technologies used. For
this reason, the literature contains very little detailed
data about such a minimum requirement.

Despite these problems, the calculation seems rea-
sonable (Table 4.3-3), as this minimum requirement
is not defined as an objective but as an absolute min-
imum, and failing to achieve it must be regarded as
incompatible with sustainability. Table 4.3-3 assumes

that efficient technologies are used in line with the
current state of technology.

Requirement for electricity
The individual minimum requirement for electricity
to safeguard a basic supply for lighting, refrigeration
and communications is around 60kWh per person
and year, assuming a 5-person household. For 2-per-
son households, whose numbers are increasing in
developing countries as well, it must be assumed that
the household requirement is somewhat lower – a
smaller refrigerator, etc. Their per capita require-
ment is thus estimated at around 100kWh per person
and year.

The report by the G8 Renewable Energy Task
Force (2001) is one of the few analyses to break down
the basic electricity requirement on a quantitative
basis. It arrives at similar conclusions. A Chinese
study distinguishes between low, medium and high
basic requirements for a 4-person household and
defines the requirement for China as the equivalent
of 37, 94 and 668kWh per person and year in each
category (Chen et al., 2002). Unlike Table 4.3-3, how-
ever, refrigeration is not calculated into the low and
medium basic requirement, while a washing machine
and freezer are factored into the high basic require-
ment.

The World Energy Council (WEC) estimates cur-
rent electricity consumption by the people in devel-
oping countries who have access to electricity to be,
on average, 1,300kWh per person and year. In the
lowest income quintile with access to electricity, the
average is 340kWh per person and year (WEC,
2000). If the technologies used were replaced by
more efficient ones, this electricity consumption
could more than cover the minimum requirement.

Energy requirement for cooking and
heating
The energy requirement for cooking and heating
must be viewed separately from the other energy ser-
vices as no electricity has to be used here. In the

Table 4.3-3
Minimum per capita final
energy requirement. Failure
to achieve this must be
viewed as non-sustainable.
The calculation is based on a
5-person household.
Sources: WBGU; G8
Renewable Energy Task
Force, 2001

Energy
service

Explanations Final energy requirement
[kWh per person and
year]

Potable water Electric pump for 5l per person and day 2

Lighting 5hrs a day with 20W per household 7

Information,
communications

Communication equipment (radio, TV, etc.)
5hrs at 50W per household

18

Refrigeration 0.4kWh per day per household,
primarily for food

29

Total Interim 56 (electricity)

Cooking 1.5 cooked meals per day 400 (fuel)

Total 456
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developing countries, around 0.15EJ from biomass is
used for cooking (IEA, 2001b; G8 Renewable
Energy Task Force, 2001). In Table 4.3-3, it is assumed
that the per capita basic requirement is for 1.5
cooked meals per day on average (Grupp et al.,
2002). If highly efficient gas cookers are used, this
yields an energy requirement of 700–750Wh per
cooked meal and thus a requirement of around
400kWh per person and year.

The WBGU has not included space heating in its
calculation of the individual basic requirement in
Table 4.3-3. There are two main reasons for this:
Firstly, the need for heating and the amount of
energy used for this purpose depend on local climatic
and building conditions which vary so much, both
internationally and regionally, that statements about
average heating requirements are meaningless. Sec-
ondly, in the majority of countries with a low electri-
fication rate and a high proportion of traditional bio-
mass use, indoor heating is rarely required. In indi-
vidual cases, however, the energy requirement for
heating may be very high. For example, to heat a
room of 20m2 requires around 800kWh per year even
in a low-energy house in Germany.

Energy requirement for transport
There is a minimum requirement for mobility
because schools, medical facilities and markets must
be accessible for everyone under acceptable condi-
tions. This minimum requirement probably varies
even more substantially than the domains examined
above, because infrastructure and distances, for
example, also vary widely. It is almost impossible to
convert the basic requirement for transport services
into units of energy, since no general assumptions can
be made about the mode of transport used (truck,
ferry, bicycle, animal, etc.). For this reason, energy for
mobility requirements is not included in Table 4.3-3.
Nonetheless, a ‘soft’, i.e. purely qualitative mobility
guard rail should be considered.

Reducing disparities in energy supply
The disparities in meeting the minimum per capita
energy requirement can be very substantial, both
between countries and between population groups
within a single country. The disparities between the
best- and worst-supplied groups are often so great
that the latter is unable to participate satisfactorily in
economic, political or cultural life. For this reason,
the WBGU recommends that the absolute ‘Individ-
ual minimum requirement for modern energy’ guard
rail be supplemented by relative sub-limits. This
applies, not least, because – as in the context of
poverty – it is not only the actual, but also the per-
ceived availability of energy services which is signifi-
cant. It is impossible, however, to derive an absolute

quantitative guard rail for the disparities which con-
tinue to be acceptable at national and international
level. Aside from normative/ethical and technical/
methodological difficulties, climatic and socio-cul-
tural differences between regions and countries
stand in the way of such a calculation. However,
analyses show that the current disparities between
countries or regions are far from being what the
WBGU classifies as sustainable. This applies even if
extreme values are not included in the calculation.
The WBGU therefore introduces a tangible reduc-
tion of current disparities as a realistic minimum con-
dition upon the scenario.

‘Dynamizing’ the guard rail
The minimum requirement for energy, like the socio-
cultural minimum subsistence figure (minimum
household income), is not a value which is indepen-
dent of the system state. For this reason, it would
seem appropriate to ‘dynamize’ the ‘Individual mini-
mum requirement for modern energy’ guard rail.
This also implicitly takes account of the disparity
aspect of the guard rail. If income and energy use in
the developing countries increase (‘Economic mini-
mum energy requirement per person’ guard rail; Sec-
tion 4.3.2.5), the underlying distribution norm
requires a relative lower limit so that the amount of
energy available to the energy-poorest households
increases.

Testing the guard rail
Taking the amount of energy available per capita to
the bottom 10 per cent of the population, it is possi-
ble, in scenario A1T-450, to obey the guard rails
almost across the board. Exceptions are, in 2020, the
Middle East/North Africa and South Asia, where the
values are missed by a narrow margin.

4.3.2.4
Limiting the proportion of income expended for
energy

The WBGU considers that poor households should
not need to spend more than one-tenth of their
income to meet their elementary energy require-
ments (500kWh per person and year). This would be
a significant improvement on the current situation in
poor developing countries. Nonetheless, the propor-
tion of income expended for energy would still be six
times higher than in industrialized countries.

Defining the guard rail
As a guard rail, the WBGU proposes that expendi-
ture to cover elementary individual energy needs
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should be a maximum of 10 per cent of household
income.

Quantifying the guard rail
Defining a quantitative guard rail which describes
the maximum proportion of household income
which should be used to cover the minimum require-
ment for energy services also poses major normative
and methodological problems. For example, by defin-
ing a percentage, direct assumptions are made about
the share of income which is appropriate to cover
other needs. The variations in household incomes
must also be taken into account.

Assessments of the current proportion of expen-
diture bring us closer to a quantification of the guard
rail. Various studies agree that in the OECD, i.e. the
industrialized countries, this proportion is around 2
per cent (G8 Renewable Energy Task Force, 2001;
World Bank, 2002a). Few case studies are available
for the developing countries (LSMS, 2002; World
Bank, 2002a). However, the general impression is
that people in countries without access to ‘modern’
energy spend a far higher share of their income on
energy than people in countries or regions with
secure access. The estimates on the share of dispos-
able income spent on energy by poor population
groups in developing countries vary between 10 and
33 per cent, depending on the energy services and the
type and size of the group observed (ESMAP, 1998,
1999;World Bank, 2002a). Expenditure on energy for
cooking is often not included in these estimates. If
fuel is gathered at no cost, this expenditure may be
very low in many rural areas, but is nonetheless asso-
ciated with sometimes high ‘costs’, such as the time
spent and the damage sustained to health (Sections
2.6, 3.2.4).

With an estimated 1,200 million people currently
living below the poverty line of US$1 per day, the 10
per cent guard rail means that these people must be
able to meet their elementary energy requirement at
a cost of at most US$37 per year. For a further 1,600
million people who live on between US$1 and US$2
a day, the tolerable amount ranges between US$ 37
and US$73 per year. On the very simplistic assump-
tion that income and income distribution remain
constant and all of the 2,800 million poorest people
have a disposable annual income of precisely
US$365, the first 500kWh per year should not cost
them more than 7.3 US cents per kilowatt hour on
average (electricity or fuel).The necessary cross-sub-
sidizing or social transfers (‘heating and electricity
benefit’) decrease as the income of the poorest
groups increases. Here, the income-generating
effects of access to modern and affordable energy
should act as an accelerator.

Testing the guard rail
Whereas scenario A1T-450 does not supply the data
necessary to test this guard rail (e.g. electricity prices,
income/consumption), scenario B1-450 can be used
in this instance. It is assumed that average private
consumption among the poor population groups is
equivalent to private income. Then, via the distribu-
tion of income in the poorest developing countries,
an estimated value for the income of the poorest 10
per cent of the population is calculated. Since a max-
imum of 10 per cent of this value is available for 
500kWh per person and year, a still tolerable elec-
tricity price can be calculated, which is then com-
pared with the price in the scenario. This calculation
poses many uncertainties. For example, electricity
prices within a country may vary widely: In rural
regions, where electricity is produced with diesel gen-
erators, the price is far higher than in the cities. Dif-
ferent subsidy practices further distort the values.
The result of the calculation for scenario B1-450
shows that compliance with the guard rail can be
guaranteed from the middle of this century. How-
ever, as scenario A1T-450 has higher economic
growth rates and therefore income increases, the sit-
uation is likely to be better here. For these reasons,
the WBGU considers that compliance with the guard
rail from 2050 at the latest is a realistic prospect.

4.3.2.5
Minimum per capita level of economic
development

Total per capita energy requirement must also
include the energy services used indirectly in the
manufacture and distribution of all public and pri-
vate goods which the person consumes.This includes,
for example, transportation services which, for
methodological reasons, are not taken into account
when calculating individual energy requirement
(‘Individual minimum requirement for modern
energy’ guard rail, Section 4.3.2.3).A useful indicator
of the sum of the goods and services produced is
gross domestic product (GDP), although it has vari-
ous shortcomings and does not fully reflect the infor-
mal sector or family/voluntary work, for example.
The WBGU is aware of the normative problems
associated with a minimum value for the GDP indi-
cator per person and year. However, as this threshold
is defined not as a goal but a guard rail, transgression
of which is viewed as unsustainable in social and eco-
nomic terms, the WBGU nonetheless proposes the
following definition.
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Defining the guard rail
All countries should be able to deploy a per capita
gross domestic product of at least US$2,900 in 1999
values.

Quantifying the guard rail
The guard rail was determined as follows: Out of the
70 poorest countries, the ten were identified which
combine a relatively high value on the Human
Development Index (HDI) and income-adjusted
HDI with a low value on the Human Poverty Index
(Table 4.3-4).

The ten countries selected have an adjusted HDI
of 0.7–0.8 and an HPI of 11–29. Despite their rela-
tively low GDP, they are countries which UNDP has
classified as falling within the medium range of
human development, and they are also included in
the 50 per cent of developing countries with an HPI
lower than 30 (UNDP, 2002a). They include Latin
American and Asian but not African countries. The
arithmetic mean of the ten countries’ annual per
capita GDP is US$2,900 per person and year, which
the WBGU considers to be the lower limit for a life
in human dignity. Sixty countries with a total popula-

tion of 2,200 million did not achieve this threshold in
1999. In 21 countries with a total population of 375
million, the indicator was actually lower than
US$1,000.

In principle, a macroeconomic minimum energy
requirement per person and year could be derived
from the primary energy consumption of the ten
countries selected. If Jamaica is excluded due to its
extremely high consumption, per capita consumption
of commercial energy in the remaining nine coun-
tries stands at between 4,500 and 10,500kWh per per-
son and year, with a mean of 7,500kWh per person
and year (Table 4.3-4).

Alternatively, the lower limit of US$2,900 per per-
son and year could also be used directly to derive the
economic minimum energy requirement. Taking
mean primary energy required by all countries with a
GDP of between US$2,600 and US$3,200 per person
and year to manufacture a product with a value of
US$1 in 1998, this results in a economic minimum
primary energy requirement of 7250kWh per person
and year. Finally, reference could also be made to the
average energy intensity of the OECD countries

Table 4.3-4
Indicators of selected low-income countries with acceptable successes both in the area of development and in poverty
avoidance. HDI Human Development Index, HPI Human Poverty Index, GDP Gross Domestic Product. The average values
were calculated as an unweighted arithmetic mean.
Sources: UNDP, 2002a; World Bank, 2002a

Country Per capita
GDP (1999)

[PPP US$/
per capita/a]

HDI 
(1999)

Income-
adjusted
HDI

HPI
(1999)

Population
(1999)

[Million]

Commercial 
energy use
(1997)

[kWh/
per capita]

Commercial
energy
use/GDP
(1997)
[kWh/
PPP US$]

Traditional
energy
(1997)

[% of 
total use]

Vietnam 1,860 0.68 0.78 29.1 77.1 6,044 2.9 37.8
Nicaragua 2,279 0.64 0.69 23.3 4.9 6,394 2.9 42.2
Honduras 2,340 0.63 0.69 20.8 6.3 6,171 2.6 54.8
Bolivia 2,355 0.65 0.71 16.4 8.1 6,354 3.0 14
Indonesia 2,857 0.68 0.74 21.3 209.3 8,039 2.5 29.3
Ecuador 2,994 0.73 0.81 16.8 12.4 8,271 2.7 17.5
Sri Lanka 3,279 0.74 0.81 18.0 18.7 4,478 1.5 46.5
Jamaica 3,561 0.74 0.81 13.6 2.6 18,003 5.3 6
China 3,617 0.72 0.78 15.1 1,264.8 10,521 3.0 5.7
Guayana 3,640 0.70 0.76 11.4 0.8 – – –

Average 2,878 0.69 0.76 18.6 8,253 2.9 28.2

FOR COMPARISON:

Developing
countries 3,530 0.65 0.68 4,609.8 2.7 16.7

Poland 8,450 0.83 0.87 38.6 31,564 3.6 0.8 
Portugal 16,064 0.87 0.89 10 23,792 1.7 0.9 
Germany 23,742 0.92 0.93 82 49,080 2.1 1.3
USA 31,872 0.93 0.92 280.4 93,682 3.0 3.8
Eastern Europe 

and CIS 6,290 0.78 0.82 398.3 5.6 1.2
OECD 22,020 0.90 0.90 1,122 2.5 3.3
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(Table 4.3-4). As this also stands at 2.5kWh per US
dollar, the identical result is achieved.

However, due to a lack of available data, this value
does not fully reflect energy consumption from tradi-
tional biomass use, which plays a significant role in
almost all developing countries (Table 4.3-4). Taking
this fully into account is likely to increase the average
value by at least 1,000kWh per person and year.

In view of the wide range of energy intensity, the
difficulties associated with sectoral and geographical
comparison between economies, and the variations
in the amount of traditional energy used, the WBGU
has decided not to set a ‘hard’ or quantitative guard
rail for minimum energy consumption.

The WBGU has simply tested whether, and from
which point in time, the various scenarios enable an
energy requirement of 7,250kWh per person and
year to be achieved. Assuming an annual efficiency
increase of 1.4 per cent (to 2040) and 1.6 per cent
(from 2040), the threshold in 2020 would be around
5,400kWh per person and year, and in 2050 only
around 3,500kWh per person and year.

Testing the guard rail
In order to obey this guard rail, all countries must
exceed a per capita income of US$19992900. This is
already the case in scenario A1T-450 from 2020, but
these data are only available for four regions of the
world. In a country review, supplying the amount of
energy stated above by 2050 could pose a problem.
However, due to the lack of available data in this sce-
nario, this could not be tested.

Based on this guard rail – and depending on
increases in energy efficiency – with around 7,600
million people in 2020, for example, a global primary
energy consumption of 104–137EJ is derived. As
400EJ are already used worldwide today and primary
energy consumption will increase to 650EJ by 2020 in
scenario A1T-450, the guard rail is unlikely to pose
any fundamental problems with the quantity of
energy, but at most with its distribution.

4.3.2.6
Technology risks

Defining the guard rail
A sustainable energy system needs to build upon
technologies whose operation remains within the
‘normal range’ of environmental risk across the
entire supply chain, from the various primary energy
carriers to the end consumer and possible waste.
Here, the ‘normal range’ – as opposed to the border-
line and prohibited ranges – is defined in line with the
WBGU’s Report, ‘Strategies for Managing Global
Environmental Risks’ (WBGU, 2000).

In the production and transportation of fossil fuels
and the operation of fossil-fuelled power stations,
accidents may occur due either to error or sabotage.
Such accidents have a limited impact in spatial and
temporal terms, and can therefore be included in the
normal range of environmental risk (WBGU, 2000).
The risk of emissions is restricted by other guard rails
(CO2: ‘Climate protection’ guard rail; other emis-
sions:‘Prevention of atmospheric air pollution’ guard
rail). Other renewable energy carriers (small-scale
hydropower, wind, various forms of solar energy, bio-
mass, geothermal energy, etc.) are non-hazardous
and thus fall within the normal range of environmen-
tal risk, well within the bounds of the guard rail. Even
when operating normally, hydropower plants with
large reservoirs fall within the borderline range of
environmental risk and may therefore collide with
the guard rail (WBGU, 2000; Section 3.2.3.3). This
applies especially to the threat posed by terrorism.

Nuclear power
The present use of nuclear energy (from uranium
extraction to reprocessing) involves the release of
radiation and thus poses an environmental risk. In
the context of nuclear power, there are two main
domains which collide with the risk guard rail: Firstly,
the risks associated with normal operation and waste
management, and secondly, those associated with
proliferation and terrorism (Section 3.2.2).

Normal operation and waste management: The
risks associated with the normal operation of nuclear
power plants fall within the borderline range of envi-
ronmental risk (WBGU, 2000).The OSPAR limit val-
ues are an example of internationally defined thresh-
olds for the discharge of radioactive substances into
the sea. The objective of OSPAR is to achieve con-
centrations in the environment close to zero for syn-
thetic substances. The discharge of radioactive liquid
waste from the nuclear reprocessing plants at Sell-
afield and Cap de La Hague has, in both cases,
exceeded the limit values regionally (EU Parliament,
2001). Then there is the standard set by the Interna-
tional Commission on Radiological Protection,
which defines acceptable doses of radiation exposure
per person and year (ICRP, 1991).This limit value has
also been exceeded by many times in the area around
the nuclear reprocessing plants (EU Parliament,
2001). The nuclear reprocessing currently taking
place in Europe exceeds the limit values agreed at
international level. In light of the situation concern-
ing the storage of nuclear waste, discussed in Section
3.2.2, the WBGU considers that the management of
waste from the nuclear industry must also be classi-
fied in the borderline range.

Proliferation and terrorism: Due to the unresolved
problems (Section 3.2.2), the WBGU classifies both
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proliferation and nuclear terrorism in the low to
medium probability range with the extent of damage
being substantial. This falls between the borderline
and prohibited ranges and thus conflicts with the risk
guard rail.

As there is currently no immediate prospect of
being able to guarantee worldwide the safe operation
of nuclear power plants, the non-hazardous long-
term storage of nuclear waste, and the non-prolifera-
tion and avoidance of any illicit use of radioactive
materials for terrorist purposes, the WBGU recom-
mends abstaining from the use of nuclear power in
the long term.

Testing the guard rail
As scenario A1T-450 contains a substantial propor-
tion of nuclear energy, it conflicts with this guard rail.

4.3.2.7
Health impacts of energy use

The International Covenant on Economic, Social,
and Cultural Rights defines health as a fundamental
human right (Article 12). It also recognizes the right
to an adequate standard of living (Article 11), which
includes access to energy, e.g. for cooking and heating
(‘Access to modern energy’ guard rail). In many
countries and regions of the world, these rights
remain unfulfilled because no ‘clean’ or fit-for-pur-
pose energy is available. The energy carriers used in
these areas can significantly impact on human health.
In all, around 25–35 per cent of health impairment
can be attributed to environmental risk factors
(Smith et al., 1999), but it is difficult to establish clear
causal chains between energy production and use, on
the one hand, and health damage, on the other.
Alongside the fundamental risks which cannot be
avoided when dealing with energy, there are two
domains in particular which have a proven impact on
health and which appear, in the WBGU’s view, to be
globally relevant for the definition of guard rails:

Local urban and indoor air pollution is identified
worldwide as one of the major risk factors for health
damage and mortality (especially in relation to acute
respiratory illness; Michaud et al., 2001; WHO,
2002b). This is caused by fumes from the burning of
fossil fuels or biomass (Sections 3.2.1, 3.2.4). The
technology used for this purpose (which ranges from
a 3-stone hearth to a modern low-emission power
station) plays a key role in determining the extent of
health impacts.

Radiation is health-damaging, so that the use of
nuclear energy (from uranium extraction to repro-
cessing and storage) is invariably associated with
health risks (Section 3.2.2).

DALYs (Disability Adjusted Life Years) can be
used to formulate health guard rails with the aim of
establishing tolerable limits for health impairment
(morbidity) caused by energy production and use.
DALYs are a measure of burden of disease in popu-
lations by combining ‘Years of Life Lost’ (YLLs) and
‘Years Lived with Disability’ (YLDs) (Murray and
López, 1996). However, this indicator has been criti-
cized due to its weighting of age and specific diseases,
which can under- or overestimate certain health
impacts (e.g. UNDP, 2002b). Nonetheless, DALYs are
currently the best available measure for standardized
and comparative statements. In the World Health
Report 2002, the WHO has already begun to
attribute specific risk factors to specific health
impacts and quantify the proportion of health dam-
age caused in terms of DALYs, and this applies to
urban and indoor air pollution as well (WHO,
2002b).

Defining the guard rail
Burning fossil fuels and biomass produces air pollu-
tion in the form of gases and particulate matter which
pose major health risks to the exposed population
(Fig. 4.3-3).

Urban air pollution, especially in the rapidly grow-
ing megacities in developing and transition countries,
causes major health impairment claiming around 0.8
million lives every year (Section 3.2.1.3).Almost half
of the 7.9 million DALYs attributable to urban air
pollution worldwide affect people in the western
Pacific region and in South-East Asia (especially
China).

Fumes in indoor areas resulting from the burning
of solid fuels (especially biomass) in households
poses an even greater hazard, claiming around 2 mil-
lion lives every year, primarily in developing coun-
tries (Section 3.2.4.2; UNDP, 2002a). Africa and
South-East Asia each account for one-third of
DALYs caused by indoor air pollution. In India, the
health impairment caused by indoor air pollution is
even greater than that caused by smoking or malaria
(Box 3.2-1).

Even today, values below 0.5 per cent as a share of
regional DALYs are achieved for urban and indoor
air pollution in much of the world (Fig. 4.3-3). The
WBGU therefore proposes, as a guard rail, that the
share of regional DALYs caused by these two risk
factors should be reduced to below 0.5 per cent for all
WHO regions and sub-regions.

To this end, the phasing out of health-endangering
forms of traditional biomass use and the develop-
ment and implementation of appropriate alterna-
tives are essential. This poses a major challenge
(availability of clean fuels, improved burning and
ventilation technology; Box 2.4-1; Section 5.2.3.2).To
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Figure 4.3-3
Health impairment attributed to local air pollution. The proportion of DALYs in the specific subregion is used as indicator.
Values above 0.5 per cent lie outside the guard rail proposed by the WBGU and are coloured red.
a) Health impairment caused by urban air pollution.
b) Health impairment caused by fumes in indoor areas.
Source: WHO, 2002b
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promote compliance with the guard rail, threshold
values can be set for air pollutants. Since the 1950s,
the WHO has evaluated the health impacts of the
emission of air pollutants. It drafted the ‘Air Quality
Guidelines for Europe’ in 1987 and later extended
them to global level (WHO, 1999). They propose
guidelines and threshold values for air pollutants
such as ozone, carbon monoxide, volatile organic
compounds, nitrogen oxides, sulphur oxides and sus-
pended particulates, and may serve as a basis for the
formulation of national standards. It is the task of
national governments, based on the preliminary
work undertaken by the WHO, to set appropriately
adjusted national emissions standards for the burn-
ing of fossil fuels and/or biomass and monitor com-
pliance with these standards.

Testing the guard rail
The scenarios do not provide any values for DALYs,
so that direct testing of the guard rail is impossible.
Huynen and Martens (2002) observe, in an overview
of 31 scenarios, that health is described adequately in
only 14 scenarios, and just 4 scenarios take account of
socio-cultural, economic and ecological factors as
driving forces for health development. Scenario A1T-
450 obeys the ‘Prevention of atmospheric air pollu-
tion’ guard rail across the board in the second half of
the century (Section 4.3.1.6) and largely phases out
the use of traditional biomass by 2100. The high
growth rates assumed in the scenario thus suggest
that implementing the recommendations set out here
is entirely feasible by 2050.

4.4 
Towards sustainable energy systems: An
exemplary path

4.4.1
Approach and methodology

The previous section of this report tested scenario
A1T-450 as to whether it is compatible with the guard
rails set by the WBGU. It became apparent that this
scenario oversteps various guard rails, such as the
risk guard rail through the scenario’s expansion of
nuclear energy, or the ecological guard rails through
its highly ambitious expansion of biomass use. The
climate protection guard rail, too, is transgressed if a
medium climate sensitivity is assumed. Nonetheless,
scenario A1T-450 is valuable as a starting point for
the WBGU’s recommendations, as it combines the
stabilization of atmospheric carbon dioxide concen-
trations with dynamic economic growth without
requiring deep-seated changes in consumption pat-

terns (Section 4.2). The scenario has leeway for fur-
ther climate protection through additional enhance-
ment of energy productivity; this makes it appear
possible to bring emissions down to values at which
the climate guard rail would be complied with.

Consequently the present section of this report
develops a modified A1T-450 scenario designed to
ensure compliance with all guard rails. The modified
scenario represents the technological, supply-side
aspect of an exemplary transformation path. By
‘exemplary’, the WBGU means that the technologi-
cal details of the path are not the one and only possi-
ble solution for a path towards sustainable global
energy systems. For instance, the mix of renewable
sources could be composed differently. Similarly, less
primary energy and less fossil energy carriers would
need to be used if a scenario were taken that does not
assume major energy hunger but rather a path giving
greater consideration to measures reducing energy
demand (e.g. a B1 scenario, Section 4.2). The exem-
plary path thus provides ‘evidence’ that, even if
energy demand continues to grow strongly, it is pos-
sible to transform the global energy system in a man-
ner compatible with the guard rails. Other paths,
however, could do this too.

4.4.2
Modifying scenario A1T-450 to produce an
exemplary path

This section presents and discusses the WBGU’s
modifications to scenario A1T-450. Section 4.4.3 then
provides an overview of the exemplary path. All
parameters not noted specifically in this section
remain unaltered compared to scenario A1T-450.

As scenario A1T-450 is based on a set of mutually
dependent assumptions, it cannot be modified at will
without becoming inconsistent. In particular, all basic
assumptions concerning economic growth, invest-
ment, technological progress, the relationship
between industrialized and developing countries,
international cooperation, population development,
etc. must be retained. Consequently, the WBGU has
restricted its adjustments to a technological modifi-
cation of the scenario. The energy sector in scenario
A1T-450 receives by 2100 a strong hydrogen compo-
nent supplying half of total global energy use. In
order to ensure in this setting the compatibility of the
exemplary path with scenario A1T-450, the electric-
ity/heat/hydrogen and fossil/non-fossil energy supply
ratios are kept identical as far as possible.As heat can
be supplied efficiently at any time from hydrogen
and electricity and conversion in the opposite direc-
tion entails high losses, it suffices to verify that, in the
exemplary path, at all times at least as much electric-
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ity and hydrogen can be supplied as in scenario A1T-
450. This verification is non-trivial and was provided
through extensive calculations not reported in detail
here.

The A1T scenarios start in 1997. Thus in scenario
A1T-450 the values for 2000 are already projections.
In contrast, the exemplary path uses observed values
for 2000.

Methodology for quantifying primary
energy
The joint presentation of different forms and sources
of energy within a global quantitative structure is a
fundamental problem, because while some conver-
sion paths supply high-grade final energy directly
(e.g. power or hydrogen from solar energy), other
conversion paths generate corresponding energy
forms through an intermediate thermal stage (e.g.
fossil power plants). We follow here the quantifica-
tion approach taken by the world of the SRES sce-
narios by using the ‘direct equivalent method’: For
nuclear energy and all renewables that deliver elec-
tricity or hydrogen directly as final energy (wind,
hydro, photovoltaics, other renewables), the values
stated correspond to high-grade final energy. For
energy forms that can only be upgraded to electricity
or hydrogen via the production of heat (e.g. fossil
fuels, biomass, geothermal), energy figures corre-
spond to thermal primary energy equivalent values.
The scenario discussion summates the two energy
quantifications without correction.

Renewables and nuclear energy
The WBGU made the following modifications to sce-
nario A1T-450 regarding renewables and nuclear
energy:
• Nuclear energy: In the exemplary path, the quan-

tity of energy provided by nuclear sources for the
year 2000 is based on real IEA figures. The A1T-
450 value was adopted for the year 2010. However,
in departure from A1T-450, nuclear energy use is
phased out by 2050 in the exemplary path.
Nuclear-based electricity or hydrogen is substi-
tuted by renewable sources and, for a limited
period, by natural gas.

• Hydropower: The start value for 2000 was taken
from IEA figures. Capacity is then expanded mod-
erately, finally reaching 15EJ per year (compared
to 35EJ per year in A1T-450).

• Biomass: The start value for 2000 is based on esti-
mates (Kaltschmitt et al., 2002). Noteworthy
uncertainties attach to this value, but it is close to
the A1T-450 estimates. The breakdown in roughly
equal shares of modern/traditional use is adopted
following A1T-450. Traditional biomass use is
reduced over the long term on a trajectory similar

to that in A1T-450; 5EJ per year remain perma-
nently from 2050 onwards (compared to 0 in A1T-
450). As it can be assumed that this energy quan-
tity can then be used without causing indoor air
pollution, this modification is compatible with the
WBGU health guard rail. Levels of modern bio-
mass use are raised in a manner similar to A1T-
450, but expanded less strongly over the long term
and finally limited to 100EJ per year (compared to
260EJ per year in A1T-450).

• Wind energy: The start value for wind energy was
derived from real data on installed worldwide
capacity (BTM Consult, 2001). An annual growth
rate of 26 per cent is assumed until 2020 (tenfold
growth per decade); this rate then slows. Over all,
wind energy is expanded to a much greater degree
than in A1T-450. Nonetheless, at 135EJ per year,
the final level reached is still substantially below
the technological wind energy potential identified
in Chapter 3 of this report.

• Solar electricity: The start value for solar power
generation in the year 2000 is based on measured
data. In the following period, it is assumed that
solar-based power generation (distributed photo-
voltaics, photovoltaic and solar thermal power
generation) grows tenfold each decade until 2040.
The aggregated growth curve of solar power gen-
eration meets the A1T-450 curve shortly before
the year 2050; in the opinion of the WBGU, the
A1T-450 curve is unrealistically high in the previ-
ous years. Towards 2100, the exemplary path
slowly adopts a trajectory approaching that in
A1T-450. The level reached in 2100 still falls far
short of the maximum potential (Chapter 3).

• Solar thermal: In the exemplary path, the thermal
use of solar energy (‘solar thermal’) is increased in
a manner similar to that in A1T-450. The A1T-450
figure for the year 2000 is hard to substantiate, as
global solar-based hot water production in 1998
was actually far lower. However, it is difficult to
appraise precisely the contributions of active and
particularly passive solar thermal use, so that,
despite reservations, the A1T-450 value was
adopted for the exemplary path.

• Geothermal: This form of energy is not quantified
specifically in A1T-450. The WBGU considers the
potential of geothermal energy to be so important
– with regard to both thermal applications and
electricity production – that it has set up a specific
category. It was assumed regarding the power/heat
ratio that half of the primary energy is used ther-
mally (heating, cooling, process heat) and the
other half is used to generate power. The respec-
tive efficiencies are lower than those of fossil
power plants, because geothermal heat is usually
available at a comparatively low temperature
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level. The start value for 2000 was adopted from
the World Energy Assessment (UNDP et al.,
2000).

• Other renewables: Here primary energy contribu-
tions were assumed that are significantly more
optimistic than those of A1T-450.The WBGU is of
the opinion that the development of new tech-
nologies to harness renewable energy sources is
far from concluded. Technologies already under
debate today include solar chemical energy sys-
tems (producing storable energy carriers), tidal
and wave energy, as well as energy conversion
using artificial membrane systems employing
processes similar to photosynthesis.

Fossil sources
Fossil energy is key to CO2 emissions and thus to the
climate guard rail. Fossil energy use is modified only
very slightly in the exemplary path, which applies
real energy consumption levels for the year 2000,
based on current US government statistics (US-
DOE, 2002). From 2010 up to 2050, the exemplary
path adopts the contributions of the individual fossil
sources from A1T-450 almost unaltered.There is only
one modification: The transient power bottleneck at
the beginning of the century that results from the
comparatively slighter use of biomass and hydro is
compensated for by an additional, time-limited use of
gas-fired power plants. This leads, over an interim
period, to a slight increase in energy requirement
compared to scenario A1T-450. The gas is used to
supply sufficient electricity to compensate for the
shortfalls arising among non-fossil energy sources
compared to A1T-450. Assuming 50 per cent power
plant efficiency, this results in some 17GtC additional
CO2 emissions over the period until 2050.

In contrast, the use of fossil sources is set some-
what lower than in A1T-450 throughout the second
half of the century, as in that period intensified effi-
ciency improvements lead to reduced energy
demand. Initially demand is reduced equally in both
the fossil and non-fossil sectors. As a result, energy-
related CO2 emissions drop by about 24GtC between
2050 and 2100. This more than compensates for the
elevated level of gas consumption in the first half of
the century.

Energy productivity
It is assumed that energy productivity in the exem-
plary path outstrips energy productivity in scenario
A1T-450 from 2040 onwards. While historically
energy productivity has grown on average across the
world by about 1 per cent annually since the onset of
industrialization, the A1T scenarios assume approxi-
mately 1.3 per cent annually. Scenarios making more
ambitious assumptions in this respect even take 2 per

cent per year (B1; Section 4.2). The exemplary path
assumes an energy productivity growth of 1.6 per
cent annually from 2040 onwards. This is still consis-
tent with the assumptions of the A1 world, because
scenario A1T-450 scarcely takes into consideration
measures to reduce energy demand, for instance
through price incentives. It thus leaves sufficient lee-
way to assume further improvements in energy pro-
ductivity without – as in the B1 world – needing to
presuppose a shift in values and structures towards
less energy-intensive industrial products and ser-
vices. As a result, energy usage is reduced by 22 per
cent compared to scenario A1T-450 by the year 2100.

Carbon dioxide storage (‘sequestration’)
A distinction can be made between carbon dioxide
sequestration from fossil power plants and from bio-
mass plants.
• Carbon dioxide sequestration from fossil plants: In

scenario A1T-450, about 218GtC are sequestered
in total by 2100; in that year, the rate of sequestra-
tion still figures 1.7GtC per year.The WBGU con-
siders it important to limit the period during which
carbon dioxide is sequestered because of the lim-
ited capacity of repositories. The exemplary path
thus distributes storage across time in such a way
that it is terminated by the end of the 21st century.
However, as scenario A1T-450 already assumes
that the greater part of carbon arising in power
plants is sequestered, there is very little scope for
such redistribution and the cumulative quantity of
carbon stored had to be reduced slightly in the
exemplary path compared to scenario A1T-450.

• Carbon dioxide sequestration from biomass power
plants: In biomass-fired power plants, as well as in
facilities for the production of synthesis gas
(hydrogen) from biomass, the carbon contained in
the biomass can be separated from the flue gas in
the form of CO2 and then consigned to storage.
This leads to a net removal of carbon dioxide from
the atmosphere. In the exemplary path, the corre-
sponding technology is introduced and expanded
from 2040, whereby energy production in biomass
from facilities with storage amounts to 25EJ annu-
ally in the decades between 2060 and 2080. This
technology can be phased out again towards the
end of the century. With an assumed storage effi-
ciency of 70 per cent, this development over time
yields compared to A1T-450 additional CO2 emis-
sions savings amounting to some 21GtC. Figure
4.4-1 compares carbon sequestration in the exem-
plary path to that in A1T-450.

Total CO2 emissions
Figure 4.4-2 compares the energy-related CO2 emis-
sions of scenario A1T-450 with those of the exem-
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plary path, as the outcome of all modifications dis-
cussed above. The differences are comparatively
small. Including non-energy-related CO2 emissions,
which are the same in both scenarios, both result in
cumulative CO2 emissions of just below 650GtC by
2100. The distribution of emissions over time is also
very similar in both scenarios. Even taking into con-
sideration the uncertainties discussed in this section,
all statements regarding global warming that were
formulated when testing the climate guard rails for
A1T-450 thus also apply to the exemplary path. By
way of comparison, the figure also shows the CO2

emissions of another path (MIND) derived from a
further model computation (Section 4.5).

4.4.3
The technology mix of the exemplary
transformation path: An overview

Table 4.4-1 shows the contributions of energy carri-
ers to meeting energy demand in the exemplary path,
assuming the modifications discussed above. Table
4.4-2 provides an overview of CO2 emissions and car-
bon sequestration. Figure 4.4-3 shows the contribu-
tions of energy carriers in the exemplary path. Due to
the uncertainties attaching to long-term projections,
the figure only shows the last years of the 2050–2100
period. The projection for 2100 highlights the great
importance of solar energy in this scenario.

Not only the way energy demand is met by a cer-
tain energy carrier mix is crucial to the exemplary
path, but also the greater energy productivity
enhancement assumed compared to scenario 
A1T-450. Such an increase can be achieved in many

ways, for instance through price-induced reduction of
energy demand, which leads to efficiency improve-
ments in both energy conversion and final energy
use, as well as through sectoral structural change and
altered settlement and transportation structures, or
changed consumer behaviour. In sum, this can pre-
vent so much energy use that energy productivity
enhancement becomes one of the main pillars of the
exemplary path (Fig. 4.4-4).

4.4.4
Conclusion: The sustainable transformation of
global energy systems can be done

In the previous sections, the WBGU performed a
consistent modification of reference scenario 
A1T-450 in such a way that it now obeys all guard
rails (on the climate guard rail cf. Section 4.5.2). This
produces an exemplary transformation path demon-
strating that, even in a world characterized by rapidly
growing energy consumption, it is possible to trans-
form global energy systems such that they become
sustainable. A number of key properties of this path
warrant special mention.

The exemplary path is characterized by high
growth rates of both energy use (three-fold growth
by 2050) and economic development (six-fold
growth by 2050). It builds upon three pillars: Declin-
ing use of fossil sources, rising use of renewables and
growing energy productivity. From the middle of the
century onward, renewables account for the greater
proportion of energy provision. In the exemplary
path their share amounts to some 50 per cent in 2050
and almost 90 per cent in 2100. This goal will require
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Figure 4.4-1
Carbon sequestration in scenario A1T-450 and in the
exemplary path.
Source: WBGU and Riahi, 2002

Figure 4.4-2
Energy-related CO2 emissions in scenario A1T-450, in the
exemplary path and in the UmBAU path computed using the
MIND model.
Source: WBGU and Riahi, 2002; Edenhofer et al., 2002
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massive growth rates of almost 30 per cent annually
for several decades. This is feasible, as the growth
rates of wind and solar energy achieved in a number
of countries have recently demonstrated. The great
growth of solar energy is a key property of the exem-
plary path. Figure 4.4-5 illustrates the surface area
that would be needed to supply the solar power pro-
jected for Western Europe and North America in the
exemplary path, if all solar power facilities were con-
centrated at one location. Such a concentration is by
no means envisaged; in fact, facility use is highly dis-
tributed, even at middle latitudes and in industrial-
ized countries. A global energy system building
essentially upon solar power would not require unac-
ceptably large areas compared to settlements and
present infrastructural facilities, particularly consid-
ering that in arid regions the use of land for solar
power production scarcely competes with other land-
use forms, and dual uses are possible, for instance on
roofs or transport infrastructure areas.

In the scenario underlying the exemplary path, the
rapid technological development is attributable to
swift economic growth worldwide and particularly in

developing countries, providing sufficient financial
resources for the transformation process. Less
energy-hungry paths will presumably leave even
more scope for transformation, if the economic and
technology development setting changes accord-
ingly. This confirms the key statement of the exem-
plary transformation path: The sustainable transfor-
mation of global energy systems can be done.

4.5
Discussion of the exemplary path

This section examines in more detail the exemplary
path derived above. This includes in particular a dis-
cussion of the uncertainties and costs of this path. To
provide a basis for this discussion, Section 4.5.1 uses
an endogenous model to perform alternative model
computations in order to explore the scope for action
that is available when transforming energy systems
while observing defined guard rails. Section 4.5.2
then discusses the exemplary path, particularly with

Table 4.4-2
CO2 emissions and carbon sequestration in the exemplary path.
Source: WBGU

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

[GT C]

Annual energy-related
CO2 emissions 7.3 8.4 9.4 9.5 7.8 5.6 4.3 4.0 3.9 3.7 3.6

Annual energy-related
carbon sequestration 0 0.1 0.9 3.0 4.1 4.5 4.2 1.5 0.7 0.3 0

Annual non-energy-related
CO2 emissions (e. g.
logging) 1.1 1.1 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1

Total 8.4 9.5 9.8 9.7 8.0 5.7 4.4 4.1 4.0 3.8 3.8

Table 4.4-1
Global energy demand in
the exemplary path, broken
down according to energy
carriers. The figures were
calculated using the direct
equivalent method (Section
4.4.2).
Source: WBGU

2000 2010 2020 2030 2040 2050 2100

[EJ]

Oil 164 171 187 210 195 159 52
Coal 98 111 138 164 126 84 4
Gas 96 138 196 258 310 306 165
Nuclear 9 12 12 6 3 0 0
Hydropower 9 10 11 12 12 12 15
Biomass,

traditional 20 17 12 8 7 5 5
Biomass,

modern 20 48 75 87 100 100 100
Wind 0.13 1.3 13 70 135 135 135
Solar electricity 0.01 0.06 0.6 6 63 288 1,040
Solar thermal 3.8 9 17 25 42 43 45
Other renewables 0 0 2 4 10 15 30
Geothermal 0.3 1 3 10 20 22 30

Total 420 519 667 861 1,023 1,169 1,620
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Figure 4.4-3
Contributions of energy carriers to energy demand for the exemplary transformation path. This path demonstrates that the
sustainable transformation of global energy systems is technologically viable. A different renewable technology mix could also
produce the same outcome.
Source: WBGU

Figure 4.4-4
Energy efficiency enhancement in the exemplary path. This path assumes from 2040 onwards a 1.6 per cent annual increase in
energy productivity, compared to the historical figure of 1 per cent annually.
Source: WBGU
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regard to the aspect of compliance with the climate
guard rail.

4.5.1
The MIND model

To underpin economically the findings of Section 4.4
above, the WBGU deploys an innovative modelling
approach that permits a consistency check of the
exemplary path. This is done by means of the MIND
model (Model of Investment and Technological
Development; Edenhofer et al., 2002). MIND is an
endogenous energy system model coupled to a cli-
mate model.

The exemplary path derived in Section 4.4 builds
strongly upon the assumptions of scenario A1T-450
(Section 4.2).These concern among other things pop-
ulation development, economic growth, the develop-
ment of energy requirements as well as technological
progress, which are all predetermined exogenously.

An alternative approach is to determine key vari-
ables such as economic growth, energy requirements
or efficiency and productivity improvements endoge-
nously, i.e. within the model. In contrast to the MES-
SAGE model with which the computations for A1T
scenarios were conducted, only few framework data
and a set of plausible decision criteria for dynamic
optimization are predetermined in MIND. The

model delivers neither a regional resolution nor a
technology resolution. Nonetheless, this alternative
approach permits further plausibility tests of the
exemplary path. MIND is a global model allowing
assessment of long-term options for climate change
mitigation action with regard to the necessary invest-
ments and technological dynamics. It permits, in par-
ticular, a critical review of the hypothesis that the
costs of transformation are far too high and are out
of proportion to the benefits.

In the model, essentially only population develop-
ment, technology learning curves and the availabili-
ties of coal, oil and gas are predetermined. Future
developments, such as demand for fossil and renew-
able energies and consumption levels, are computed
endogenously by the model. As is common practice
in the theory of economic growth, an investor is
assumed who seeks to maximize per-capita consump-
tion of products and services over time (Ramsey,
1928). Emission paths are determined on the basis of
endogenized technological progress, technological
development being a process co-determined deci-
sively by economic activities.This applies particularly
when scarcities, such as an oil crisis, generate innova-
tions (Ruttan, 2000; Goulder and Mathai, 2000).
MIND also takes into consideration effects induced
by efficiency improvement measures and learning,
e.g. through rising production volumes or through
mounting resource scarcity. Furthermore, the

ba

Figure 4.4-5
Visualization of the surface area required for solar electricity. The squares represent the surface areas that would be needed to
produce the solar power assumed in the exemplary path for the year 2050. (a) Areas required for North America, assuming
generation in Texas (100 per cent in solar power plants). (b) Areas required for Western Europe, whereby two-thirds of the
solar power are generated in central Europe (upper square; insolation values of Belgium, 25 per cent generation in solar power
plants, 75 per cent distributed) and one-third in the Sahara (lower square; insolation values of Algeria, 100 per cent generation
in solar power plants). The regions of Western Europe (WEU) and North America (NAM) are defined as in Nakicenovic et al.,
1998. The calculation is based on the technological potential. Transmission losses are assumed to be 10 per cent throughout.
Source: WBGU
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WBGU does not use in MIND any cost-benefit
analyses such as are common in climate economics
(e.g. Nordhaus and Boyer, 2000). This is because the
WBGU considers it exceedingly difficult to moneta-
rize climate damage appropriately.

MIND contains three different energy sectors,
each of which is examined as an aggregated whole:
renewable energies, energy production from fossil
fuels, and the extraction of fossil fuels. The fossil
energy mix is not modelled explicitly; rather, the
development over time of the carbon content of the
fossil energy mix is adopted from the exemplary
path. Fossil primary energy carriers are converted to
final energy in MIND in the fossil energy sector.
Conversion efficiency can be modified endoge-
nously, by substituting primary energy with capital.
Energy derived from non-fossil sources is added to
final energy from fossil sources.This approach corre-
sponds to the direct equivalent method, which was
also applied to generate the exemplary path. In
MIND, renewable energy carriers are the ‘new’
renewables, i.e. those that have a potential for further
technological development in the future (solar, wind,
modern biomass, etc.). They, too, are modelled as an
aggregated set. Conventional renewables such as tra-
ditional biomass and hydropower are not modelled
explicitly in MIND. The quantities of energy gener-
ated from these sources and from nuclear power are
adopted from the exemplary path (Section 4.4). The
same applies to emissions of other greenhouse gases
(methane, nitrous oxide, CO2 from land-use change
and fluorinated gases), and to carbon storage in geo-
logical formations. This ensures that all factors not
modelled by MIND agree with those of the exem-

plary path. MIND computes different scenarios for
the BAU case (business as usual) and the UmBAU
case (‘UmBAU’ meaning ‘transformation’ in Ger-
man). In the BAU case, unconstrained cost-effective
paths are computed, while in the UmBAU case the
climate guard rail defined by the WBGU is intro-
duced in addition. Finally, corridors of future emis-
sion paths are computed – these corridors are com-
patible with the climate guard rail and are economi-
cally acceptable in international development terms.

MIND findings
Figure 4.5-1 shows the findings of the MIND simula-
tions for the development of primary energy use, and
its breakdown between renewable and fossil ener-
gies. In the BAU case, new renewables only become
economically profitable at the beginning of the 22nd

century, as it is then that the higher exploration and
extraction costs of coal, oil and gas lead to massive
investment in renewables (Fig. 4.5-1a). However, the
model computations also show that under these con-
ditions the global mean temperature must be
expected to rise by more than 4°C (Fig. 4.5-2c). The
climate problem is thus not solved solely by the
mounting scarcity of fossil resources. Consequently, a
second case is examined – UmBAU (‘transforma-
tion’) scenarios involving the introduction of the cli-
mate guard rail.

Despite the different approach as compared to
scenario A1T-450, MIND arrives in the UmBAU sce-
nario (Fig. 4.5-1b) at energy requirement trajectories
for fossil and renewable energies that are similar to
those of the exemplary path (Fig. 4.4-3). Further-
more, it is apparent that in such a scenario renew-
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Figure 4.5-1
Energy use in the MIND model in the (a) BAU (business as usual) and (b) UmBAU (‘transformation’) cases, the latter
involving compliance with the climate guard rail. The breakdown according to fossil, new renewable and traditional non-fossil
energy sources is shown. In BAU, energy use dips slightly towards the end of the 21st century, because the increasing scarcity of
fossil resources then comes into play. However, due to the massive introduction of renewables, energy use rises again after 2100
(not shown here). Because the MIND calculations start in 1995, the values of the UmBAU and BAU cases already diverge in
the year 2000, as in the UmBAU case investors already take the climate guard rail into consideration in their decision-making.
Source: Edenhofer et al., 2002



134 4 Sustainable transformation of energy systems

ables become macro-economically profitable far
sooner. The model simulations thus verify the viabil-
ity of the exemplary path.

The findings illustrate that in the UmBAU case
CO2 emissions can be cut massively compared to the
BAU path (Fig. 4.5-2a,b). Nonetheless, the climate
guard rail can only be complied with if over the next
100 years approx. 200GtC are sequestered in secure
geological formations (Fig. 4.5-2b,c). Compared to
the exemplary path, the UmBAU path entails about
100GtC less cumulative emissions over the
2000–2100 period. The atmospheric CO2 concentra-
tion thus rises in the UmBAU scenario to no more
than 410ppm (in the year 2100).

Necessary investment
MIND confirms, as a coupled climate-energy system
model, that emissions targets must be announced in a
credible fashion if the expectations of investors are to

change in such a manner that they invest in trans-
forming the energy system. If investors expect the
policy arena to make entitlements for atmospheric
emissions scarcer over the long term, e.g. through
certificate trading or through environmental quality
objectives, then this expectation already becomes a
part of investment appraisals today.

For the UmBAU case, MIND computes cumula-
tive investment into the global energy system from
2000 to 2100 amounting to US$330 million million,
and for the BAU case US$300 million million. As
major uncertainties attach to the appraisal of future
global investments (UNDP et al., 2000), it is difficult
to use empirical investment data of recent years to
verify these figures.

The MIND simulations show in the BAU case for
the year 2000 an investment of 3.9 per cent of global
GDP (extraction, but without R&D) in the fossil
energy sector.The World Energy Assessment Report
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Figure 4.5-2
CO2 emissions in the MIND model for the (a) BAU (business as usual) and (b) UmBAU (‘transformation’) cases. The
UmBAU case shows in addition the CO2 emissions prevented by sequestration. Figure (c) shows the WBGU climate window
and the temperature development for the 2000–2100 period for the two scenarios (BAU red, UmBAU black). As MIND is an
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A climate sensitivity (this is the warming that follows from a doubling of CO2 concentrations compared to pre-industrial levels)
of 2.5°C was assumed. The sum of red and light-red areas represents actual emissions. The sum of the black and light-red areas
represents the resources extracted. Because the start year for MIND is 1995, the UmBAU and BAU values already diverge in
2000, as in the UmBAU scenario investors must already take the climate guard rail into consideration in their decisions.
Source: Edenhofer et al., 2002
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produced by UNDP et al. (2000) states only 1–1.5 per
cent. However, UNDP itself assumes this ratio to be
too low (approx. 3 per cent is debated in the litera-
ture), because capital costs are significantly under-
estimated. MIND is initialized with a relatively high
ratio of investment to GDP, because this is approxi-
mately consistent with the capital costs stated in that
Report.

These uncertainties aside, the MIND computa-
tions show that, in the business-as-usual case, invest-
ment in renewables only starts when fossil resources
dwindle. In the UmBAU case, there is an early
change in investor behaviour; the climate guard rail
can be complied with without massive macro-eco-
nomic losses, and the transformation of global energy
systems can be accelerated greatly. While slight con-
sumption and income losses arise at the beginning of
the transformation phase (amounting to less than 4
per cent change), after conclusion of the transforma-
tion phase (after 2100) welfare gains in fact ensue
due to rising returns to scale (Fig. 4.5-3a).The under-
lying learning curves need not exceed historical rates.
Over the relevant period (2000–2100) aggregated
learning curves with a constant rate of learning are
assumed for renewables. This involves the assump-
tion that new technologies enter the market whose
average costs can be lowered through learning by
doing. Moreover, sensitivity analyses show that the
findings would not change qualitatively even if learn-
ing curves have a declining rate of learning. Systems
can be transformed sustainably without major
macro-economic losses if the renewable energy sec-
tor succeeds in maintaining its historically achieved
rates of learning (Fig. 4.5-3b).

Permissible emissions corridors
Within the context of the scenario approach, as set
out in Section 4.1, not only are cost-effective paths

examined with regard to compliance with a climate
guard rail, but also an analysis is conducted of the
scope that this constraint leaves to the economic sys-
tem as defined by MIND to extract fossil resources,
with the associated emissions. The Tolerable Win-
dows Approach (WBGU, 1995; Toth et al., 1997;
Petschel-Held et al., 1999; Bruckner et al., 1999) is a
useful tool in this context. The Tolerable Windows
Approach offers a procedure by which to identify
emissions corridors (Leimbach and Bruckner, 2001).
Emissions corridors represent the aggregate emis-
sions values over time that an emissions path com-
patible with the guard rails can have. The Tolerable
Windows Approach does not involve an optimization
of the economic system, so that, in addition to the cli-
mate guard rail, socio-economic guard rails are intro-
duced in order to demarcate the realm of permissible
emissions futures (Section 4.3). To this end, a mini-
mum growth of average per-capita consumption was
stipulated in order to do justice to the development
requirement of developing countries. As a further
constraint, an excessive scarcity of energy as a factor
of production was excluded.

Figure 4.5-4 shows corridors for emissions and
resource extraction that are compatible with the
guard rails. The width of the corridors results above
all from the sequestration of a part of energy-related
CO2 emissions. Land-use-related emissions further
widen the corridors. The bold lines within the corri-
dors indicate the cost-effective UmBAU (‘transfor-
mation’) paths that obey the climate guard rail. Being
within the corridors, these paths also comply with the
other two guard rails. Moreover, the paths are
located in the upper part of the corridors.This means
that even more drastic emissions reductions are fea-
sible within the space demarcated by the socio-eco-
nomic guard rails. The economic system modelled by
MIND is therefore flexible enough to transform
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energy systems early on and thus bring down the
share of fossil energy carriers in energy production
quickly enough to ensure climate change mitigation
while at the same time doing justice to aspects of eco-
nomic development.

MIND thus computes a climate change mitigation
path which, for a medium climate sensitivity, remains
within the WBGU climate window and still does not
present politicians with unsolvable allocation prob-
lems. This reaffirms the exemplary path used by the
WBGU. It does, however, require a massive increase
in the level of investment in the renewable energy
sector. The interplay of promotion measures – to
accelerate learning – with long-term emissions limi-
tation for climate change mitigation allows effective
control of the transformation process towards a sus-
tainable future.

4.5.2
The exemplary path: Relevance, uncertainties and
costs

This section discusses the exemplary path developed
in Section 4.4. The discussion concentrates on the
uncertainties relating to permissible emissions, and
on the question of the path’s financeability.

4.5.2.1
Uncertainties relating to permissible emissions

The exemplary path entails about 100GtC more
cumulative CO2 emissions over the period from 2000
to 2100 than the path computed by the MIND model
in the UmBAU scenario. However, the discussion in
Section 4.4.2 shows that the exemplary path fully
exploits the available scope to reduce CO2 emissions.
For instance, an assumed stronger increase of energy
productivity would no longer be consistent with the
underlying A1 world, more CO2 sequestration would
conflict with the requirement to phase out sequestra-
tion entirely by 2100, and a more rapid expansion of
renewables is not possible. The following discussion
illustrates how sensitive all scenarios are with respect
to the uncertainties surrounding climate sensitivity
values – an aspect already discussed in qualitative
terms in Section 4.3.1.2.

Climate sensitivity of the exemplary path
Using an energy balance climate model, Kriegler and
Bruckner (2003) have determined how much cumu-
lative carbon emissions a pure CO2 emissions sce-
nario that neglects the net radiative forcing of
aerosols and other greenhouse gases can contain at
most over the period from 2000 to 2100 if it is not to
generate global warming of more than 2°C relative to
pre-industrial values. Their findings are shown in
Table 4.5-1.

This shows clearly that permissible emissions can
diverge by more than 1,500GtC between the two
extreme values of climate sensitivity.This divergence
is more than the total cumulative emissions of the
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Corridors for (a) CO2 emissions taking CO2 sequestration into consideration, and (b) resource extraction. The corridors were
computed under the requirement of complying with the WBGU climate window and the socio-economic guard rails. The non-
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instance, a path remaining continuously at the upper limit of the corridor conflicts with the climate window. Compliance with
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exemplary path (650GtC). To place these values
approximately in relation to the exemplary path,
which also gives consideration to other greenhouse
gases and aerosols, the relative differences between
the permissible emissions need to be transferred to
the exemplary path’s carbon dioxide emissions. An
assessment has shown that the exemplary path would
remain within the WBGU climate window at an
assumed climate sensitivity of about 2.2°C.

The range of climate sensitivities assumed in Table
4.5-1 reflects the state of current knowledge (IPCC,
2001a). It must be noted in this context that, due to
the major uncertainties, particularly with regard to
the indirect and feedback effects in the climate sys-
tem, the IPCC no longer states any value as being the
most probable. Nonetheless, it can be said that a

value of 2.2°C is within the range stated by the IPCC
and is thus a plausible assumption. Recent studies
have attempted to reconstruct climate sensitivity
from comparisons between model simulations and
empirical data using probability density functions,
and discuss climate sensitivities that significantly
exceed 4.5°C (Andronova and Schlesinger, 2001; For-
est et al., 2002; Knutti et al., 2002). There is an urgent
need to engage in further research to provide a more
accurate estimation of climate sensitivity (Section
6.1).

Table 4.5-1 yields a further important aspect: If the
exemplary path would need to obey the absolute
warming guard rail not at a climate sensitivity of
2.2°C, but about 3°C, then the volume of permissible
cumulative emissions would shrink by about 200GtC.
Viewed within the context of current debate, a cli-
mate sensitivity of 3°C is also a plausible assumption.
Its consequences therefore need to be discussed.The
question arises how the greater greenhouse gas emis-
sions reduction that would then be required could be
realized. Table 4.5-2 lists various options, showing
how even more emissions could be prevented within
the exemplary path.

The 200GtC could be saved through carbon
sequestration, through emissions reductions in agri-
culture, and through a swifter increase of energy pro-
ductivity. Savings will be difficult to tap in agricul-
ture. Initial studies on methane emissions from rice
fields and on the use of nitrogen fertilizers have
shown that emissions reduction potentials either
require interventions in cultivation techniques
(Mitra et al., 1999; Bharati et al., 2001) or their imple-
mentation is limited or difficult and in some instances

Table 4.5-1
Permissible cumulated CO2 emissions over the 2000–2100
period for an absolute warming of at most 2°C relative to
pre-industrial values, as a function of climate sensitivity. The
IPCC states the possible range of climate sensitivity to be
1.5–4.5°C (IPCC, 2001a). By comparison, cumulative
emissions within the exemplary path over the same period
figure some 650GtC.
Source: after Kriegler and Bruckner, 2003

Assumed climate 
sensitivity
[°C]

Permissible cumulative
CO2 emissions
[GT C]

1.5 1,780–1,950

2.5 850–910

3.5 530–560

4.5 approx. 380

Table 4.5-2
Climate sensitivity and
potentials to reduce
greenhouse gas emissions
within the exemplary path.
Source: WBGU

Uncertainty factors and
options within the exemplary
path

Equivalent worldwide per-
missible greenhouse gas emis-
sions, cumulative (2000–2100)

Notes

3°C climate sensitivity 
assumed instead of 2.2°C 

Exemplary path would entail
additional excessive emissions
of about 200GtCeq

The IPCC states the rate of
climate sensitivity to be 
1.5–4.5 ºC.

50% reduction of CH4 and
N2O emissions in agriculture

Would yield about 200GtCeq

savings
50% is a very high reduction
rate. It can scarcely be
assessed whether it will be
possible to stabilize emissions
in agriculture at all.

Storage up to the maximum
amount permitted by the
WBGU guard rail (300GtC
instead of 200GtC)

Would yield about 100GtCeq

savings
This would mean that CO2

sequestration could not be
brought down to zero by 2100
within the exemplary path.

Raise energy productivity
growth rate from 1.3% per
annum to 2% per annum

Would yield about 120GtCeq

savings
Corresponds to a transition
from the A1 world to the B1
world in the SRES scenarios.

Raise energy productivity
growth rate from 1.3% per
annum to 2.5% per annum 

Would yield about 220GtCeq

savings
2.5% per annum improvement
may be the very maximum fea-
sible.



also expensive (Scott et al., 2002). A major potential
such as listed in Table 4.5-2 will therefore be very dif-
ficult to achieve.

If only little can be reduced in agriculture, then the
missing 200GtC would need to be achieved mainly by
raising energy productivity more swiftly, or by raising
the volume of sequestration.About 100GtC could be
sequestered additionally without overstepping the
WBGU guard rail for secure storage in geological
formations. This, however, would mean that in the
exemplary path CO2 sequestration could not be
brought down to zero around 2100.

About 200GtC could be achieved by raising
energy productivity more rapidly. The rate of 2.5 per
cent enhancement per year stated in the table is
viewed in the literature as the maximum rate feasible
(Hoffert et al., 1998). It must be stressed that an
energy productivity improvement rate of 2 per cent
(B1 scenarios) or even 2.5 per cent can only be
achieved if at the same time technological efficiency
rises steeply and, as determined in scenario B1 (Sec-
tion 4.2), structural change towards less energy-
intensive products and services takes place, including
changes in settlement and transportation structures
as well as lifestyles. This additional productivity
improvement of the energy sector requires strong
incentives to reduce energy demand.

4.5.2.2
Costs of the exemplary transformation path, and
financeability issues

Turning energy systems towards sustainability will
require a transformation process extending over 100
years and more. To calculate the cumulative costs of
this transformation, we would need to be able to pre-
dict not only the development of capital investment,
research expenditure, operating input costs and sys-
tem maintenance costs for the exemplary path, but
also the costs of the BAU path and of other reference
scenarios. It is obvious that price developments, e.g.
for primary energy carriers, cannot be projected with
sufficient reliability over a period of a century. The
same applies to future fundamental innovations in
energy conversion and use that are still unknown
today, and to the costs or cost savings that may result
from their implementation. These cannot be cap-
tured sufficiently by the commonly applied
approaches of scale economies and learning curves.

This is further compounded by the major difficul-
ties attaching to an identification and monetarization
of the external costs of energy system transformation
and alternative energy paths. Nonetheless, while no
precise statements can be made about the level of
external costs, comparisons are indeed possible. For

instance, the exemplary path shows that a switch to
renewable energy carriers reduces both local and
global environmental damage. In contrast, the fossil-
nuclear path leads to massive environmental impacts,
particularly through climate change. Climate change,
in turn, generates macro-economic damage and
adaptation costs. Similarly, the external costs caused
by health damage are also lower in the exemplary
path. Furthermore, the exemplary path holds out,
compared to the fossil path, the potential for a ‘solar
dividend’. This refers to savings in energy policy
motivated defence expenditure, whose necessity
declines through a switch to renewables, as import
dependency upon fossil sources drops. It is estimated
that the energy policy motivated defence expendi-
ture of the USA alone amounts to approx. US$33,000
million annually (Hu, 1997). This would be joined by
further avoided costs of combating nuclear terror-
ism.

In view of the uncertainties and imponderabilities
attaching to cost assessments, the WBGU abstains
from a quantitative estimate of total costs. However,
as the question of the financeability of energy system
transformation and thus the level of necessary invest-
ment is of immediate practical interest, the data of
the model runs are taken to provide a rough picture
of the investment that may be involved in imple-
menting the exemplary path.The MIND model com-
putes for the 2000–2100 period cumulative invest-
ments in the global energy system amounting to
US$300 million million for the BAU (business as
usual) case and US$330 million million for the
UmBAU (‘transformation’) case. Scenario A1T-450,
which is the reference scenario for the exemplary
path, requires according to IIASA calculations a
cumulative investment of about US$190 million mil-
lion over the same period, while the coal-intensive
and nuclear growth path of scenario A1C-450 would
require some US$500 million million. Overall, the
energy requirement of the exemplary transformation
path is lower than that of scenario A1T-450. Fossil
sources and carbon sequestration are almost identi-
cal in the two scenarios, but the exemplary path
involves less nuclear, hydropower, solar thermal and
biomass, and would therefore presumably require
less cumulative investment for these energy sources.
Cumulative investment only exceeds that of scenario
A1T-450 in the case of wind power and solar electric-
ity generated through photovoltaics. Taking all rele-
vant costs into consideration, the Council assumes on
the basis of its own estimates that the modifications
to scenario A1T-450 entailed by the exemplary path
may roughly offset each other in financial terms.
These estimates relate to scenarios involving an
immediate launch of the transformation process. If
transformation is postponed by several decades, the
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investment costs and, all other conditions remaining
equal, the transformation costs would rise steeply
due to deepening path dependency. The WBGU is
well aware that the exemplary path, involving strong
initial support for new renewables, is more expensive
over the short term than a path relying initially upon
exploitation of cost-effective greenhouse gas reduc-
tion potentials. However, it can certainly be assumed
that the exemplary path will be more cost-effective
over the long term, as only this path makes available
within a few decades the solar energy supply capacity
needed to avert major global warming damage. It fol-
lows from all of the above that:
• Major uncertainties attach to statements on the

costs of transforming the global energy system.
Various models estimate cumulative investment
costs for the period from 2000 to 2100 in the
region of several hundred million million US dol-
lars.

• Using modified model findings, a cumulative
investment from 2000 to 2100 ranging from
US$190 to 330 million million can be estimated for
the exemplary path.

• Over the long term, the exemplary path entails up
to 2100 much lower investment costs than a coal-
intensive and nuclear path and, moreover, averts
substantial macro-economic damage.

However, the financeability of transformation
depends less upon the absolute level of cumulative
investment over 100 years, than upon 
1. the relative level of requisite energy investment

(measured as e.g. the share of gross domestic
product), and

2. the rate at which investment would have to grow
over the short to medium term.

Neither the IIASA scenarios nor the MIND model
require a strong rise in the ratio of energy investment
to GDP over a long period. At no point does invest-
ment in the energy sector exceed twice its present
share of GDP.

The second factor – the rate at which investment
must grow over a given period – impacts more
strongly upon the appraisal of financeability. Invest-
ment in the requisite transformation of energy sys-
tems must be carried out mainly by private-sector
actors. Private-sector investment is based upon prof-
itability considerations. This is why there can be no
absolute guard rail for the level of investment in the
energy system, e.g. in the form of a maximum share of
GDP. If political decisions modify the investment set-
ting, the profit expectations for investment in energy
efficiency and renewables can improve greatly. On
the other hand, changes in the setting redirect capital
flows, which is problematic for those sectors of the
economy from which capital is withdrawn. This can
cause considerably adaptation difficulties in both

economic and social terms. The economic growth
potential would be reduced, particularly if this
process were to occur abruptly and within a short
period.A doubling of investment in the energy sector
within a few years could therefore exceed the adap-
tive capacity of national economies. If the process
occurs over one or two decades, however, a doubling
is possible without significant frictional losses. His-
torical experience shows that in other, similarly large
sectors the investment ratios (ratio of sector invest-
ment to GDP) have even in some cases more than
doubled within a decade without having caused sig-
nificant macro-economic disruption.

In order to safeguard the financeability and thus
economic feasibility of energy system transforma-
tion, it is essential to design a long-term transforma-
tion strategy (Chapter 5) that does not impair the
adaptive potential of market-based mechanisms, but
rather harnesses them for the transformation
process. That economic actors have planning cer-
tainty is a precondition to this. It is essential that they
can rely on certain energy policy framework condi-
tions over a period of at least 10–20 years. If actors
can orient their behaviour to interim targets and
instruments set out in a transformation roadmap
(Chapter 7), their investment behaviour will adjust
accordingly. The WBGU thus considers it essential
that the policy arena wastes no more time and gives
clear signals pointing towards energy system trans-
formation. This must take place at both the national
and international levels. Under such conditions of a
strategic transformation, the WBGU is convinced
that the selected sustainable path is financeable and
can be travelled without significant economic losses.
Short-term adaptation costs will be unavoidable at
certain points, but can be minimized by applying the
right instrument mix (Chapter 5). Overall, the consis-
tent, long-term implementation of energy system
transformation will enhance societal welfare and will
tap new welfare potential.

4.6
Conclusions

The analysis of scenarios for the long-term develop-
ment of energy systems (Section 4.2) and the exami-
nation of an exemplary path (Sections 4.4 and 4.5)
consistent with the WBGU guard rails (Section 4.3)
produce a series of conclusions. These are also the
basis for the recommendations for action developed
in Chapter 5.
• Global cooperation and convergence – both eco-

nomic and political – facilitate the rapid technol-
ogy development and dissemination required for
the transformation. High economic growth can



then, in conjunction with a strong decrease in
energy and carbon intensity, lead to sustainable
energy supply. Present developing countries can
profit from this: through catching up quickly with
the development level of industrialized countries,
through technology and capital transfer as well as
through the opportunities resulting from the
export of high-quality energy products. This can
make it possible to attain, early on, the goal of pro-
viding all people with access to modern, clean
forms of energy. This, however, will require not
only energy policy measures, but also activities in
the development and economic policy realms.

• Binding CO2 reduction commitments and the
associated price signals as well as other incentives
will be essential in order to transform energy
structures quickly enough for them to meet mini-
mum climate protection requirements. Global
CO2 emissions will need to be reduced by at least
30 per cent by the year 2050 from a 1990 baseline,
whereby industrialized countries need to reduce
their emissions by about 80 per cent and develop-
ing countries need to limit their emissions growth
to about 30 per cent.

• Energy policy activities need to be supported by
further measures to reduce non-energy-related
emissions (for instance from agriculture) and to
preserve natural carbon stocks.

• While the exemplary path developed here by the
WBGU is based upon a stabilization of atmos-
pheric CO2 concentrations at 450ppm, due to
uncertainties attaching to driving forces and cli-
mate development this can not be taken as a safe
stabilization concentration.With due regard to the
precautionary principle, the WBGU therefore rec-
ommends retaining the option of aiming at lower
CO2 stabilization targets.

• Even if climate protection goals are met, a fossil-
nuclear path entails substantially larger risks con-
sidered intolerable by the WBGU, as well as much
higher environmental impacts. Moreover, it is sig-
nificantly more expensive over the medium to
long term than a path relying – as does the exem-
plary path developed by the WBGU – upon pro-
moting renewables and improving energy effi-
ciency. The exemplary path leads to the following
recommendations: The share of renewables
should be expanded by about 50 per cent world-
wide by 2050, and should figure about 85 per cent
by 2100. Energy productivity should rise over the
long term by 1.6 per cent annually. The use of coal
should be phased out by the end of the century,
and the use of nuclear power already by 2050.

• Due to the long investment cycles, for instance of
power plants or transport networks, the next
10–20 years are the decisive time window for

putting energy systems on a sustainable track. If
this opportunity is used, it will be possible to trans-
form systems in a way entailing only low income
losses. This will prevent a deepening of path
dependency upon present fossil-nuclear energy
systems. Moreover, developing countries will be
able to leapfrog non-sustainable technologies.

• The transformation will only succeed if the trans-
fer of capital and technology from industrialized
to developing countries is intensified. To this end,
industrialized countries will need to strengthen
technology development significantly in the fields
of energy efficiency and renewable energy
sources, for instance by raising and redirecting
research and development expenditure, imple-
menting market penetration strategies, providing
price incentives and developing appropriate infra-
structure.This can reduce the initially high costs of
energy system transformation and can accelerate
attainment of market maturity, thus in turn facili-
tating transfer to developing countries.

• Over the short and medium term, it is essential to
swiftly tap those renewable energy sources which
are already technologically manageable and rela-
tively cost-effective today. These are in particular
wind and biomass and also, within limits,
hydropower. However, as their sustainable poten-
tial is limited (Chapter 3), their vigorous expan-
sion will already meet its limits in the first half of
the present century.

• Over the long term, the rising primary energy
requirement can only be met through vigorous uti-
lization of solar energy – this holds by far the
largest long-term potential.To tap this potential, it
is essential to ensure that installed capacity grows
ten-fold every decade – now and over the long
term.

• The utilization of fossil energy sources will con-
tinue to be necessary over the next decades.Wher-
ever possible, this needs to be done in such a fash-
ion that the efficiency potential is tapped and both
the infrastructure and generating technology can
be converted readily to renewable sources. In par-
ticular, the efficient use of gas, for instance in com-
bined heat and power generation and in fuel cells,
can perform an important bridging function on the
path towards a hydrogen economy.

• To harness the worldwide potential of solar
energy and balance regional fluctuations, it will be
essential to establish global energy transmission
networks over the long term (‘global link’).

• A certain volume of carbon sequestration in geo-
logical formations (oil and gas caverns), but not in
the oceans, will be necessary as a transitional tech-
nology in this century, given sharply rising primary
energy demand.The quantity of sequestration will

140 4 Sustainable transformation of energy systems
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be moderate compared to fossil scenarios.The sus-
tainable use of biomass through gasification, in
conjunction with storage of the carbon dioxide
arising in the process, even presents the opportu-
nity to create a carbon sink.

• Besides modifying supply-side structures, it is
important to engage in a strategy to enhance
energy productivity far beyond historical trends –
from a rate of improvement of about 1 per cent
today, to at least 1.6 per cent annually as a long-
term global mean value. This means that global
energy productivity must improve at least four-
fold within the next 60–70 years. Three-fold
improvement should be aimed at by 2050.This will
require measures (such as price incentives) to
improve efficiency and reduce energy demand in
both energy conversion and final energy use. It
will also require further measures such as infra-
structure policies aiming to modify transportation
and settlement structures.





5

5.1
Key elements of a transformation strategy

The previous chapters of this report have set out the
requirements that globally sustainable energy sys-
tems must meet. Present and future generations
should command over the resources and goods nec-
essary to meet their needs. This must be ensured in
such a way that environmental changes do not jeop-
ardize the natural life-support systems on which
humankind depends, and in such a way that no unac-
ceptable social developments occur.The non-sustain-
able realm is defined by the ecological and socio-eco-
nomic guard rails set out in Section 4.3 of this report.
If trajectories remain within the action space circum-
scribed by the various guard rails, there is a prospect
that future generations have a similar scope for
action as the present one. The WBGU transforma-
tion strategy towards globally sustainable energy sys-
tems thus builds upon two fundamental goals:
Goal 1: To protect natural life-support systems

(compliance with ecological guard rails);
Goal 2: To secure access to modern energy forms

worldwide for all (compliance with socio-
economic guard rails).

The calculations presented in Chapter 4 show that
not every development of energy systems is compat-
ible with these requirements.The exemplary path set
out in that chapter outlines a possible sustainable
development trajectory and identifies the key ele-
ments of a global, sustainable energy strategy. The
conclusions presented in Section 4.6 point to the fol-
lowing principal fields of action: engaging in climate
policy; developing and applying new technologies;
securing the engagement of developing countries;
intensifying cooperation and convergence at the
global level; and, finally, achieving greater policy
integration. It must be kept in mind that the next 10
to 20 years represent the decisive window of oppor-
tunity for transforming energy systems – it is in this
period that systems must be put on track towards
transformation. The Council’s recommendations
thus concentrate upon this period.

The quantification of the exemplary transforma-
tion path underscores that by 2020 the share of
renewables in the global energy mix should be raised
from its current level of less than 13 per cent to at
least 20 per cent, and should reach more than 50 per
cent by 2050. A promising approach by which to
achieve this goal is to set minimum quotas for renew-
able energies, which should be raised step by step
(Box 5.2-1). In order that such a scheme covers the
entire global energy mix, ideally all states should
commit to binding quotas. Because the potential for
sustainable expansion varies widely among the indi-
vidual forms of renewable energy, it would be expe-
dient to set sub-quotas differentiated according to
energy carriers. In an economic perspective, it would
be desirable to give the system greater flexibility over
the long term by integrating agreed country quotas
within a tradable quota system.Within such a system,
a country would not need to fulfil its entire quota
domestically, but would have the option of offsetting
a part of its assigned quantity of ‘green’ energy
against energy from countries which produce quanti-
ties of renewable energies exceeding their quota.

A further question is that of which concrete mea-
sures can be deployed to increase the share of renew-
ables and transform present energy systems into
globally sustainable systems. The following sections
provide answers to this question. National-level mea-
sures (Section 5.2) must be supported and comple-
mented by well-integrated policies and effective
institutions at the international level (Section 5.3).
The Council orients its selection of measures to cer-
tain guiding principles (Box 5.1-1).

5.2
Actions recommended at the national level

In the following recommendations, a distinction is
made between industrialized, developing, newly
industrializing, and transition countries in order to
take account of the quite different settings in the var-
ious country groups.

The WBGU transformation strategy:
Paths towards globally sustainable
energy systems
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5.2.1
Ecological financial reform

Ecological financial reform concerns the financial
relationship between the state and its citizens, which
should be restructured according to sustainability
criteria. On the revenue side, the taxation of non-
renewable energies has been the main focus of the
debate until now. However, other environmental
levies, tax credits and the general process of trawling
the tax system to identify disincentives to sustain-
ability are integral elements of an ecological reform
of the revenue system. On the public expenditure
side, it is the subsidies paid to industries and individ-
ual companies, as well as research subsidies but also
transfers to private households, which must be
reviewed and, if necessary, restructured according to
environmental criteria. Not least, a general focus on
the environment in all aspects of public spending
(e.g. environmentally compatible procurement, envi-
ronmental management of public institutions, etc.) is

an integral part of an ecological spending reform
(Burger and Hanhoff, 2002). In the following sec-
tions, the WBGU focuses on taxation of non-renew-
able energy carriers and the systematic removal of
subsidies which result in harmful effects on the envi-
ronment as two key elements of an ecological finan-
cial reform.

5.2.1.1
Internalizing the external costs of fossil and
nuclear energy 

The basic concept
The major obstacle to the establishment of globally
sustainable energy systems is the inadequate inter-
nalization of the external effects of the fossil and
nuclear energy chain from generation to use. As a
result, fossil and nuclear energy is priced more attrac-
tively for the individual consumer than renewable
energies, although their external effects are far lower.

Box 5.1-1

Guiding principles for the WBGU
transformation strategy

• Promote good governance: For a global transformation
of energy systems to get under way in Least Developed
Countries, too, it is essential to strengthen their capabil-
ities. Planning certainty, functioning state structures and
functioning markets are basic preconditions for foreign
direct investment and the sustainability and effective-
ness of development policy measures.

• Assume common but differentiated responsibility: Cli-
mate change is essentially a consequence of present
energy use in industrialized countries. It is the develop-
ing countries, however, which will suffer the greatest
impacts. This places an obligation upon industrialized
countries not only to initiate the transformation of
energy systems themselves, but also to provide financial
and technical support to developing countries in this
process.

• Obey the precautionary principle: Global energy system
transformation is a search process that needs to be re-
adjusted continuously in line with the steadily growing
body of knowledge and shifting framework conditions.
To obey the precautionary principle in this process, it is
essential that development trajectories do not cross the
guard rails defining the non-sustainable realm.

• Observe the subsidiarity principle: The subsidiarity prin-
ciple demands that competencies for tasks must in prin-
ciple first be devolved to the lowest level. A shift to the
next higher level is only legitimate if it can be proven
that the higher level can implement and finance energy
policy strategies more efficiently.

• Pursue regional approaches: Regional approaches (club
solutions) can enhance the political enforceability of a
transformation. Successful club solutions are an incen-

tive to other states or regional state groupings, and
should therefore be promoted.

• Create a level playing field for all energy carriers: Fossil
and nuclear energy generation still receive very large
subsidies. Moreover, only a fraction of the external costs
of fossil and nuclear energy systems have been internal-
ized. The creation of a level playing field for all energy
forms, particularly with regard to research and develop-
ment, is therefore a basic precondition if market-based
impulses for the transformation of energy systems are to
unfold.

• Shape liberalization sustainably: The liberalization of
energy markets creates, in many instances, the precon-
ditions for harnessing economic potentials. However,
the special conditions prevailing in the rural regions of
Least Developed Countries also need to be kept in mind
– here the initial concern is to secure supply. For new
energy markets to develop according to sustainability
criteria, liberalization needs to be combined with frame-
work conditions set by the state.

• Tap transformation potentials swiftly: To enhance politi-
cal enforceability, initially – and above all in developing,
newly industrializing and transition countries – the most
cost-effective transformation potentials should be
tapped, such as efficiency improvements; concurrently
those technologies that are not initially cost-effective
should also be promoted. The financial resources thus
saved can be used to provide targeted support to e.g.
renewable energies.

• Harness social and economic forces: By integrating pri-
vate-sector actors, catalysts can be gained for the trans-
formation process. The energy industry commands over
the necessary capital and to some degree over the req-
uisite knowledge. The state must create an appropriate
setting: at the international level by, e.g., opening mar-
kets and harmonizing international competition law,
and at the national level by, e.g., preventing distortions
of competition and removing market barriers.
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This creates distortions of competition which put
renewables at an disadvantage.

Full internalization of external costs worldwide
would be the most significant contribution to estab-
lishing fair competition between the various types of
energy. Fair competition is essential if renewable
energy sources and efficiency increases are to
become more profitable than current forms of
energy. This would put in place the conditions for a
swift energy reform towards sustainability.

Two primary effects justify an ecological tax
reform:
1. The environment-related incentive effect resulting

from the taxation of non-renewable energy carriers:
A tax on fossil fuels increases the price of these
fuels, leading to a fall in demand while market
conditions stay the same, and resulting in their
substitution by other energy carriers. There is also
an incentive to increase energy efficiency and pro-
mote the technological development of renewable
energies.

2. The fiscal effect of revenue use: Strictly speaking,
revenue is merely a secondary effect which is
largely irrelevant to the internalization approach.
If the ‘correct’ rate of tax is selected, distortions of
allocation are removed. However, the purpose of
an ecological tax reform is not to introduce an
individual pollution tax as an isolated measure,
but to replace other revenues with a more efficient
environmental levy.

This concept is based on the ‘double dividend’
hypothesis (Goulder, 1995): As well as producing
behaviour-modifying effects in favour of environ-
mental policy objectives (first dividend), the effi-
ciency of national taxation systems can also be
increased (second dividend). The second dividend is
based on the assumption that through tax revenue,
distorting – and therefore efficiency-reducing –
levies, such as income tax or social contributions, can
be reduced in a revenue-neutral way. If the distor-
tions caused by the tax which is to be cut outweigh
the distortions caused by an environmental levy (e.g.
substitution effects in the area of intermediate
inputs), a double dividend would be achieved. In
practice, however, reducing the costs of the labour
factor by cutting non-wage labour costs only pro-
duces a double dividend if specific assumptions are
made about the labour and goods markets (SRW,
1998; Wissenschaftlicher Beirat beim Bundesminis-
terium der Finanzen, 1997). Due to this uncertainty,
the Council endorses the view, propounded by the
German Council of Environmental Advisors (SRU),
that taxing fossil energy carriers at national level is
justified not in terms of the second dividend but
solely in terms of its environment-related incentive
effect (SRU, 2002).

As a general principle, tradable emissions rights
(permits) – i.e. a quantitative solution – can achieve
the same ecological objectives as taxes. But permits
are not suitable for all pollutants or polluters. The
national debate in particular has therefore generally
been dominated by the issue of eco-taxes. However,
in climate policy at global and European level, the
focus is shifting towards the permit approach. So that
the plethora of quantitative and tax-based solutions
does not block the progress of environmental and
energy policy at national or international level, inter-
national climate policy in particular must focus to a
greater extent on ensuring compatibility between
national and international instruments in future.

Practical steps
Against the background of the basic concept out-
lined above, the WBGU recommends the following
measures to the German federal government:
• Strengthening steering incentives by taxing non-

renewable energy carriers: In the interests of cli-
mate protection, lignite and hard coal should be
subject to the highest taxes, followed by fuel oil,
gasoline and natural gas. To produce dynamic
innovation incentives, it is crucial always to raise
the rates of tax in small steps so that actors can fac-
tor energy price rises into their long-term deci-
sion-making. Non-environmentally compatible
exemptions for energy-intensive industries must
be progressively dismantled. In highly integrated
economic areas such as the EU, a joint approach is
essential, and the long-term aim should be to
adopt such an approach at global level as well.

• Implementing an ecologically effective and eco-
nomically efficient ‘tool box’: The further develop-
ment of ecological tax reforms should be guided
by the CO2 emissions trading established through
the Kyoto process and planned on an EU-wide
scale (Section 5.2.4.1). In this context, it is impor-
tant to ensure that no double financial burden
arises due to the co-existence of these two
schemes. This means that stationary major pol-
luters which join the emissions trading scheme
should not be subject to eco-tax or other levies
imposed in the interests of climate protection.
However, the precondition for exemption from
the eco-tax would be that the emissions reductions
achieved through emissions trading should be at
least equivalent to those achieved through the
eco-tax. The WBGU views voluntary commit-
ments as a supplementary climate protection tool
which is compatible with, but not an alternative to,
CO2 taxes and permits.

• Use of revenue: The WBGU is in favour of allow-
ing the revenue from national CO2 taxes and other
environmental levies to flow into the general bud-
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get, to be used – like other revenue – in line with
the priorities set by Parliament. In the interests of
a comprehensive ecological tax reform, a parallel
reduction of purely fiscally motivated taxes –
which produce high losses in terms of both alloca-
tion and growth – is recommended. However, tem-
porarily ringfencing a proportion of the revenue
accruing from the taxation of non-renewables to
benefit research, development and commercial-
ization of renewable energies is justified, in the
Council’s view, until external energy costs are fully
covered by adequate tax or quantitative solutions
and while subsidies on non-renewable energy car-
riers and forms of use remain in place.

The ecological financial reform is likely to be of pri-
mary importance for the industrialized countries in
particular. Although internalizing the external costs
of fossil and nuclear energy is important in principle
for the developing, newly industrializing and transi-
tion countries as well, ecological financial reform is
likely to fail in these countries in the short to medium
term due to their often inadequate public fiscal sys-
tems. The WBGU therefore recommends working to
ensure that in the long term, ecological financial
reform can have a positive impact in these countries
as well.

5.2.1.2
Removing subsidies on fossil and nuclear energy 

The basic concept
Unless energy subsidies are paid as compensation for
an external benefit, they result in energy price distor-
tions. The Council therefore regards the majority of
overt and hidden energy subsidies as one of the most
significant barriers to energy system transformation.
Energy subsidies contribute substantially to the path
dependence of the traditional energy system. With
fossil energy, this applies especially to coal subsidies
and price subsidies for oil and gas, which keep energy
prices at an artificially low level.With nuclear energy,
subsidies are generally indirect: For example, some
states exempt their nuclear industry from 100 per
cent liability and pay into a risk protection fund.

Removing these subsidies would have two posi-
tive effects: Firstly, there is an anticipated environ-
ment-related incentive effect. Price rises make fossil
fuel use less attractive to energy producers and con-
sumers. Secondly, a fiscal effect can be expected. Pub-
lic funds are freed up and can be used for other –
especially energy-related – purposes, e.g. promoting
research into renewables and energy efficiency.

It is estimated that every year, around US$240
thousand million is paid in subsidies to the energy
sector worldwide. This includes around US$80 thou-

sand million in the OECD countries (van Beers and
de Moor, 2001). In the developing countries, state
subsidies to the energy sector amount to US$50 thou-
sand million – more than the total funds allocated to
ODA (DFID, 2002).These figures still do not include
non-internalized external effects (known as ‘shadow
subsidies’) because they are extremely difficult to
quantify precisely. Nonetheless, despite these quan-
tification problems, the external costs should always
be considered in qualitative analyses as they are
highly relevant to energy policy decision-making.

Dismantling these subsidies offers great potential
to make savings. In a study for a number of non-
OECD countries, the IEA has calculated that by
completely dismantling distorting energy subsidies,
average efficiency gains of 0.7 per cent of GDP can
be achieved. Furthermore, an anticipated reduction
in energy use, amounting to 13 per cent on average,
would cut CO2 emissions by 16 per cent (IEA, 1999).

Removing subsidies and/or reforming subsidy pol-
icy also offers economic benefits. Nonetheless, oppo-
sition to these moves can be substantial because sub-
sidies always have distributional effects. The eco-
nomic sectors affected will therefore try to block any
subsidy policy reforms which put them at a disadvan-
tage. In order to reduce this opposition, subsidy pol-
icy reform should take place progressively in accor-
dance with fixed timetables. This leaves adequate
scope for adjustment. In the interests of political via-
bility, some of the funds freed up could be used to
cushion the social impacts of the resulting structural
change.

Two developments at international level can ben-
efit the reform of current subsidy practice in many
developing and transition countries:
• Accession to the WTO: Accession to the World

Trade Organization (WTO) is an important polit-
ical objective for many of these countries, such as
Russia. Domestic oil, gas and electricity prices,
which are far lower than the world market price,
are a major point of contention at the WTO acces-
sion negotiations. If the objective of WTO acces-
sion is pursued further, this is likely to drive for-
ward subsidy policy reform as well.

• International climate protection: The CO2 emis-
sions reduction commitment may trigger the
restructuring of the energy sector in line with mar-
ket principles, which will also enhance energy pro-
ductivity. The introduction of market prices for
energy use would create incentives to improve
productivity in many transition countries. In this
respect, dismantling subsidies in line with climate
protection criteria is doubly useful – benefiting
public budgets and contributing to the fulfilment
of reduction commitments.
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Practical steps
The WBGU recommends the implementation of the
following, mutually reinforcing measures to the Ger-
man federal government:
• Drafting comprehensive documentation on envi-

ronmentally harmful subsidies in general and the
subsidies on fossil and nuclear energy in particu-
lar. This documentation could, for example, be
prepared as part of the regular report on subsidies.
It should list not only direct payments but also tax
credits. Such a report on the ecological impacts of
subsidies should also provide at least a qualitative
impression of shadow subsidies (external effects).

• The German federal government should continue
to press ahead with the removal of subsidies on
fossil and nuclear energy at national level. It
should also lobby, firstly at EU or OECD level and
then at global level, for an internationally coordi-
nated removal or reform of energy subsidies. In
this context, the conclusion of a multilateral agree-
ment on energy subsidies (MESA) should be
given particular consideration (Section 5.3.5.1). In
the interests of climate policy, it is especially
important for the federal government to abandon
its opposition to the phasing out of state subsidies
for coal mining at EU level and support the target
of removing coal subsidies by 2010. This would
also be in line with the decision, adopted at COP7,
which calls on countries named in Annex II of the
UNFCCC (primarily the OECD countries) to
phase out subsidies to sectors which emit green-
house gases (UNFCCC, 2002).

• In the long term, all energy subsidies should be
removed except for those which promote funda-
mental research into innovative energy technolo-
gies, renewables and rational energy use, because
experience has shown that these services are not
adequately delivered by the market. This should
include research on the final storage of radioactive
waste and, more generally, the closure of nuclear
power plants.

It has already been pointed out that rigorously dis-
mantling all state subsidies on fossil and nuclear
energies is likely to make nuclear energy non-viable
as an industry (Section 3.2.2). The removal of subsi-
dies facilitates compliance with the guard rails out-
lined in Chapter 4. Germany has already begun to
phase out nuclear energy. The Council recommends
continuing along this path. Germany should also try
to bring influence to bear on other industrialized
countries, but also on developing, newly industrializ-
ing and transition countries, in order to achieve the
progressive phasing out of nuclear energy worldwide.

For the latter groups of countries in particular, the
success of such endeavours is likely to depend pri-
marily on the availability of sustainable alternative

supplies of energy. Measures to promote renewables,
low-emission fossil energies, and especially greater
efficiency in energy supply, distribution and use (Sec-
tion 5.2.2), as well as to develop modern forms of
energy and efficient energy use in the developing,
newly industrializing and transition countries (Sec-
tion 5.2.3), are therefore of key importance.

5.2.1.3 
Conclusion

Ecological financial reform is a key component in the
package of measures to transform energy systems
towards global sustainability. In this context, the first
priority must be to internalize the external costs of
fossil and nuclear energies. This is essential to ensure
that sustainable energies, which at present are gener-
ally characterized by far lower negative externalities
but higher market prices, are able to achieve a break-
through. Tools to compensate for these disadvan-
tages include levies on fossil and nuclear energies
due to their environment-related incentive effects,
and if necessary, the temporary earmarked use of the
accrued revenue. An ecological financial reform
should be completed by 2020 in the OECD countries
and be a long-term objective worldwide.

As well as internalizing external costs, it is essen-
tial to remove the existing subsidies on fossil and
nuclear energy carriers. Fossil and nuclear energies
should no longer be subsidized; indeed, they should
be subject to fiscal charges equivalent to their nega-
tive externalities. Ecological financial reform will
make fossil and nuclear energy carriers more expen-
sive and thus reduce their share of the global energy
mix. This will increase the share of renewables used.
However, this will fall far short of the desired target
of a 20 or 50 per cent increase.The WBGU therefore
recommends the pro-active expansion of renewable
energies. Ecological financial reform is likely to take
place primarily in the industrialized countries. The
measures outlined in the following section can also
be implemented in developing, newly industrializing
and transition countries.

5.2.2
Promotion

5.2.2.1
Promoting renewable energy

The basic concept
Today, renewable energy only covers a small part of
the worldwide primary energy requirement. In
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OECD countries, its share is estimated at 4 per cent,
most of which is generated from hydropower and
wind power (Section 2.3). Direct support for renew-
able energy can come in the form of direct payments
from the state to the relevant actors, tax exemptions,
state financing of research and development, or mea-
sures promoting market penetration. In industrial-
ized countries, many and varied supportive measures
are in place (Table 5.2-1).The lowest level of support
is currently found in the US, where expenditures for
R&D projects to commercialize renewable energy
are combined with tax credits for power plant opera-
tors who use renewable energy (IEA, 2002b). EU
member states are intervening in their liberalized
energy markets to a greater extent. In addition to
promoting R&D, they mostly use price and quantity
controls to this end.

Direct subsidies have primarily been used as price
controls for renewable energy. In some EU countries,
such as Germany, rates are also fixed for power fed
into the grid. In these countries, the government first
stipulates that grid operators have to purchase the
electricity generated from renewable sources. Then,
compensation for the power is agreed at a rate above
the market price by law or in contracts freely negoti-
ated between the power generators and the grid
operators. Compensation rates vary according to the
energy source and are primarily based on the cost
drawbacks of the renewable energy sources com-
pared to conventional energy.As the costs for the use
of renewable energy will drop in the long term as
technological progress is made and economies of
scale realized, compensation generally tapers off
over the years towards the market price.

The obligation to purchase and pay compensation
for power fed to the grid basically constitute cross-

subsidies within the energy sector. These obligations
constitute additional expenses for grid operators and
utility companies, which they then largely pass on to
consumers. The result is higher consumer prices,
which may lead to lower demand – and hence lessen
the burden on resources. In Germany, Spain, Den-
mark, and France, the system of feed-in rates has led
to steadily rising use of renewable energy. In the past
few years, Belgium, Luxemburg, and Austria have
also adopted the concept.

In contrast, the EU has long viewed price-based
promotional measures for renewable energy sources
critically (EU Commission, 1998). The European
Commission argues that consumers in a completely
liberalized European electricity market will choose
the provider with the lowest prices, and that
providers from countries without such costly obliga-
tions will be at an unfair advantage. In competition
with foreign providers, utility companies that have to
buy expensive renewable power would then no
longer be able to pass on the higher costs to con-
sumers. Hence, the European Commission advocates
using quantity controls (EU Commission, 1999a) to
promote renewable energy sources; at the same time,
the EU is not vocal in its criticism of feed-in rates at
present, and price controls remain in line with the
EU’s current subsidy regulations towards the harmo-
nization of promotion mechanisms envisioned for
2005 (EU Commission, 2001d).

The simplest model of quantity-based promotion
is the use of quotas for energy from renewable
energy sources (Box 5.2-1). In this model, all utility
companies and grid operators are obliged to cover a
certain legally specified amount of the heat or power
they sell with renewable energy that they either gen-
erate themselves or purchase. State tenders for cer-

Table 5.2-1
Overview of the political instruments available for environmental protection in specific industrialized countries. X in place, P
planned.
Source: modified after Espey, 2001

Price control Quantity control Financial incentives

Subsidies
for
renew-
ables

Taxes on 
fossil 
sources

Fixed rate
for power
sold to the
grid

Political 
targets for
quantities

Emissions
trading

Tenders Quotas State
R&D

Market
penetra-
tion

Germany X X X X X X
Denmark X X X X X P X
France X X X X X X X
Great Britain X X X X X P X X
Netherlands X X X X X X X
Sweden X X X X P P X X
Spain X X X X
USA X X X P X
EU (frame-
work-setting) X X P X X
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tain energy quotas for renewable energy that has to
be sold to the grid are another possibility. In this pro-
cedure, the government sets quotas for the amount of
energy from renewable sources that has to be sold to
the grid, with the least expensive investor generally
being awarded the contract. The tendering process
ensures, through competition among power genera-
tors, that mainly those producers or generation tech-
nologies will advance which are able to overcome the
cost barriers of market access quickest.

Recently, the EU has been discussing tradable
quotas and ‘Green Energy Certificates’ for the use of
renewable energy. In this model, which has been used
in the Netherlands and more recently in Denmark,
the government stipulates the minimum amount or
share (quota) of electricity and heat from renewable
energy sources, which can then be provided flexibly
(Box 5.2-1). Tradeable quotas and Green Energy
Certificates ensure that the state quotas can be ful-
filled flexibly and at low cost. The power generation
capacity is expanded where it is least expensive to do
so. However, this model fails to promote specifically
the very technologies that will be crucial in the future
but are still expensive today. To do so, complemen-
tary state subsidies would be needed.

Practical steps
There is no ideal way to increase the share of renew-
able energy through direct support. There is a broad
consensus that state expenditures for research and
development have to be clearly increased, but this is
the only uncontroversial approach. In light of the
major role that renewable energy sources are to play
in globally sustainable energy systems even in the
next few decades and the very minor role they now
play, the WBGU believes that support for public and
private research and development in renewable

energy be increased quickly and comprehensively
(Chapter 6).

The Council proposes that the German govern-
ment should look into both quantity-based policies
and price controls, especially a step-wise transition to
quotas that takes account of each energy source and
technology. Guaranteed rates for renewable energy
sold to the grid is one of the options that makes a lot
of sense as start-up financing, especially when it
comes to promoting technologies that are far from
competitive. In our experience, set rates for power
fed to the grid and subsidies that provide different
rates of compensation appear to be more effective
than quotas in compensating for the higher costs of
renewable energy sources. The example of wind
power, which was uncompetitive at the beginning of
the 1990s, underscores this fact (Table 5.2-2). While
quotas could be set for each individual energy source
(Deutsche Bank Research, 2001), the high costs of
the technical implementation of emerging technolo-
gies make this difficult, and Green Energy Certifi-
cates are not easily tradable. Therefore, Germany
should maintain its current practice of tapering feed-
in rates for relatively uncompetitive energy sources
and technologies.

However, the outcomes shown in Table 5.2-2 are
less the result of a fundamental superiority of feed-in
rates than of the specific design of the various instru-
ments: quotas for renewable energy are often quite
modest, while the rates for renewable energy sold to
the grid are relatively high. Hence, it seems that
incentives are easier to implement via price controls
than quotas.

Once the market share of a technology for the use
of renewable energy has grown significantly and the
technology has become competitive, direct quotas
should replace subsidies for renewable energy so that
competitive processes can better promote the innov-

Table 5.2-2
Comparison of the expansion of wind energy capacity under various promotion models in 2000.
Source: modified after Gsänger, 2001

Incentive
mechanisms

Country Installed
capacity 
end of 1999
[MW]

Installed
capacity 
end of 2000 
[MW]

Growth rate

[%]

Rated
power

[W/per capita]

Rated
power
per surface
[kW/km2]

Price control
(fixed rate for
power sold to
the grid)

Germany
Spain
Denmarka)

4,443
1,542
1,771

6,113
2,535
2,282

38
64
29

74.51
64.39

430.48

17.12
5.02

52.95

Quantity
control
(tenders, quotas)

Great Britain
Ireland
Franceb)

344
73
22

406
93
60

18
27

173

6.88
25.10
1.02

1.67
1.32
0.11

a) The great wind capacity in Denmark is mostly due to previous state minimum price controls.
b) In 2000, France switched to a price-control model like that of the German Einspeisevergütung (fixed rate for power sold to the
grid). The very high growth rates are the result of special state subsidies for wind energy (EOLE 2000 incentive programme).
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ative and allocative functions of renewables. In the
long term, a transition to a model of Green Energy
Certificates for ‘green’ power generated with
increasingly competitive renewable energy sources
seems possible and appropriate, especially as greater
efficiency will result from the international trading of

such certificates. The time frame for the transition of
price controls – such as compensation for power sold
to the grid – towards tradable quotas will basically
depend on the expected volume of the quota market.
For instance, wind power and hydropower can be
expected to cover a large part of electricity genera-

Box 5.2-1

Quotas, tradable quotas, green energy
certificates

Quantity targets for the use of renewable
energy sources
The goal is a minimum share of the desired type of energy
in overall energy consumption. The target can be an
absolute value or a quota (such as 10 per cent of the elec-
tricity generated) to be fulfilled by a certain deadline.

National and international quotas
The German government has set a goal of doubling the
share of renewable energy in its electricity supply, which
means the national target is 12.5 per cent by 2010.The guide
value for the European Union is to raise the share of
renewable energy in its energy supply from 6 per cent in
2001 to 12 per cent in 2010, and specifically for the supply
of electricity to 22 per cent by 2010.The EU’s overall quota
is split up into sub-quotas for the member states. The vari-
ous states can choose how they fulfil these quotas. Several
states have chosen quantity targets (Table 5.2-1 for the
European Union).

Quotas versus tradable quotas
Within a country, power companies or energy providers are
usually obliged to provide a quota of the power they sell
from (certain) renewable forms of energy. Relatively wide-
spread in industrialized countries, this concept is called a
portfolio model. If the overall quantity target is broken
down across the various parties obliged to meet the target,
the target is quantified for each actor. In addition, it is gen-
erally not difficult to monitor the degree to which the tar-
get has been met. However, the economic efficiency of rigid
quotas is limited.

As power companies and energy generators incur dif-
ferent costs for the fulfilment of the quota, the quotas
should be made flexible by allowing trading to lower costs.
If an electricity generator has to generate a certain amount
of electricity from renewable energy within a certain
period, it can chose to generate it itself or purchase ‘green
power’ from another power generator. As a result, the gen-
erators of ‘green power’ who operate most inexpensively
will produce power, while generators with higher produc-
tion costs will purchase power from them. With tradable
quotas, the overall quota would thus be reached at lower
overall costs than in the portfolio model.

Up to now, tradable quota models have mostly been
implemented at the national level. However, there are a
few model projects to test international trading quotas for
renewable energy.

Green energy certificates

Basic concept
The model of green energy certificates represents a further
development of flexible, tradable quotas. Here, individual
quotas or absolute amounts that individual parties have to
fulfil are a prerequisite. Unlike with tradable quotas, the
parties do not have to generate the energy themselves or
buy green energy physically, however, but only prove they
have fulfilled the quota by owning a relative amount of
green energy certificates. These certificates are issued to
generators of ‘green power’ by a state supervisory author-
ity for a certain amount of energy (say, 1MWh). Not only
power companies and producers, but also consumers can
receive tradable green energy certificates. The free trading
of certificates would create a new market – an ‘environ-
mental service market’.

Pricing and economic efficiency
Pure price competition will continue to determine the price
for electricity on the traditional market. Generators of
‘green electricity’ can compensate for cost disadvantages
with additional income from the functionally separate cer-
tificates market. Providers of certificates will demand at
least the price based on the difference between the costs of
generating ‘green power’ and the market price for electric-
ity.The most efficient providers of ‘green electricity’ will be
awarded contracts. No distorted costs due to collusion or
abuse on the part of dominant power generators are
expected because the purchasing power company can also
produce ‘green electricity’ itself to procure these certifi-
cates.

The advantage over tradable quotas is mostly their
greater transparency and lower contract costs. In addition,
consumers such as voluntary participants (environmental
protection organizations, environmentally concerned citi-
zens) can be better integrated.

Strategies for not yet competitive new technologies
In practice, the advantage of economic efficiency can lead
to a disadvantage: specializing in inexpensive generation
and inexpensive forms of energy will only promote com-
petitive energy sources, such as windpower and hydro-
power, in the current state of technology.Thus, not yet com-
petitive, but promising energy sources would be left out of
this system of incentives. As a result, quotas would have to
be set for these technologies and certificates markets estab-
lished – such as a certificates market for power sold to the
grid from geothermal plants. This would not make much
sense for the latest technologies as the market volume of
certificates sold and bought would be too slight to ensure
that the market would remain functional. Hence, start-up
financing is indispensable for emerging, not yet competitive
forms of energy (such as state subsidies, fixed rates for
power fed to the grid, etc.). As soon as the technologies
have matured enough, quotas can replace subsidies, and a
green energy certificate market for that particular energy
source can be envisioned.
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tion quickly, which is not the case for photovoltaics or
geothermal power. At the same time, policy makers
will not be able to do without subsidies completely in
promoting innovative renewable energy technolo-
gies anytime soon. On the one hand, free-enterprise
competition is not expected to produce sufficient
research findings; on the other, promising new tech-
nologies will emerge in the period of transition –
which will last at least 50 years – that will not be able
to compete if only supported in quota systems.
Hence, no single promotion mechanism will suffice
for the successful market penetration of renewable
energy; rather, a mix of various mechanisms will best
take account of the different degrees of competitive-
ness of the respective types of renewable energy
sources. Thus, the WBGU recommends:
• Continuing and expanding market penetration

strategies (such as temporary subsidies, fixed rates
for power sold to the grid, quotas). Until a consid-
erable market volume has been attained (or a
technology has proven to be non-viable), fixed,
tapering rates for power fed to the grid is one of
the best options.

• In the mid-term, quotas should be used more
often, leading to a Europe-wide system of tradable
quotas and Green Energy Certificates for renew-
able energy sources in the foreseeable future.
Intensive research is necessary for the design and
transferral of tradable quotas to the global level.

The incompatibility of the various national systems
makes international trading of these certificates dif-
ficult. An initiative of European power companies
created the certificate system RECS (Renewable
Energy Certification System) to demonstrate that

Green Energy Certificates can be traded; this system
was tested from 2001 to 2002 (Box 5.2-2). Participa-
tion in RECS is currently voluntary.The incentive for
the companies is image benefits; for private house-
holds (such as in the Netherlands) tax credits for the
certificates purchased. After the test phase, the
RECS system is to be further institutionalized.
Expanding the innovative initiative of certificates to
promote international trading would be an appropri-
ate first step towards a global solution. The WBGU
recommends that more German institutions should
join the RECS initiative to include their ideas and
concerns in the trading system.

For specific countries, the time frames and designs
of the transition from a price control system to a
quantity control system for renewable energy have to
be specified in accordance with their special settings.
Social science research needs to be conducted to
identify optimal strategies (Section 6.2).

To expand renewable energy beyond its current
market volume in developing and newly industrializ-
ing countries, the proper technologies will have to be
mass-marketed and promoted. The WBGU thus rec-
ommends that the German government design its
development cooperation programmes both techni-
cally and financially to achieve this goal. In particu-
lar, training programmes and demonstration projects
would be helpful in the field of energy to promote
marketing strategies for renewable energy, as well as
other measures designed to increase demand for
renewable energy (Section 5.2.3).

The success of renewable energy in the transition
countries will depend on whether market-based
reform of the energy sector are pursued consistently.

Box 5.2-2

Renewable Energy Certification System 

Electricity providers (generators, traders, grid operators,
etc.), state institutions, associations, service providers, and
households can participate in a Renewable Energy Certifi-
cation System (RECS). Up to now, some 170 organizations
are members in the RECS. They include almost all EU
countries, Norway, and Switzerland. There are also cooper-
ative deals with Australia, Japan, New Zealand and the US.
The participants agree to accept the ‘basic commitments’,
which define trading institutions and the flow of trading.
The national ‘issuing bodies’ play a crucial role; they issue
certificates and monitor trading. Certificates are issued to
accredited electricity generators if the power was not pro-
duced with fossil or nuclear energy sources. Details about
generation are checked in the course of accreditation and
kept in national databases.The certificates from the issuing
body are based on units of 1MWh of electricity generated.
To prevent electricity being certified twice, the certificates
contain information about the location of the production

plant, the manner of generation, the date of issue for the
certificate, and the identification of the certifier. The net-
working of the issuing bodies’ databases provides the IT
basis for the trading system. Each generator has an account
in the databases, where it receives certificates for each
MWh fed to the power grid. Generators can offer certifi-
cates on a market. The buyers in the market are generally
providers of ‘green’ products, private households (in the
Netherlands), or environmentally conscious power con-
sumers who require proof of the origin or means of gener-
ation of their power. Finally, power companies that have to
fulfil a certain quota of renewable energy (portfolio stan-
dards) could use certification to demonstrate that they
have fulfilled their quotas. Transactions between market
partners have to be reported to the issuing body, which
checks and corroborates the information provided by the
participants. A certificate is invalidated as soon as it has
reached the customer of a ‘green’ product or – in the case
of the Netherlands – has been turned in for tax credit. By
mid-2002, certificates for more than one TWh of electricity
had been traded within the RECS.

Sources: RECS, 2002; Groscurth et al., 2000



Here, subsidies for fossil and nuclear power will have
to be done away with and incorrect market signals
corrected. A stable, reliable set of market rules and
regulations for the energy sector and corresponding
qualities of public administration play a key role in
this context. The use of market-based instruments
such as eco-taxes (green taxes) or certificate trading
could provide incentives for greater use of renewable
energy.

The eastern European EU accession states
already meet important institutional prerequisites
for the implementation of instruments to promote
renewable energy. It is recommended to integrate
them in the planned EU certificate trading as soon as
possible to take optimal advantage of economic cost
reduction potential. The situation regarding instru-
ments in the CIS nations is quite different, however.
In light of the continuing great need for reform and
the insufficient capacity within companies and public
administration, there is even a risk that implementing
such instruments would have the opposite effect
(Bell, 2002).

5.2.2.2
Promoting fossil energy with lower emissions

The basic concept
In the short to mid-term, the world cannot do without
fossil energy. Renewable energy will not be able to
replace fossil fuels completely anytime soon. In order
to ensure power supply even while reducing depen-
dence on fossil fuels, two factors have to be kept in
mind: on the one hand, new investments in fossil
energy sources should be kept to a minimum; on the
other, investments in the field of fossil fuels that seem
to be indispensable for socio-economic reasons
should be made in types of energy that produce
lower emissions and can be implemented in a flexible
infrastructure. A temporary expansion of fossil
energy can thus be designed to allow for new facili-
ties – such as power plants or grids – to be operated
with renewable energy sources as well. Increasing the
share of natural gas could provide the desired flexi-
bility if, for instance, plants that initially run on nat-
ural gas can be later retrofitted to run on biogas or
hydrogen.

Practical steps
The temporary expansion of fossil energy with lower
emissions is especially important in developing,
newly industrializing, and transition countries with
no real alternatives for power supply in the short to
mid-term, especially given their strong economic
growth. For instance, Russia plans to cover the

expected growing demand for energy by using its
coal reserves to reduce its dependency on natural gas
(IEA, 2002a). Such a development is less critical
when the additional use of coal can be compensated
for by technology that will reduce emissions. At least
in the transition phase, modern technology for the
use of fossil energy sources will have to be trans-
ferred to the transition and developing countries.
Here, development cooperation will play an impor-
tant role, either directly or indirectly (such as by
means of export credit guarantees).The Kyoto mech-
anisms (joint implementation und clean develop-
ment mechanism) could prove to be beneficial here:
they provide industrialized countries with an incen-
tive to transfer low-emission technology for fossil
energy sources to developing and transition coun-
tries.

Problems can be expected mostly in developing
countries if a country with great coal reserves and
many coal-fired power plants wants to switch to nat-
ural gas, and hence import gas that it cannot pay for.
Thus, financial and technical support should accom-
pany the expansion of low-emission technologies for
the use of fossil energy in these countries (Section
5.2.3).

Liquefied petroleum gas is most likely to replace
traditional biomass for cooking in the mid-term.
Even if all of the 2,400 million people currently living
in energy poverty switch to liquefied petroleum gas,
the emissions would only make up some 2 per cent of
the world’s emissions (Smith, 2002). Brazil has
already replaced biomass with liquefied petroleum
gas for cooking in 94 per cent of its households.While
40kg of liquefied petroleum gas are consumed there
per capita annually, China and India only consume
around 10kg, while sub-Saharan Africa uses less than
1kg per capita (Reddy, 2002). The Council finds
liquefied petroleum gas to be an especially good sub-
stitute for the traditional use of biomass as the tech-
nology is readily available and can be implemented
quickly; it also will allow for a later transition to
renewable energy sources. In the long term, liquid gas
should be made from biomass.

5.2.2.3
Promoting efficiency in the provision, distribution
and use of energy

The basic concept
There is great potential for enhanced efficiency in the
provision, distribution and consumption of energy.
The technologies required are already available for
the efficient and inexpensive provision of energy ser-
vices, the prevention of transport losses in grid-based
energy transport across long distances, and the effi-
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cient use of energy by consumers (Section 3.5). In
industrialized countries, the untapped efficiency
potential is around 60 per cent on the demand side
(Enquete Commission, 2002). In the developing,
newly industrializing, and transition countries, the
potential efficiency gains are probably much greater.

Efficient provision of final energy
The liberalization of energy markets will provide
most of the incentives for more efficient energy pro-
vision. Here, the crucial elements are the abolish-
ment of governmental supervision of investments,
demarcation contracts and concession agreements,
the separation of electricity generation and grid
operation, and a limitation of the role of the govern-
ment in setting rules. With grid-based power supply,
customers can take advantage of the liberalization of
electricity markets by choosing their power provider,
thus influencing the structure and technology of gen-
eration. Liberalization can in principle be expected
to lead to structural changes among the electricity
providers. Only the providers who produce electric-
ity with economic efficiency will be able to stay on
the market in the mid to long term. Indeed, electric-
ity prices had been falling in the EU until recently.
However, critics of liberalization fear that a concen-
tration of companies will eventually hamper compe-
tition on the electricity market (Kainer and
Spielkamp, 1999). For instance, in Germany the four
largest companies provide a majority of the power
supply. But such a concentration is not a foregone
conclusion. After all, liberalization means opening
the market up to a potentially larger number of
providers. For instance, more providers of ‘green
power’ have entered the market since liberalization.

Liberalization can also be expected to produce
long-term structural changes in the generation of
electricity. For example, distributed power units may
produce more electricity. For industrialized coun-
tries, this trend would not be a return to the spot solu-
tions of the last century, but rather the inclusion of
small, local power plants in the public grid.The devel-
opment of information and communications technol-
ogy makes it easier to bundle and coordinate a num-
ber of small power plants in one ‘distributed power
plant’ (Section 3.4.3). As Germany is planning to
revamp its network of power plants in the next few
years from the ground up, this country offers an
excellent opportunity to change the spatial supply
structure by building new power plants. The Council
feels that the German government should look into
restructuring the supply structures and promoting
pilot projects and market implementation pro-
grammes. Current campaigns within the EU and
Germany should be expanded even further.

A more distributed power supply could increase
the share of renewable energy and combined heat
and power plants (CHP). Local distributors (munici-
pal power companies) used to be the main source of
investments in renewable energy and CHP on behalf
of the communities. Now that complete liberalization
has removed the special status of local distributors,
however, a lot of CHP plants operated by municipal
power authorities are being shut down in Germany
(BMU, 2000). One of the reasons is the subsidies for
fossil and nuclear energy and the insufficient inter-
nalization of external costs, which has distorted
prices.

If the potential efficiency gains are to be realized
on both the supply and demand sides, one will have
to move beyond liberalization (IEA, 2000).The addi-
tional internalization of the external costs of fossil
and nuclear power will ensure that the price for effi-
ciently generated power is raised to the price level
that corresponds to the true scarcity of the sources.
Only then can the central criterion that consumers
base their purchases of electricity on – the price – be
used to create incentives for more efficient power
demand. In addition, it would make sense to have
mandatory labelling for electricity from renewable
sources. The demand for electricity from regenera-
tive energy sources would be easier to realize, and
competition on liberalized markets would have a
qualitative component in addition to prices. The
labelling would also be an initial step towards a sys-
tem of tradable green energy certificates (Batley et
al., 2000; Section 5.2.2.1).

In addition, liberalization means opening national
electricity markets to power imports, thus increasing
competition on the national electricity market. How-
ever, such electricity imports will only increase the
efficiency of supply and demand if the external costs
of fossil and nuclear energy are internalized in for-
eign countries as well. Energy imports from countries
where the external effects have not been internalized
could lead to the suppression of domestically gener-
ated energy that is more expensive due to the greater
degree of internalization (Section 5.3.5).

The WBGU holds that the state should intervene
in the process of liberalization to help shape these
events. Long-term, stable general frameworks should
be created for the new markets, and the proper func-
tioning of competition should be ensured. The
increasing integration of the energy markets in
Europe requires the creation of a supranational reg-
ulatory authority to protect competition, such as a
European competition authority (Duijm, 1998). Nev-
ertheless, the principle of subsidiarity stipulates that
national and regional decision-makers should deter-
mine energy policy to the extent possible so that spe-
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cial national and regional needs and features can be
taken into consideration.

The simultaneous supply of electricity and heating
or cooling from CHP plants offers great potential
efficiency gains (Section 3.3). But the price drops
caused by liberalization, the ongoing subsidies for
fossil and nuclear power, and the wholly insufficient
internalization of external costs are weakening the
current competitiveness of this comparatively envi-
ronmentally friendly technology. Hence, the WBGU
recommends that incentives be continued specifi-
cally for CHP plants and that quotas be implemented
at the EU level. The WBGU also calls for a greater
share of power from CHP than the level suggested in
the EU’s 6th Environment Action Programme: 20
per cent instead of 18 per cent by 2012. In addition to
the proposal for a European CHP Directive, which
calls for disclosure of CHP power by 2005 and
requires that national subsidies should only be
granted to CHP power when the heat is also used, the
German government should set national, binding
quotas as soon as possible. Tradeable quotas would
be one way of providing power in the most economi-
cally efficient manner from CHP plants. These regu-
lations should take the concept of distributed gener-
ation of electricity (Section 3.4.3) into account.

Efficiency increases in the provision of energy in
developing, newly industrializing, and transition
countries often require the prior transfer of better
technologies to these countries. While some eastern
European coal-fired plants only have 28 per cent effi-
ciency and some in China only 20 per cent, modern
gas turbines attain nearly 60 per cent efficiency. The
WBGU thus recommends granting the transfer of
energy technologies a higher status. On the one hand,
more technology could then be transferred in the
context of development aid; on the other, private
technology transfers could receive more support. In
addition to better credit conditions, tax exemptions
and state risk guarantees would be possible. In addi-
tion, the German government should support the
step-wise establishment of international standards
for minimum efficiency levels for fossil power plants.
Such standards should be based on the EU IPPC
Directive and take effect no later than 2005.

Efficient energy transport structures
In the course of the liberalization of the energy mar-
kets, environmentally desirable increases in effi-
ciency among operators of transit grids could stem
from the separation of distributors and providers. As
these companies concentrate on operating grids, bet-
ter transmission technologies can be expected to pro-
vide efficiency gains, thus reducing transmission
losses. However, grid operators that also own the

grids only have an incentive for more efficient grid
operation when the income from better transmission
technologies is greater or the returns to scale for cen-
tralized power less than the costs for grid losses. This
will probably not be the case very often. Long-term
strategies have to be developed to make the grids
ready to cover large areas of power generation.

In transition countries, considerable increases in
energy efficiency have resulted from improvements
in existing district heating systems. These systems
have been suffering from high transit and distribu-
tion losses. Relatively simple measures – such as the
introduction of consumption meters, variable-speed
pump motors, and the revamping of the insulation
used on piping – could provide major efficiency
gains. Investments of this type usually pay for them-
selves within only two years (van Vurren and Bakkes,
1999). The WBGU recommends supporting transi-
tion countries in reducing their transit and distribu-
tion losses.

Efficient energy use
The efficiency of energy consumption can also be
increased for consumers who co-determine the
energy demand in buildings or with machines, appli-
ances, cars, transport services, etc. However, private
households are rarely able to get information about
the energy balance sheet for individual alternative
products and houses or apartments and to assess it.
Hence, labels and minimum efficiency standards
have been established since the 1980s. However,
these labels are often voluntary or limited to certain
market segments. For instance, for a long time there
were only efficiency classes and labels for ‘white
goods’ (refrigerators, washing machines, etc.) in the
consumer goods sector, while ‘brown goods’ (televi-
sions, stereos, etc.) were rarely labelled.

The Council thus recommends expanding these
labels to all consumer goods and making this devel-
opment mandatory in the EU. In the long term, labels
should be made mandatory for all energy-intensive
consumer goods, buildings, industrial plants, and ser-
vices to the extent possible.The EU’s Energy Perfor-
mance Directive (EU Commission, 2003) has already
set the date for energy labelling for buildings at 2006.

At the same time, the requirements for labelling
are to be adapted to the current state of technology
in regular intervals. When revising the label features,
more attention should be paid to consumption dur-
ing stand-by for many consumer appliances. Stand-by
consumption is estimated at around 10 per cent of
the electricity demand in homes in the OECD coun-
tries, with potential savings averaging around 75 per
cent (IEA, 2001c).
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The international harmonization of efficiency
standards and labels would be helpful towards over-
coming the confusion produced by a plethora of
labels, especially for goods traded in large volumes
internationally. Bilateral agreements within the EU
could be a step in this direction (Box 5.2-3). Interna-
tional labels are usually only based on the lowest
common denominator so that they should not
replace, but rather be integrated into more ambitious
labelling systems. If, for example, a ‘single global
energy star’ were introduced for tradable consumer
goods for the long term, regional and national
labelling systems should continue to be implemented
and further developed to provide information about
far more ambitious efficiency standards, such as a
European ‘double energy star’ or national ‘triple
star’.

Great efficiency gains could also be made for the
use of heating and cooling energy if ordinances were
passed to reduce heat loss in winter (insulation, heat
recovery) and provide better protection from sum-
mer heat for buildings (Section 3.5.2). The construc-
tion sector could be made more environmentally
friendly if the legal minimum standards contained
ambitious targets and suitable incentives. For
instance, the Energy Performance Directive stipu-
lates that the energy consumption analysis of build-
ings is to be based on the consumption of primary
energy (including energy for cooling and lighting)
starting in 2006, which is already being worked on in
standardization committees. In the process, essential
elements of the German Building Energy Conserva-
tion Ordinance (Energieeinsparverordnung) of 2002
and some methods already established in Switzer-
land can be adopted. Furthermore, applied research
is currently promoting demonstration projects that
provide a comprehensive energy analysis of heating,
ventilation, cooling, and lighting.There is also a great
potential to lower CO2 by supporting better supply
technology, such as through low-interest loans
(Enquete Commission, 2002).

Efficiency gains are also to be made on the
demand side by means of ‘demand control’ in the

strict sense of the term, i.e. demand side manage-
ment. Load management would be one way of doing
so; here, the maximum electricity consumption is
shifted to times of lower consumption, thus helping
to reduce the number and capacity of power plants
needed. Variable rates and support for certain stor-
age technology would provide incentives for this
approach (Melchert, 1998). Though variable rate
structures already exist today, consumers rarely take
sufficient notice of them. Here, one can imagine hav-
ing a display of the current rate in apartments on an
electronic display or automatically controlling appli-
ances based on the current rate.

In addition, ‘contracting’ is recommendable, espe-
cially for companies (Melchert, 1998). Here, a third
party – the contractor – plans, conducts, and possibly
finances energy projects. Whereas equipment con-
tracting means that the construction and operation of
a certain production plant is outsourced, the contrac-
tor in performance contracting looks for ways to save
energy in the company and takes measures to save
energy independently (Freund, 2002). Not only do
the contractor and the customer profit from perfor-
mance contracting, but also the environment. Hence,
this model is a win-win-win instrument worth pro-
moting.

For contracting to be established as a voluntary
service on a liberalized market, the liberalization of
the markets for grid-based energy supply is crucial
and will have to be completed quickly. Only then will
all customer groups be able to switch to energy
providers with an especially favourable service offer.
One can also imagine contracting offers that ensure
that renewable energy or cogeneration (CHP) units
can cover the energy services needed for a building
or a plant. In the end, energy service providers can
help make the current market for final energy (elec-
tricity, gas) into a market for services (lighting and
warm/cool rooms, hot and cold meals, etc.).

To provide consumers with the relevant informa-
tion, the WBGU recommends better consumer infor-
mation about contracting and demand side manage-
ment. Standardized sample contracts including envi-

Box 5.2-3

EU-wide mandatory labelling of consumer
goods

Since August 1999, there has been mandatory EU-wide
labelling of ‘white’ appliances (cooling units, washing
machines, etc.). The various EU states implement the
mandatory labelling, monitor it, and ensure that the great
variety of labels stays within certain bounds and consumers
are informed about the labelling by means of campaigns.

The labelling is also beginning to apply to ‘brown’ goods
(televisions, stereos, etc.). For instance, the EU adopted the
US ‘Energy Star’ labelling for office and telecommunica-
tions equipment (PCs, screens, faxes, copiers, scanners, etc.)
in 2001.The value of the transatlantic trading of such equip-
ment – some US$40,000 million – is one main reason why
the label was adopted at least up to 2005 instead of devel-
oping a European label. There are similar agreements
between the US and other states such as Australia and New
Zealand.

Sources: WTO, 2001; Energy Star Australia, 2002
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ronmental information could lower the information
costs and help consumers, especially small ones, over-
come their inhibitions.

Incentive systems for specific target groups
Lifestyles influence the structures of energy con-
sumption decisively, especially in industrialized
countries (Section 2.2.3). Likewise, the possibilities
of taking advantage of efficiency potential on the
demand side or attaining a sustainable level of
energy consumption differ according to lifestyles.
Lifestyle research shows that environmentally alter-
native lifestyles like those of the 1970s and 1980s
have not established themselves (Reusswig et al.,
2002). In other words, for the foreseeable future
strategies to save energy will probably only be suc-
cessful if people feel that they will not have to lower
their standard of living. The 2000 Watt Project in
Switzerland can be considered a relatively successful
attempt to propagate sustainable energy consump-
tion, including efficient energy use, without leaving
the impression of having to ‘do without’ (Spreng and
Semadeni, 2001).

The incentive systems will have to be as varied as
the target groups they address. The motivation to
save energy can be the act of saving itself, an interest
in modern technology/innovations, or an internalized
responsibility for future generations. To reach all
lifestyle groups, there will have to be a mixture of
environmental policy instruments.

Communication concepts for the specific target
groups appear suited to complementing and support-
ing political frameworks. For instance, the municipal
utility of Kiel conducted a market study in order to
allow it to respond to a highly differentiated buyer’s
market with marketing tailored to specific target
groups. In the process, the utility found out that
energy-saving behaviour not only differs from group
to group, but also from sector to sector (heating, elec-
tricity, water). The various groups choose their gen-
eral environmental behaviour and, in particular, their
ways to save energy for all kinds of reasons that stem
from their lifestyles (Reusswig, 1994).

The WBGU thus recommends integrating the dis-
cussion about sustainable lifestyles and environmen-
tal awareness in the ongoing negotiations on the
implementation of Article 6 of the UNFCCC dealing
with education, training, and public awareness about
climate change. By 2005, a discourse about lifestyles
should be part of school curricula in industrialized
countries. Furthermore, campaigns addressing spe-
cific target groups should be carried out among the
population. In the end, the extent to which con-
sumers associate the transformation of energy sys-
tems towards sustainability with a vision that will

personally benefit them will be decisive: a better
standard of living, more freedom to choose, more
jobs, and technological innovations.

5.2.2.4 

Conclusion

Fossil and nuclear energy must be made more expen-
sive than they currently are by means of fiscal mea-
sures so that they will become less attractive. On the
other hand, the transformation of energy systems
also requires special incentives to make both renew-
able energy and low-emission fossil energy more
attractive in addition to directly increasing the effi-
ciency of the production, distribution and consump-
tion of energy.

In principle, price controls and quotas can both be
used to promote renewable energy. Direct subsidies
or set rates for power fed to the grid can be used very
well as price controls.The various types of quotas for
minimum shares of electricity or heat from renew-
able energy sources are essential for quantity control.
These quotas can be designed so that certificates for
the production of electricity from renewable energy
sources can be purchased and sold in a market.

Quantity controls basically have the advantage of
being more targeted. Tradeable quotas – with the
addition of the system of green energy certificates –
are also an attractive national and international
instrument for the expansion of renewable energy in
terms of efficiency. On the other hand, promising new
technologies may not be competitive due to a lack of
product maturity and small production volumes,
problems that tradable quotas will not remedy. Here,
the promotion through price instruments is more
suitable. The selective transition from a price-based
to a flexible, quantity-based system of incentives
should be tailored to the special features of the tech-
nologies, markets, and countries concerned.

Efficiency gains can come from measures on both
the supply and demand side. Here, state regulations
play an important role, as do an increase in competi-
tion (due to liberalization) and better information
for consumers from the propagation of mandatory
labelling on all energy-intensive consumer goods,
buildings, industrial plants, and services. The interna-
tional harmonization of efficiency standards and
labels is recommended for goods traded internation-
ally in large volumes. In addition, the instruments of
demand side management and contracting should be
supported in liberalized energy markets and con-
cepts for incentives and communications developed
to address specific target groups.
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Great potential efficiency gains in energy used for
heating and cooling would result from ordinances
regulating the thermal performance of buildings.
Legal minimum standards combined with ambitious
targets and appropriate incentive programmes are
recommended.

The transfer of technology from industrialized to
transition, newly industrializing, and developing
countries is important to increase the efficiency of
fossil power plants. In addition, the German govern-
ment should support international standards for min-
imum efficiency levels for fossil power plants. The
Council also recommends specifically promoting
combined heat and power (CHP) plants. Here, the
German government should work for the quick
adoption of national target quotas in the ongoing
negotiations on the EU’s CHP Directive. By 2012, 20
per cent of the electricity in the EU should be gener-
ated by CHP. Tradeable quotas would be one way of
providing power in the most economically efficient
manner from CHP.

5.2.3
Modern forms of energy and more efficient
energy use in developing, transition and newly
industrializing countries

5.2.3.1
The basic concept

For developing and newly industrializing countries,
population growth and the sometimes above-average
growth of the gross domestic product are only some
of the reasons why the demand for energy services
can be expected to increase. The investment costs
needed to meet this demand in the energy sector will
amount to some US$180,000–215,000 million (in
1998 dollars) over the next twenty years, or 3–4 per
cent of the annual GDP of these countries (UNDP et
al., 2000; G8 Renewable Energy Task Force, 2001).
The latest estimates of the IEA find that the transi-
tion countries will have similar demand. For instance,
from 1999 to 2020 the investments needed for Rus-
sia’s energy infrastructure (including investments in
energy efficiency and promoting renewable energy)
amount to US$550,000–700,000 million (IEA,
2002a). In light of the weak economies of these coun-
tries and the extent of the financing required, they
will not be able to finance these investments on their
own in the foreseeable future (Dunkerley, 1995). For
these reasons, and because private investments can
be expected to provide far more financing than funds
from development aid programmes, the only way
that the energy sector can be expanded as required is

if private investments are expanded, especially from
foreign investors.

However, private investments will only be made
when profits can be expected at least in the mid-term.
In light of the current energy policies of developing
countries, the incentives for private investments in
the energy sector are very limited, both for the
expansion of current electricity grids and improve-
ments in access to modern energy in rural areas.
Hence, in the mid-term expanding the energy supply
to rural areas by means of distributed approaches
and microgrids will primarily remain a task for the
local governments and development aid agencies.

In addition to improvements in the supply of
energy, better access to modern energy with low
emissions also requires measures on the demand
side. Expedient measures range from subsidies for
efficient, low-emission energy consumption to the
expansion of microfinancing for private households
and aspects concerning the acceptance of different
technologies and means of financing.

Various measures for supply and demand are now
discussed in greater detail. It should be kept in mind
here that the energy systems of developing, newly
industrializing and transition countries all vary
greatly, even within the respective groups. Hence, the
recommendations for energy policies given in the fol-
lowing should not be considered a recipe for all cases.
On the contrary, the great variety of demographic,
geographic, cultural, social, economic and political
distinctions in addition to the great variety of current
energy systems make it clear that any proposals for a
transformation of energy systems will have to be
adapted to local conditions.

5.2.3.2
Practical steps on the supply side

Creation of attractive general frameworks
for private investors
The initial experience of some developing countries
with the partial privatization of the energy sector
have shown that private investors increase the effi-
ciency of the power supply considerably given proper
regulations. At the same time, the countries benefit
from access to international capital markets (Bond
and Carter, 1995). This is not, however, true of the
poorest developing countries, where not enough pur-
chasing power can be created on the demand side to
make great investments profitable. In many develop-
ing countries, especially the poorest, the grids of the
public power companies are limited to large cities, in
particular the inner cities.

Privatization creates incentives for expansion and
efficiency increases in the provision of energy. The
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WBGU thus recommends that one of the following
privatization paths be taken when granting credit
and projects to developing countries, depending on
the setting in the specific country (Bond and Carter,
1995):
• Private energy companies are granted access to

the existing grids of the state power company.
After a transition period, the state power com-
pany (with or without previous restructuring) is
incrementally or completely privatized.

• The state power company is spun off into smaller
units, with the generation, transport and sale of
power separated. Then, the individual units are
privatized; at the same time, independent genera-
tors are granted access to the existing grids.

• The whole state energy monopoly is privatized.
Only later is the market opened for other private
providers.

In many developing countries, high import duties are
charged for the import of industrial goods. This not
only makes it more expensive to set up new plants,
but also to purchase the necessary spare parts. There
are special barriers for photovoltaics, for instance,
which are seen as luxury items subject to great
import duties. Locally manufactured energy units or
spare parts, on the other hand, are often not reliable
enough to ensure the smooth operation of techno-
logically complex plants (UNEP-CCEE, 2002). The
WBGU thus recommends that the German govern-
ment work for an increase in the quality of locally
produced units and components in its development
policy. The more competitive locally produced com-
ponents are, the less the domestic industry will have
to be protected with import duties. Furthermore,
industrialized countries could lower their trade tar-
iffs and other trade barriers to give developing and
newly industrializing countries an incentive to lower
their own customs duties.

The prerequisites for private investments in the
energy sectors of developing countries are often
unfavourable due to the limited markets. Regional
integration could enlarge the markets, allowing for a
more efficient use of investments and even con-
tributing to a greater diversification of commercial
risks. Given proper competition, economies of scale
would lead to lower prices for consumers. Therefore,
technical standards should be unified and the plan-
ning of energy projects coordinated at the regional
level to promote the integration of regional markets.
In the process, the infrastructure needed for energy
transport has to be treated as a primary goal of such
investments. The expansion of trading organizations
should be considerably stepped up, especially in
Africa, where intraregional trade only makes up 6
per cent of the trade volume (Davidson and Sokona,
2001). The Council recommends that the German

government integrate these aspects in its planning of
development policies.

The attractiveness of the developing, newly indus-
trializing and transition countries for foreign invest-
ments in the energy sector can be increased with spe-
cific measures in the energy sector, but also by means
of general economic and legal policies. Some exam-
ples are measures to increase legal security and lower
political risks (Johnson et al., 1999). Such steps could
set the foundation for the expansion of energy ser-
vice companies in countries like Russia, where
unclear legal relations and opaque permit proce-
dures have kept foreign investors from committing to
this potentially giant market (EBRD, 2001).

Foreign direct investments in the energy sectors of
developing, newly industrializing and transition
countries are especially attractive when the countries
the investors come from provide favourable credit
and export guarantees. To promote global, sustain-
able energy systems, it makes sense to grant such
favourable terms to project categories that fulfil sus-
tainability criteria. Hence, no investments or exports
should be promoted for new plants to generate elec-
tricity from fossil fuels or nuclear power or to
develop and market raw materials for fossil or atomic
energy. Exceptions should be made if the following
can be proven: the alternative with the lowest carbon
emissions was selected; the project will fit the long-
term, sustainable energy planning of the guest coun-
try; and renewable energy does not constitute a fea-
sible or useful alternative. Promoting old plants for
the generation of electricity from fossil fuels at least
makes sense in the transitional period if the goal is
only to modernize and take advantage of existing
capacity so as to increase efficiency significantly.

The Council is aware that some governments and
non-governmental organizations in developing coun-
tries, such as India’s Centre for Science and Environ-
ment, reject such conditionality. The reason given is
that the ‘North’ is setting the development path for
the ‘South’ and wants to have the South shoulder the
burden of the additional expenses for a sustainable
energy path on its own (CSE, 2001). The WBGU
nonetheless holds to its conviction that state invest-
ment and export incentives have to be subordinated
to the overriding goals of sustainable energy policy.
However, this also means that there must be a struc-
tural change in the energy policies of industrialized
countries.

At the Economic Summit in Genoa in July 2001, a
task force set up by the G8 made proposals of how
export credit institutions could play a decisive role in
the transformation of energy systems (G8 Renew-
able Energy Task Force, 2001). State export credit
institutions should become active in expanding the
OECD guidelines in this area. For renewable energy
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sources, the deadlines for repayment, interest rates,
and the criteria for risk assessment have to be modi-
fied just as they have been in special sector agree-
ments for nuclear energy, power plants, ships and
planes.

The second proposal from the G8 task force con-
cerned the OECD’s environmental guidelines for
export credit agencies. These guidelines are to spec-
ify universally applicable minimum standards for
energy efficiency and carbon intensity as well as a
unified reporting framework for the local and global
environmental effects of a project. The Council sup-
ports these recommendations. To give the activities
of export credit institutions the greatest possible
leverage for a global transformation of energy sys-
tems, the WBGU supports further reform (Maurer
and Bhandari, 2000):
• Full-cost calculations for projects relevant to

energy: In order to prevent the use of fossil energy
sources leading to social and environmental dam-
age, export credit institutions have to insist on at
least an approximate inclusion of external costs in
the profitability calculations for specific projects.

• Quotas for projects for the transformation of
global energy systems: The export credit institu-
tions should specify quotas in their portfolios for
renewable energy and for increases in energy effi-
ciency in the context of international agreements.
Starting in 2005, progressive minimal standards
for the admissible level of carbon intensity should
be specified for energy-generation projects.

• Criteria for promotion: In promoting large dams,
the criteria formulated by the World Commission
on Dams must be upheld. In the opinion of the
Council, nuclear energy should not be promoted
any longer.

• Greater transparency: The public should be given
ample notice when a project is applied for, espe-
cially concerning its environmental and social
effects, before a decision is reached to promote the
project.The US Export-Import Bank is exemplary
in this respect. It publishes environmental impact
assessments for projects 30 days before a decision
is made and lists all incentives and all of the com-
panies involved, including the amounts, in its
annual report.

• Limits on state export incentives: As general subsi-
dies of export activities should be viewed critically
in terms of market-based policies and such subsi-
dies are the very purpose of export credit institu-
tions, international negotiations to reduce the
intervention of export credit insurance policies
should be held with the aim of making sustainabil-
ity an expressed prerequisite for the inclusion of
exports in the support of export credit institutions.

Regulation of the energy sector
In addition to the regulation of market frameworks
in which, for instance, the conditions for access to
power grids are specified, other regulations can make
an essential contribution to increasing the environ-
mentally friendliness and efficiency of the energy
sector. To ensure this, rates and standards have to be
specified. The WBGU recommends that the German
government take this into account in its energy pol-
icy activities concerning developing countries as fol-
lows:
1. Market supervision and competition for the mar-

ket. Competition in or for liberalized energy mar-
kets increases the efficiency of energy conversion
and reduces the costs of conversion and power
supply. When competition is fair, lower prices are
passed on to customers, with the poorest thus gain-
ing access to modern energy more easily. Often
though, power companies keep the benefits of
efficiency gains to themselves, especially for grid-
based energy. In developing nations, which rarely
have an effective policy to protect them from
unfair competition, it thus makes sense to check
power companies regularly to see if they have
intentionally engaged in unfair competition and to
ensure both that efficiency gains are passed on to
consumers in an appropriate manner and that the
promises made in tenders are kept.Another prob-
lem of liberalization is that customers in rural
areas get short shrift. To accommodate for them,
power companies should be obliged to provide
power to all consumers within a certain region. To
ensure the efficiency of the energy supply, the
WBGU recommends that subsidies be granted in
a transparent bidding process.

2. Setting standards. Energy systems in developing
countries often suffer from low efficiency and
great transport and distribution costs. Even if lib-
eralization creates incentives to save and leads to
the revamping of the power system to increase
efficiency, quality standards should be set for the
development of new energy projects. Such stan-
dards ensure the efficiency and proper functioning
of energy systems, thus improving acceptance
among the population that often suffers from the
poor quality of the energy supply (UNEP-CCEE,
2002). In addition, technical standards in certain
market segments can contribute to the opening of
larger markets.This is the case for liquefied petro-
leum gas, which is only efficient if standardized
containers are used in the whole country or at
least large regions. To keep costs as low as possi-
ble, technical standards should not be based on the
western model, but should instead take account of
the often varying needs of consumers in develop-
ing countries. On the demand side, binding stan-
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dards for consumer devices can contribute to effi-
ciency increases in energy consumption, and
hence to greater availability of energy (Davidson
and Sokona, 2001).

5.2.3.3
Practical steps on the demand side

Promoting access to modern forms of energy
The Council holds that access for all people to mod-
ern energy is the minimum requirement for the sus-
tainability of the transformation of global energy sys-
tems (Section 4.3.2.2).This access is to be ensured for
all people by 2020, with at least 500kWh of modern
energy available per capita annually to everyone by
2020, 700kWh no later than 2050, and 1000kWh per
capita by 2100 (Section 4.3.2.3).As a person’s overall
energy consumption consists both of individual
energy needs and energy services used indirectly
(manufacture and transport of goods), the overall per
capita energy consumption will be even greater (Sec-
tion 4.3.2.5).

Table 5.2-3 contains a selection of technological
options for the development of sustainable energy
systems in rural areas of developing countries. First,
the use of traditional biomass is damaging to people’s
health and must be reduced (Sections 3.2.4; 4.3.2.7).

To this end, the WBGU recommends that at least 80
per cent of the world population should not have to
use biomass in ways damaging to human health by
2020, with this figure increased to cover the world
population no later than 2050. Second, liquefied
petroleum gas could be used instead (Section
5.2.2.2). In addition, access to energy services based
on electricity must be provided (lighting, cooling,
support for household and commercial activities, and
access to communication).

The WBGU recommends paying attention to dis-
parities in all efforts to transform energy systems. For
disparities within a country, disadvantaged groups
have to be specifically promoted and attention has to
be paid to cultural and gender differences. For dis-
parities between countries, the most important chal-
lenge is that the per capita income in the poorest
countries has to increase faster than elsewhere. In
some cases, this may require cross-subsidies or social
transfers (state support for electricity and heating).

Two important prerequisites must be met to
improve access to modern energy services in devel-
oping and newly industrializing countries: on the one
hand, the infrastructure for energy supply must be
created or expanded; on the other, energy must be
affordable for the whole population. The Council
proposes that by no later than 2050 no household
should be forced to spend more than 10 per cent of its

Activities Currently Short-term Mid-term Long-term

Cooking Wood stoves Liquefied petroleum gas
  Biogas
   Biogenic liquefied petroleum gas
Lighting 
Lighting Candles, oil, kerosene,  Fluorescent lamps
 battery-powered light  LED lamps  
 bulbs

Shaftpower Machines powered by Electric motors 
 humans and animals,  Highly efficient combustion engines,    
   motors running on biofuels 
 combustion engines,   
 micro-hydropower

Water Hand pumps, Electric pumps (powered by e. g.  photovoltaics), purifcation technology for 
 use of surface water drinking water from conventional sources, activation of deep wells
 and shallow wells  Highly efficient irrigation technology, desalination 
   plants running on renewable energy
 
Telecommuni- TV and radio
cations  Mobile phones 
   Internet connections Satellite-supported Internet
    connections
 Battery power Photovoltaic power
  Wind power
 Power from diesel generators Power from advanced motors/generator systems

Table 5.2-3
Examples for selected technologies for the possible development of energy systems in rural areas of developing countries.
Source: modified after Reddy, 2002
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income on its most elementary energy needs. In the
long term, the figure should be much lower. Compa-
nies operating for profit will only make sure that
access to modern forms of energy is expanded to
areas with sufficient purchasing power so that the
great investment costs both for the expansion of grid-
based and distributed energy systems pay for them-
selves relatively quickly. Hence, access in poor,
sparsely populated and remote regions – in the
mountains or in shanty towns around cities – will
depend on public funds, which will have to be paid
for with development assistance. In addition, in such
areas complete privatization of the energy supply
and far-reaching liberalization of the markets would
not appear to be suitable, at least in the transitional
period. Slight margins and great investment risk
would have to be made more attractive by means of
temporary monopolies. Privatization and liberaliza-
tion would be counterproductive here without a suit-
able regulatory framework. In projects promoted by
development cooperation, public-private partner-
ships should be considered very important.

Distributed energy supply (such as with hybrid
systems using diesel generators and photovoltaic sys-
tems) is often a better solution than grid-based
power in sparsely populated areas (BMZ, 1999;
Goldemberg, 2001). Expansions of grid-based energy
systems mostly depend on the distance to the current
grid, the number of households to be connected, and
their demand (World Bank, 2000). The low demand
due to the lack of purchasing power and low popula-
tion density mean that the grid is only expanded
when the distance to the current grid is below around
10km (ESMAP, 2001).

Poor sections of the population in developing and
newly industrializing countries and consumers in
transition countries have only been able to purchase
energy services because state subsidies often lowered
the prices far below the costs of generation. How-
ever, it is the better-off (urban) population that usu-
ally benefits from these subsidies because the rural
population does not have access to the subsidized
goods or the consumption of the poor remains low
despite subsidies (UNDP et al., 2000). If poor sec-
tions of the population are to be explicitly granted
access to modern energy services, subsidies for spe-
cific target groups make more sense in combination
with rate structures determined by the market. The
WBGU recommends that the German government
work towards such structural changes in its develop-
ment cooperation. To prevent the negative effects of
such subsidies, four criteria should be met (UNEP
and IEA, 2001):
1. The subsidies should be limited to a clearly

defined target group to the extent possible.
Beforehand, the economic, social and environ-

mental effects should be analysed to ensure that
the positive goals desired can be attained.

2. The programme must make do with little adminis-
tration.

3. The costs and operating principle of the pro-
gramme have to be transparent. In particular, bur-
dens on the public sector should be itemized in the
state budget.

4. In designing the programmes, long-term incen-
tives for the provision of energy services should be
created (UNDP et al., 2000).

The Argentinean model is interesting in terms of the
last point. In Argentina, there was a call for tenders
for the expansion of the power supply to rural
regions – at set rates, but without specifying the type
of electricity supplied. The bidder who offered to
expand the power supply with the least subsidies was
awarded the contract (ESMAP, 2000). In South
Africa, a similar model was used during the restruc-
turing of the electricity market. There, concessions
were auctioned for areas with a certain share of
regions not connected to the grid and with the provi-
sion that power be provided either by expanding the
grid or setting up microgrids. While the state covers
the initial investment costs in this model, later there
is a cross-subsidy between the various consumer
groups (Clark, 2001). Although it is too early to
assess the success of the two models, subsidies at the
sales level seem especially suited to reaching large
rural regions comparatively quickly. Given attractive
market conditions, investors will be interested in such
concessions so that the energy supply may increase in
the mid to long term.

It is important that the subsidy mechanisms be
designed for a transparent bidding process that not
only power companies, but also consumers, village
communities and project organizers have access to.
In addition to explicitly addressing different target
groups with the subsidies, the period for the subsidies
is important towards improving access to energy.
Here, a distinction can be made between short-term
credit – especially microfinancing – and long-term
financing.

In particular, long-term financing can be ensured
by means of leasing contracts, consumer credit, or
‘pay-for-service’ contracts. In all of these cases, the
seller of the energy ensures the required financing.
Whereas the buyer generally retains ownership in
leasing and consumer contracts once the financing
phase has been completed, in ‘pay-for-service’ con-
tracts the customer only pays for the energy service
made available. The special advantage of this type of
contract is the great incentive for sellers to ensure
that the system is kept in working order and that
users of the system are instructed about how to use it
correctly. One problem in this type of financing is
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access to start-up capital for small and mid-size
energy providers.

Use of microfinance systems
Microfinance systems were created in the 1980s as a
counter-movement to the state development banks
and subsidized credit programmes that were neither
available to a lot of people nor economically viable.
Instead of promoting individual state credit pro-
grammes, today the focus is on improving general
institutional frameworks and setting up privately
organized microfinance institutions (GTZ, 1998). In
the meantime, they have proved useful in practice
and are often conducted by NGOs. On the one hand,
microfinance programmes are tailored to low-
income sections of the population; on the other, local
knowledge helps prevent wrong decisions being
made and helps detect undesired developments.
Microfinance is characterized by
• Low credit and savings volumes,
• Closeness to the customer, which simplifies and

facilitates credit granting procedures,
• The relatively low importance of past economic

data for credit approval in favour of prospects of
future income, hence enabling the financing of
innovative activities of small entrepreneurs,

• The acceptance of credit security uncommon for
banks (jewellery, group liability, etc.).

The drop in public support requires a bundling of
activities. Therefore, in the past few years a number
of networks of microfinance institutions have sprung
up (such as the Grameen Trust, or Banking with the
Poor).At the same time, donor coordination commit-
tees were founded (such as Sustainable Banking with
the Poor, or the Donor Working Group for Financial
Sector Development), which are mainly controlled
by the World Bank.

Microfinance projects can make an important
contribution towards the financing of energy pro-
jects. The combination of micro-credit with invest-
ments in energy systems, especially photovoltaic
units, does pose some difficulties, however. A photo-
voltaic system can cost around US$500, which is
more than usually granted as microcredit. At the
same time, most microfinance organizations have
short terms of 6 months to no more than 2 years,
while most potential purchasers would need terms of
up to five years to pay off a loan for a photovoltaic
system (Philips and Browne, no year indicated). The
positive examples of the Grameen-Shakti photo-
voltaic programme in Bangladesh and Genesis in
Guatemala prove that these difficulties can be over-
come in some cases.

The WBGU is of the opinion that the importance
of microfinance in improving access to modern
energy services that are better for human health and

the environment should not be underestimated,
especially for private households, small businesses
and micro-enterprises. The Council thus recom-
mends using and expanding the microfinance sys-
tems to include energy projects as well. To this end,
microfinance systems should continue to be sup-
ported from development cooperation funds and
state subsidies taken into consideration for develop-
ment measures.

Culture-specific frameworks
Even if a greater supply of modern energy can be
provided in developing and newly industrializing
countries and purchasing power can be created to
take advantage of this availability, the efficient use of
energy is still not ensured. Types of energy use
handed down and accepted combined with a lack of
knowledge about how to deal with new energy carri-
ers or about their advantages can prove to be barri-
ers towards the use of sustainable forms of energy in
these countries. In developing countries, switching
from a three-stone stove to a gas cooker can prove to
be just as difficult as switching from a centrally con-
trolled source of heat to a distributed supply with
consumption-based billing in transition countries. In
addition, the financing models for modern forms of
energy, such as the purchase of Solar Home Systems 
or monthly invoicing for electricity, will probably also
not be accepted without further ado.

To overcome such barriers, quantitative and qual-
itative improvements in training for energy systems
are needed and knowledge about investments and
saving disseminated in development cooperation. In
addition, research about the acceptance of technical
and financial systems has to be intensified with rep-
resentatives of the countries, regions and communi-
ties and of ethnic and social groups (Section 6.2).

Inclusion of women
The use of modern energy also depends on how the
technologies and their financing are tailored to
potential users. One especially important group, par-
ticularly for the use of energy in private households
in developing countries, is women. They are tradi-
tionally responsible for the procurement of energy
sources for cooking, heating and drying (Section 2.4).
More frequent use of modern forms of energy could
lead to considerable improvements here. For this to
happen, women will need to accept the modern
forms of energy and their financing and have access
to them. Here, too, the findings of acceptance
research are just as indispensable as the general
frameworks in creating incentives for women. These
considerations should be integrated in development
projects.
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5.2.3.4
Conclusion

Measures on both the supply and demand side can
lead to improvements in access to modern forms of
energy with low emissions and increase the efficiency
of energy consumption in developing, newly industri-
alizing and transition countries.

On the supply side, privatization and liberalization
need to be combined with state regulations. Depend-
ing on regional specifics, the mix of these three fields
will vary. For liberalization and privatization, attrac-
tive general frameworks for private investors and the
tapping of international sources of capital are impor-
tant. Governments will have to become more heavily
involved in the specification of standards and the
expansion of public-private partnerships, supported
by bilateral and multilateral development coopera-
tion.

On the demand side, the goal must be to increase
purchasing power for energy, especially among poor
sections of the population. One way of doing this is to
target subsidies to specific groups; another, to expand
microfinance systems. Specific cultural and gender
issues on the demand side have to be taken into
account to ensure that not only purchasing power,
but also the willingness to use energy in more sus-
tainable ways will increase.

5.2.4
Related measures in other fields of policy

Energy policy measures have to be accompanied by
related measures in other areas of policy. Key areas –

climate policy, transport policy and agricultural pol-
icy – are dealt with below.

5.2.4.1
Climate policy

National climate policies, especially those of the
industrialized countries, have to support and step up
international climate protection. Here, the Council
would like to underscore the positive role the Ger-
man government played both in the 5th national cli-
mate protection programme and in climate negotia-
tions for the formulation of the Kyoto Protocol at the
EU and international level.This pioneering role is an
essential contribution to the further development of
the Protocol. In two respects, the WBGU finds Ger-
many’s pioneering role to be especially interesting
for the future: in international certificate trading
models, and in the creation of a CDM standard. The
Council refers the reader to the 2002 report of the
German Council of Environmental Advisors
(Sachverständigenrat für Umweltfragen, SRU) for
recommendations concerning national-level mea-
sures to mitigate climate change (SRU, 2002).

Pioneering ambitious international
certificate trading
Germany and the other EU countries could lead the
way in designing the planned EU emissions trading
directive (Box 5.2-4):
• The German government should develop criteria

and strategies aimed at getting other member
states to impose equally ambitious reduction tar-
gets on their industries as Germany has done.That

Box 5.2-4

Planned emissions trading in the EU

In December 2002, the Council of Environment Ministers
agreed to introduce European trading of emissions rights
starting in 2005. In the beginning, stationary generators of
electricity and heat, the iron and steel industries, refineries,
the paper and cellulose industry, and the mineral-process-
ing industry (cement, glass, ceramics, etc.) will take part in
the trading, with some states being able to opt certain
industries out of the trading system up to 2007 or opt some
in from 2008 onwards.The trading partners initially receive
entitlements at no charge; starting in 2008, up to 10 per cent
are to be auctioned according to the wishes of the Euro-
pean Parliament.After the first certificates are issued, trad-
ing with CO2 emission entitlements can begin. In addition
to the industrial companies involved, other actors such as
non-governmental organizations can take part. To ensure
that the transfer of entitlements among the emitters
involved is also linked to equivalent adjustments in CO2

emissions (reduction or increase only in the amount
allowed), the proposed directive provides for comprehen-
sive monitoring and reporting duties on the part of member
states vis-à-vis the European Commission.

The further consultations in the European Parliament,
which has the right of veto, should clarify the other details
of the system. According to the Council’s resolutions, sanc-
tions in the amount of €40 per tonne of CO2 (€100 starting
in 2008) shall be imposed for any emissions not covered by
certificates. The central and eastern European accession
countries could be directly included in the trading system
through their reduction commitments under the Kyoto
Protocol.The Commission also aims to consider linking EU
trading with other trading systems and is thinking about
ways of expanding the EU system to the entire European
Economic Area (EEA). If all EEA states, Canada and
Japan can be included, more than three-quarters of the
Annex B parties to the Kyoto Protocol would be involved
in the trading system. The EU would then have a consider-
able influence on the ultimate design of international emis-
sions trading in the first Kyoto Protocol commitment
period.
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should prevent industry playing governments off
against each other to lower reduction targets or
governments providing hidden subsidies by allo-
cating too many emission rights.

• The absolute level of emissions reduction in the
self-imposed declaration by German industry
should serve as a starting point for the mandatory
reduction goals for industry to be imposed by gov-
ernment. These goals should, however, be made
stricter as industry will have a certain degree of
flexibility in emissions trading. This is especially
true when – as the European Commission is plan-
ning – parts of the reduction commitments are to
be met via JI or CDM projects outside the EU.

• The Council thus recommends that the German
government works towards ensuring that emitters
meet at most half of their reduction commitments
through international emissions trading with
countries outside the EU. This is to ensure that
emissions trading does not replace national mea-
sures.

• The system should then be expanded to cover the
whole European Economic Area. If the EEA
states can be included, three-quarters of the
Annex B parties in the Kyoto Protocol would be
involved in the trading system. The EU would
then probably have a considerable influence on
the further design of the international emissions
trading system in the further Kyoto process.

Creation of a ‘CDM standard’ for the
recognition of emission credits
In the course of implementing the Kyoto Protocol at
the national and EU level, the German government
should work for the creation of a Germany-wide and
– if possible – EU-wide standard for clean develop-
ment mechanism projects. Generally, the standard
should only permit CDM projects that promote
renewable energy (except large hydro due to the
unsolved sustainability problems; Section 3.2.3),
increase the energy efficiency of existing plants
(including those fired with fossil fuels), or concern
demand-side management.Applicants for CDM pro-
jects promoting fossil energy should prove that the
alternative producing the least amount of carbon was
chosen, that the project will dovetail with the partner
country’s long-term sustainable energy planning, and
that renewable energy does not represent a feasible
alternative in the foreseeable future; financing can-
not be the argument.

5.2.4.2
Transport and regional development

In addition to energy policy, national transport and
regional development policy plays a crucial role in
the transformation of global energy systems towards
sustainability. As a detailed discussion of these poli-
cies would go beyond the scope of this report, a few
approaches shall only be briefly described.

Motorized transport is continuing to grow in
industrialized countries. In the past 30 years, the
number of cars in the EU has tripled, and growth is
expected to continue.This causes major consumption
of fossil energy (Section 2.3.1). The EU’s transport
sector derives 98 per cent of its energy from mineral
oil, some 70 per cent of which is imported (EU Com-
mission, 2001c). Road transport causes a consider-
able amount of toxic emissions. Some 29 per cent of
the total CO2 emissions in the OECD are caused by
the transport sector (IEA, 1997).Transport emissions
have long been monitored by national and local envi-
ronmental authorities and regulated by law. This has
led to technological improvements (catalytic con-
verters, optimization of engines, etc.), thus reducing
emissions of some pollutants (such as lead, SO2) dra-
matically (Section 3.7). Such national and local solu-
tions should be stepped up even further and trans-
ferred to transition and developing countries to a
greater extent.

To move the transport sector into a more sustain-
able direction, more renewable energy sources and
forms of energy low in carbon and pollutants should
be used as fuels to the extent possible, and as quickly
as possible. To this end, taxation of fossil fuels
(ECMT, 2001; Gröger, 2000) and (cross-)subsidies for
alternative fuels in the form of price-controls and
quotas are recommended. It is important that the
market penetration of vehicle technologies – such as
fuel cell cars – be promoted in research and develop-
ment projects and that the necessary infrastructure
be established.

Dynamic standards (such as the EU pollutant
standards EURO 2, 3, 4) can step up the process of
developing efficient technologies to facilitate market
access for the new technologies (Johansson and
Ahman, 2002). In addition to reducing emissions,
incentives should basically be designed to: promote
the abatement of pollutants that have local and
regional impact, lower noise pollution, reduce the
amount of land required for infrastructure, and lower
the risk of accidents.

On the demand side, there are also various ways to
increase the efficiency of and lower demand for
transport services.To this end, programmes should be
developed that improve capacity utilization in pri-
vate car traffic (car sharing, etc.) and public passen-
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ger transport. Here, ‘multimodality’ should be the
goal – a combination of the various means of trans-
port: private cars, local public transport, trains and
planes (WBCSD, 2001; Royal Commission on Envi-
ronmental Pollution, 2000). Multimodal nodes – such
as ports, railway stations and airports – should be
equipped with telematic systems and their infrastruc-
ture modernized. In the long term, new regional plan-
ning concepts that bring residential areas and busi-
ness areas closer should complement such measures.
Research and social discourse on these concepts has
to be further intensified (Section 6.3.3).

In the rail sector, the incremental liberalization in
many industrialized countries has not increased the
competitiveness of the sector compared to other
transport modes to the extent desired.The Council is
not of the opinion that the rail sector cannot benefit
from liberalization; rather, the poor general setting
for the sector was the cause of the failures. For
instance, Deutsche Bahn is focusing on faster long-
distance connections to the detriment of regional
connections due to the one-sided profitability crite-
ria of the privatization process. To remedy this, the
Council recommends the following: restructuring the
expansion of railway lines to improve coverage of
rural areas; gradual reduction of mileage allowances;
temporary subsidies for unprofitable lines; and
greater competition. Here, a rail system that serves
the aims of sustainability should not only compete
with planes, but also cars, i.e. taking the train from
and to mid-size and small towns should not entail
changing trains often or require complicated plan-
ning.

In developing, newly industrializing and transition
countries, a great increase in transport volume is
expected in the next few decades (Sections 2.4 and
2.5). As standards of living rise, the number of cars
per person and the general transport volume will
grow. Hence, measures have to be taken in the short
to mid-term to keep the growth of energy consump-
tion and emissions in the transport sector below
these other growth rates. Technological measures
alone will not suffice to make transport sustainable;
individual conduct will also have to change. There-
fore, the transport sectors of developing, newly
industrializing and transition countries require a
comprehensive strategy. Some core elements could
be the following (van Vurren and Bakkes, 1999):
• Maintaining and expanding public short-distance

transport systems;
• Promoting rail freight transport;
• Promoting joint ventures and other kinds of col-

laboration between automobile manufacturers
from western Europe and the transition countries
to reduce fuel consumption;

• Promoting international research collaboration
on energy efficiency and reducing emissions in
urban passenger and freight transport (Section
6.3.3);

• Inclusion of external costs in prices for fuels.
The Council recommends that the German govern-
ment support developing, newly industrializing and
transition countries directly or indirectly (via condi-
tionality) in developing and implementing compre-
hensive strategies aimed at promoting the sustain-
ability of the transport sector.

5.2.4.3
Agriculture

The agriculture sector is responsible for a consider-
able share of greenhouse gas emissions: some 50 per
cent of the methane, 70 per cent of N2O, and 20 per
cent of the CO2 emissions (IPCC, 2001a). The main
source of methane emissions is rice cultivation and
the husbandry of ruminant livestock. Some 70 per
cent of anthropogenic N2O comes from fertilized
fields (Beauchamp, 1997), even from fields taken out
of food production.

Today, it would be relatively easy to reduce
methane emissions from rice cultivation; for instance,
irrigation strategies could be improved and better
adapted rice varieties planted (Bharati et al., 2001).
In contrast, reducing methane emissions from rumi-
nating animals is more difficult as CH4 is a product of
the feed used. While these methane emissions could
be greatly reduced if feed additives were used
(methane oxidants, bacteria that hamper the creation
of methane, or an increase in the content of
starch/cellulose in the feed), this approach will prob-
ably be too expensive for developing countries.

The picture is much the same for reductions of
N2O emissions. In global terms, the use of fertilizers is
increasing; only in industrialized nations is the level
roughly constant (Scott et al., 2002). Highly technical
approaches like ‘precision farming’ (the use of geo-
graphic information systems and global positioning
systems to increase efficiency) are available but can
only be implemented in industrial countries in the
short term. For developing countries, they are too
expensive, and there is a lack of local knowledge
about such systems.

In conclusion, a sustainable reduction of emissions
from the agricultural sector requires both specific
infrastructure and specific knowledge, both of which
are often lacking. Studies show that the agricultural
sector will remain problematic in climate policy
terms, even in industrialized countries (Kulshreshtha
et al., 2000). In light of increasing food production, a
reduction of emissions would require a vast effort.
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5.2.4.4
Conclusion

A successful transformation of energy systems
towards global sustainability is only realistic if other
areas of policy support – or at least do not counteract
– the measures taken in the field of energy.Above all,
the goal must be to increase energy efficiency, use
less fossil and nuclear energy and more renewable
energy, and curb greenhouse gas emissions drasti-
cally.

Greater sustainability in the transport sector, less
emissions from agriculture, and a determined com-
mitment in climate policy are indispensable. These
goals can be attained via a great variety of measures.
The optimal combination of measures will vary
between regions and target groups. Social science
research in the areas mentioned can make an impor-
tant contribution to providing consistency and coher-
ence in the respective policy fields and in the field of
energy.

5.3
Actions recommended at the global level

Implementing ecological financial reforms, regulat-
ing liberalized energy markets according to sustain-
ability criteria, and promoting energy efficiency,
renewables and access to modern forms of energy are
all important elements of the WBGU’s transforma-
tion strategy. It is beneficial, as a matter of principle,
to have a great diversity of tools and ways in which
they are shaped at country level. Different tools or
tool mixes will be appropriate in the various coun-
tries depending upon their ecological and geograph-
ical, socio-economic, political and cultural settings.
Efficiency considerations of location theory also
speak in favour of open competition among different
approaches.

Nonetheless, despite these arguments for a diver-
sity of tools, there is also a need to act at global level,
as already noted in connection with RECS or con-
sumer labelling schemes (Sections 5.2.2.1 and
5.2.2.3). This has several reasons:
1. Utilizing the benefits of ‘rational’ harmonization.

Transboundary and global environmental impacts
triggered by state-level approaches to energy use,
as well as the ever closer economic integration
among states, jeopardize the ecological effective-
ness and economic efficiency of national-level
measures. For instance, levying a national-level
CO2 tax can lead to industries shifting their loca-
tion, which reduces the ecological effectiveness of
this measure (Copeland and Taylor, 2000).As con-
cerns economic efficiency, it would be advanta-

geous if the market-based instruments favoured
over the long term by the WBGU – notably emis-
sion rights, tradable quotas and green energy cer-
tificates – were to be applied beyond national
boundaries. This, however, requires compatibility
among instruments; in individual cases, explicit
harmonization may even be necessary. Moreover,
‘rational harmonization’ reduces the potential for
conflict between the WTO and energy policy, as
well as the resultant welfare losses. A further ben-
efit is that of timely adaptation to international
climate protection instruments.Within the climate
regime, emissions trading presents the parties to
the UNFCCC with a framework into which
national-level instruments must be fitted. An
internationally coordinated approach can do jus-
tice to future requirements ex ante and can thus
reduce the cost of instrument adaptation that
would otherwise be necessary.

2. Inadequate financial resources at national level.
Many states, especially the poorer developing
countries, do not command over sufficient finan-
cial resources to meet the initial extra costs of
transforming their energy systems. Here the inter-
national community is called upon to support
these countries financially and technologically – in
accordance with the subsidiarity principle and the
ability to pay principle – in reconfiguring and
building their energy systems.

3. Inadequate administrative capacities and capabili-
ties. Many developing countries, but also some
newly industrializing and transition countries, lack
sufficient state governance capabilities to shape
the transformation process according to sustain-
ability criteria.This concerns, for instance, the pro-
motion of renewable energies and of efficiency
technologies, the internalization of negative exter-
nal effects, and the liberalization of energy mar-
kets. There is a great need for industrialized coun-
tries to provide supportive consultancy inputs in
this respect.

4. Overcoming barriers at national level. Many
domestic companies fear that they will suffer
international competitive disadvantages as a
result of national measures to curb emissions,
internalize external costs and remove subsidies in
the energy sector. An internationally coordinated
approach reduces this threat and thus contributes
to removing barriers.A further aspect is the incen-
tive effect that the internationalization of an
instrument can produce. For example, the resis-
tance expressed among many developing coun-
tries against greenhouse gas emission caps will be
reduced if they are integrated into a system of
international emission rights trading and can then
generate revenues. Conversely, for such a trading
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system to function, the climate protection instru-
ments deployed at national level need a certain
degree of harmonization.

The following sections set out the measures required
within a global energy policy context – but also cli-
mate, economic and development policy context – in
order that a transformation of energy systems
towards sustainability can succeed.

These recommendations reflect the Council’s con-
viction that transboundary problems necessitate
both international cooperation and a legal safe-
guarding and deepening of such cooperation through
multilateral regimes. In the opinion of the WBGU, a
multilateral approach at global level is the key to
transforming energy systems.

5.3.1
Expansion of international structures for research
and advice in the energy sphere

The worldwide transformation of energy systems
towards sustainability requires a significant and swift
intensification of research efforts (Section 5.2). In the
view of the WBGU, the tasks of energy research insti-
tutions are above all:
1. Assessment: Analysing global energy trends and

identifying options for action;
2. Coordination: Promoting the formation of net-

works and of complementary cooperative
arrangements, and coordinating initiatives and
organizations;

3. Implementation: Carrying out and financing
research projects.

While Chapter 6 sets out the substantive focuses that
future national and international research projects
will need to pursue, the following section explores,
proceeding from the above three functions, the insti-
tutional architecture of energy research at global
level.

Assessment
In its previous reports, the Council has frequently
noted the importance of independent scientific pol-
icy advice for global sustainability policy (WBGU,
1997a, 2000, 2001a).To be able to identify and resolve
problems in situations frequently characterized by
‘action under uncertainty’, it is essential that scien-
tific analyses are conducted at regular intervals, and
that these are presented in a manner relevant to pol-
icy processes. Systematic dissemination of scientific
findings and options for action creates a basis upon
which policy governance bodies can adopt precau-
tionary strategies and adapt existing strategies to
new needs. The Intergovernmental Panel on Climate
Change (IPCC), with its assessment reports on cli-

mate change, provides a model. The IPCC process
shows how, through broad-based international par-
ticipation of researchers, a widely recognized scien-
tific basis for climate policy decisions can be built. In
order to keep the influence of political interests upon
the outcomes of scientific assessment processes as
small as possible, it is essential to safeguard the inde-
pendence of such advisory bodies.

As a classic cross-cutting theme, energy policy
touches upon many policy areas, such as environ-
mental, development, economic, trade and transport
policy. The WBGU therefore wishes to stress that,
when developing goals, strategies and instruments
for promoting energy system transformation, it is
essential to analyse systematically the interactions of
energy policy with other policy arenas and to take
these into consideration in recommendations for
action. In particular, care needs to be taken to ensure
the coherence of policy measures. A comprehensive
stocktaking of the status and trends of global energy
policy should proceed along the lines of the goals and
content of a World Energy Charter that yet needs to
be developed (Section 5.3.2.2). This is essential in
order to be able to assess progress made in the
process of transforming global energy systems. In this
connection, the following issues need to be addressed
in particular:
• Compilation and presentation of trends in pri-

mary energy use, together with statements on the
range, energy productivity and shares of final con-
sumption sectors in total primary energy use, pre-
sented wherever possible at a worldwide level and
broken down according to regions;

• Development and continuous updating of energy
scenarios;

• Detailed quantification of the sustainable poten-
tials of renewable energy sources;

• Analysis of the environmental, social and health
impacts of present energy systems at the local,
regional and global levels;

• Presentation of developments relating to the basic
supply of commercial energy services in develop-
ing and newly industrializing countries;

• Processing and presentation of policy-relevant
data such as the levels of direct and indirect
energy subsidies (worldwide and broken down
according to regions or countries) and the levels of
research and development expenditure (in the pri-
vate and public sectors);

• Examination of the geopolitical aspects of glob-
ally sustainable energy systems;

• Presentation of successful best-practice national
strategies to promote energy system transforma-
tion towards sustainability.

The World Energy Assessment published in 2000,
involving the UNDP, UNDESA and the World
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Energy Council (WEC), provides orientation for a
way to institutionalize such a comprehensive stock-
taking of global energy policy. The goal should be to
report regularly – at least every 5 years – on the suc-
cesses and deficits in implementing globally sustain-
able energy systems. The Council therefore recom-
mends to the German federal government that it
urges a continuation of the World Energy Assess-
ment process, possibly in the form of ‘assessment
reports on global energy policy’. In view of the posi-
tive experience with the IPCC, the Council recom-
mends establishing for this purpose an Intergovern-
mental Panel on Sustainable Energy (IPSE). This
should involve maximum regional representation,
whereby, in analogy to the IPCC, the participation of
scientists from developing countries should be pro-
moted by means of targeted support. Over the long
term, a newly created International Sustainable
Energy Agency (ISEA; Section 5.3.2.3) could assume
responsibility for the World Energy Assessment
process.

Coordination
To derive synergies from national energy research, it
is recommendable to coordinate existing initiatives
and programmes. The aim should not be to create a
coordinating body seeking to establish international
division of labour – for energy research profits from
the competition between different research initia-
tives. However much cooperation and consultation
there may be at global level, the subsidiarity principle
should always be observed, and competition among
national research bodies fostered. Thus, to coordi-
nate energy research at global level, rather a world-
wide networking of research centres should be pro-
moted. Following the model of the World Climate
Research Programme established in 1980, the Coun-
cil recommends the establishment of a correspond-
ing World Energy Research Coordination Pro-
gramme (WERCP) under UN auspices. This pro-
gramme could be managed scientifically by a joint
scientific committee, representing relevant disci-
plines of the natural, engineering and social sciences.

Implementation
The Council argues in favour of pluralism and diver-
sity in the international research landscape, on both
the implementing and financing sides. Consequently
the WERCP should not have a mandate to imple-
ment and finance international research projects. Its
task should rather be to harness national-level grant
funding for international research projects. This
means the programme could serve as a clearinghouse
for information on research funding worldwide. This
would initiate competition among national research
institutions for the award of grants.All research insti-

tutions coming potentially into question could thus
be motivated to collaborate in solving priority
research questions in the energy sphere.A prime goal
in this context should be to stimulate transboundary
cooperation.

For energy research and for the transfer of
research findings into practice alike, a cooperation
arrangement among national research promotion
institutions modelled e.g. on the European Science
Foundation (ESF) would be worth considering.

5.3.2
Institutionalizing global energy policy

At present, global energy policy institutions are
highly fragmented (Section 2.7), characterised by
duplicated work, overlaps and conflicting develop-
ments. The WBGU recommends that the German
federal government work pro-actively for more
energy policy coherence. To this end, the coordina-
tion of individual processes and actors is urgently
required.

The link between energy policy and develop-
ment/environmental issues has also been neglected
at global level so far. There is an urgent need for
more effective integration of sustainable energy pol-
icy into the international institutional architecture.
The development aspect in particular means that the
range of tasks must not be defined too narrowly here.

In a resolution as early as November 1990, the UN
General Assembly noted with concern that the pro-
gramme of action for the development and utiliza-
tion of new and renewable energies was being imple-
mented too slowly, thus failing to meet the pressing
needs of the developing countries. It underlined the
need for sustained commitment and action by the
international community and called on Member
States to consider further measures to promote new
and renewable energies, including the establishment
of an international institution. Yet despite repeated
calls by the UN, the institutional weakness of global
energy policy and the lack of coordination between
the relevant actors were not addressed at the UN
Summits in Rio de Janeiro in 1992 or Johannesburg
in 2002. The German Advisory Council on Global
Change (WBGU) has already criticized the poor
institutionalization of global sustainable develop-
ment issues and has proposed various options to rem-
edy the situation (WBGU, 2001b).
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5.3.2.1
The functions of international institutions

The first step in strengthening the institutional archi-
tecture is to identify the functions which are neces-
sary for energy system transformation. They can be
divided into groups, which are listed below in ascend-
ing order as the transfer of energy policy compe-
tences to global level increases:
1. Advisory function: Providing continuous analysis

and options for action by the scientific community
• Defining research gaps; initiating and coordi-

nating research; establishing research net-
works;

• Assesing the global situation: Status and trends
in energy transformation (e.g. follow-up to the
World Energy Assessment), organizing data
collection and statistics;

• Developing global scenarios for a sustainable
energy future;

• Devising options for action and strategies for
energy system transformation.

2. Clearing-house function: Organizing transfer of
information and technology 
• Establishing a clearing-house for sustainable

energy systems; collating and circulating infor-
mation;

• Organizing non-commercial technology trans-
fer; evaluating applied technologies and best
practices.

3. Coordination function: Coordinating activities
between the international institutions and boosting
cooperation; coordinating national transformation
policies
• Ensuring a clear division of responsibilities

between organizations and encouraging coop-
eration;

• Through the approximation of national energy
policy instruments, reducing the worldwide
costs of transformation, dismantling economic
distortions of competition, and anticipating
future requirements (e.g. under the Kyoto Pro-
tocol).

4. Implementation function: Implementing sustain-
able energy policy at national and regional level 
• Providing strategic advice for governments:

Devising and implementing (with support from
partners) national programmes for energy sys-
tem transformation and/or a sustainable energy
infrastructure;

• Promoting capacity-building in developing
countries: Training and development (for civil
servants, technicians, craftspersons, small and
medium-sized enterprises, etc.), distribution of
information, provision of advice and assistance
with funding options;

• Establishing regional research&development
and centres of excellence.

5. Management function: Establishing instrument
platforms
• Providing management capacity, e.g. for the

organization of a global trading scheme for
Green Energy Certificates or similar global or
regional instruments;

• Involvement in defining environmental and
social standards for the energy sector.

6. Financing function
• See Section 5.3.3

These functions can either be integrated into existing
institutions or carried out by newly established agen-
cies. In principle, the Council is in favour of estab-
lishing a new global organization, as this would end
the current fragmentation of energy policy activities.
However, equipping a new institution with compe-
tencies and responsibilities for policy development
would entail a loss of sovereignty for the nation-
states, so that resistance to its establishment can be
expected. The World Summit on Sustainable Devel-
opment (WSSD) showed that many countries’ will-
ingness to commit to real targets and measures is
very low. The WBGU therefore views a step-by-step
approach as realistic:A new institution should not be
demanded from the outset. Instead, existing and new
initiatives should form a ‘core’ which should be inte-
grated in the UN system and could be expanded fur-
ther if necessary.

5.3.2.2
Developing a World Energy Charter

As a common basis for the work of the relevant insti-
tutions, the Council initially recommends the devel-
opment of a global energy strategy which should be
negotiated at international level without any binding
legal force and which could take the form of a World
Energy Charter, for example. It should set out the
elements of global energy policy, including verifiable
targets and time frames (Box 5.3-1). The Council has
already proposed the launch of a World Energy
Charter in its policy paper for the WSSD (WBGU,
2001c).

The option of its further development into a
legally binding energy convention over the long term
should not be ruled out, but should not be pursued as
the primary objective. Implementing the World
Energy Charter would remain the task of the indi-
vidual states and international institutions operating
in the relevant sectors.

Developing a World Energy Charter will only hold
out any prospect of success if the current opposition
to more intensive utilization of sustainable energies
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can be dismantled successfully from the outset.
Among the industrialized states, it is primarily the
present governments of the USA and Australia who
are opposed to global energy system transformation
and wish to safeguard their energy supply by expand-
ing fossil energy.Although the international commu-
nity will probably have to develop a global energy
strategy without any involvement by these countries
initially, it is likely that the pace of technological
development in the renewables sector and their long-
term superiority over fossil development paths will
ultimately lead to a shift in policy. In the long term, a
sustainable energy policy will not be viable unless
these two countries are involved.

The newly industrializing and developing coun-
tries are also sceptical about the efforts to promote
renewable energy. They are concerned that this is an
attempt to deny them opportunities for cost-effective
development. To ensure that the developing coun-
tries are also involved in the development of the
World Energy Charter, these concerns must be the
starting point for the strategy.That means persuading
the developing countries that a mix of sustainable
energies and greater efficiency of fossil technologies
is a future-proof development path, and that they can
count on international support if they pursue this
route.

The World Energy Charter could and should be an
important outcome of the International Conference
for Renewable Energies in Germany in 2004, which
was announced by the German federal government
at the WSSD.

5.3.2.3
Towards an International Sustainable Energy
Agency

The existing institutional architecture should be con-
centrated and reinforced on the basis of the World

Energy Charter (Fig. 5.3-1): Starting with the func-
tions defined above, the first task is to focus and coor-
dinate the work of existing organizations (Phase 1).
Then, on this basis, the institutional foundations for a
global energy policy should be enhanced through the
pooling and strengthening of competencies (Phase
2). Finally, if necessary, the option of establishing a
new overarching institution (International Sustain-
able Energy Agency – ISEA) should be explored
(Phase 3).

Phase 1: Focussing and coordinating the
functions of existing institutions

Boosting research and advice
Institutionalizing independent scientific advice on
global energy policy and improving coordination
between national research institutes and interna-
tional initiatives were discussed in Section 5.3.1.

Organizing the transfer of information and
technology
To support the dissemination and utilization of sus-
tainable energy technologies at regional and national
level, it is important to press ahead with the global
networking of research, development and transfer
centres. With the German federal government’s sup-
port, UNEP has already laid the foundation stone for
this process with the Global Network on Energy for
Sustainable Development, which was launched at
WSSD. In order to be able to perform this function
satisfactorily, UNEP should be expanded and
equipped with better financial resources.

The existing network of national energy agencies
such as the German Energy Agency (DENA), which
– as a support network for institutions with interna-
tional and global responsibility – could drive forward
the regional implementation of global targets, should
also be supported.

Box 5.3-1

Elements of a World Energy Charter

1. Protecting natural life-support systems
• Substantially reducing greenhouse gas emissions,
• Removing subsidies on fossil energy carriers and

nuclear power in the medium term,
• Substantially increasing energy efficiency,
• Significantly expanding renewables,
• Phasing out nuclear power.

2. Safeguarding access to modern forms of energy world-
wide
• Attaining a minimum level of supply worldwide,

• Targeting international cooperation towards sustain-
able development,

• Mobilizing financial resources for global energy sys-
tem transformation,

• Enhancing the Least Developed Countries’ capabil-
ities,

• Utilizing pilot projects as a strategic lever, and forg-
ing energy partnerships.

3. Pressing ahead with targeted research and development

4. Pooling and strengthening global energy policy at insti-
tutional level 
• Improving policy advice at international level,
• Creating a coordination body.
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Whereas other authors recommend generally lim-
iting the institutionalization of a global energy strat-
egy to establishing and reinforcing networks
(Fritsche and Matthes, 2002), the Council regards a
‘network solution’ as inadequate in the energy policy
field. Experience from other sectors indicates that
countries would be inclined to absolve themselves of
responsibility for the developing and financing of
global sustainable energy policy by pointing out that
they are involved in promoting networks. For indi-
vidual aspects of global energy strategy, such as the
above-mentioned exchange and dissemination of
technologies, networks can be very useful. However,
in the WBGU’s view, they must be augmented by
institutions which have the power to shape policy in
a substantive way.

In the interests of sharing information, and dis-
seminating ‘best practices’ and ‘clean’ technologies,
establishing a central liaison office is a sensible
approach. A clearing-house of this kind, with its own
secretariat, could be integrated into an existing UN
organization. UNEP, with its Division of Technology,
Industry, and Economics, which is responsible,
among other things, for promoting clean energy tech-
nologies, would be appropriate to take on this role.

However, UNEP could only deal effectively with this
new task if its human and financial resources were
substantially increased.

Finally, in order to promote international
exchange and cooperation in the energy sector, a
global dialogue forum should also be considered.
Stakeholders from the public and private sectors
would thus have the opportunity to exchange views
on targets, mechanisms and new partnerships. It
could be modelled on the forums held in advance of
the WSSD, such as the UNDP Global Round Table
on Energy for Sustainable Development and the
Multi-Stakeholder Round Table on Energy for Sus-
tainable Development, set up by the Tata Energy
Research Institute (TERI) in India. In order to safe-
guard the global focus and the involvement of the
developing countries, it would be advisable to estab-
lish the dialogue forum in a sub-organization of the
UN. Ideally, this would be UNDP, as it could draw on
its previous experience in organizing this type of
forum. It could be launched at the 2004 International
Conference for Renewable Energies announced by
the German federal government. The forum could
then be held every two years.
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Figure 5.3-1
The path towards an International Sustainable Energy Agency.
Source: WBGU
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Regional, as well as global, energy forums also
play a key role in energy policy. In order to promote
regional cooperation and exchange of experience in
the energy sector, it would be helpful to establish
regional energy agencies akin to OLADE (Organi-
zación Latinoamericana de Energía). The European
Commission is pressing ahead with the establishment
of a European Energy Agency. In Africa, the African
Energy Commission (AFREC), which is in the
process of being set up, could form the core of this
type of organization. The activities of these regional
agencies should be in line with the World Energy
Charter and be coordinated at international level.
Their names should clearly reflect the commitment
to sustainable energy policy.

The OECD’s International Energy Agency (IEA)
should be developed further towards sustainable
energy policy. The IEA, which was established in
1974 in response to the oil crisis, aims to reduce its
members’ reliance on oil imports by promoting the
use of fossil and renewable energies. As the industri-
alized countries’ energy agency, it has performed
valuable work in evaluating and processing informa-
tion about national trends and instruments as well as
developing best practices. Although established by
the industrialized states, the IEA has already opened
up to the developing, newly industrializing and tran-
sition countries in recent years, by establishing a
Non-Member-Countries Department and holding
dialogue forums. Furthermore, the focus of its work
has also changed: Due to the desire to diversify their
energy carriers in the interests of security of supply
and also as a result of climate change, its members’
interest in renewables has increased. The Council
considers that this positive development must be
pursued further.

Improving coordination between countries and
institutions
The positive experiences with the Global Ministerial
Environment Forum suggest that it would be useful
to set up a Global Ministerial Forum for Sustainable
Energy. Setting a new energy policy course can only
be successful if it is underpinned by the necessary
political leadership and support from the national
governments. The Global Ministerial Forum for Sus-
tainable Energy, which should meet at regular inter-
vals and have its own small secretariat, would pro-
vide advice on the direction to be taken in the work
of the various UN units and the World Bank in the
energy sector and draft recommendations for the
institutions. However, the World Bank, UNDP,
UNEP and other relevant actors, depending on the
expertise required, should continue to be responsible
for coordinating projects in the field. The Forum
should also be responsible for coordinating, monitor-

ing and developing the progressive institutionaliza-
tion of global energy policy in line with the World
Energy Charter. The World Energy Charter should
safeguard the inclusion of environmental and devel-
opment policy goals, e.g. by stating that the objectives
set forth in the UNFCCC must be upheld in decision-
making.The decision to establish the Forum could be
adopted at the International Conference for Renew-
able Energies in Germany in 2004.

In addition, a group of like-minded states could
act as pioneers in setting a course towards a sustain-
able energy policy. In theory, this could be achieved
within the OECD framework. However, this would
require fundamental agreement with the USA, Japan
and Australia on the need to transform the energy
sector towards renewables by utilizing bridging tech-
nologies. This appears to be an unlikely prospect at
present. The EU would therefore be a more likely
candidate for a leadership role. It is easier to achieve
a common approach in highly integrated economic
areas such as the EU than in other international
alliances. Although the inclusion of an energy chap-
ter in the EU Treaties is still viewed with restraint by
Member States, the dynamics of the internal market
are gradually leading to a shift in thinking. What’s
more, the EU is already playing a pro-active role in
energy system transformation: The Commission’s
efforts to include environmental aspects to a greater
extent in the Community’s energy policy, its planned
emissions trading system, relatively ambitious Kyoto
commitments, and progressive policy approaches in
the majority of its fifteen Member States make the
EU a key player in energy system transformation.

The EU could also take on a leading role in a
larger group of countries:At the WSSD, it launched a
coalition of like-minded countries and regions com-
mitted to increasing their use of renewable energies
through quantified targets. Numerous developing
countries joined this initiative.Although it remains to
be seen how the coalition will perform in practice,
this process could certainly be used as a starting
point.

Strengthening implementation and management
functions
Management or implementation functions within the
World Energy Charter framework are virtually
impossible to perform without support and monitor-
ing by a UN organization. In this context, the UN
Secretary-General and UNDESA propose trans-
forming UNESCO’s Solar Programme into a ‘World
Sustainable Energy Programme’. However, as an
organization, UNESCO deals with education, sci-
ence and communications, and would thus seem ill-
equipped for the tasks of formulating and imple-
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menting sustainable energy policies and strategies at
national and regional level.

The World Bank and UNDP or UNEP would be
more appropriate institutions to perform these tasks.
Through their expertise and competencies in the pol-
icy development field, they are ideally suited to
advising governments, implementing national pro-
grammes and undertaking capacity-building. As well
as offering loans, the World Bank is increasingly pro-
viding policy advice, technical support and knowl-
edge transfer. Furthermore, with its 180 members, it
has considerable powers of enforcement. In the
energy sector, however, it is exposed to various con-
flicts of interest. For example, its energy supply pri-
orities are distinctly at odds with efforts to achieve an
effective climate policy. UNDP admittedly has to
grapple with its reputation as a poor performer, as
well as with stagnating contributions and increasing
competition from the World Bank, but it continues to
be the central funding, coordination and steering
body for the UN’s development operations and is
greatly trusted by the developing countries. UNEP
could draw on its substantial environmental policy
expertise, but its work is also hampered at present by
under-funding and staff shortages. For the effective
implementation of the tasks set out in a World
Energy Charter, a clear and balanced division of
competencies and coordinated cooperation between
UNDP, UNEP and the World Bank should be
defined. Instead of UNEP, the international environ-
mental organization also demanded by the Council
could take on appropriate implementation tasks in
the long term (WBGU, 2001b).

Management functions at international level are
also necessary for another key aspect of the desired
energy system transformation: The phasing out of
nuclear energy worldwide. The most appropriate
organization to take on this responsibility is the
International Atomic Energy Agency (IAEA). This
organization, which currently has a remit to promote
and monitor the civilian use of nuclear energy, is
unlikely to undergo a swift or rapid transformation
into an agency responsible for phasing out nuclear
power. Nonetheless, the WBGU recommends work-
ing towards a change in the IAEA Statute, with the
aim of removing all references to the specific objec-
tive of promoting the further expansion of nuclear
energy. In the medium term, the IAEA should moni-
tor and coordinate the winding down of the nuclear
power industry worldwide. If the international com-
munity decides, en masse, to phase out nuclear
power, the IAEA will continue to be indispensable to
monitor fuel cycles, prevent proliferation of existing
fissile material, and secure any nuclear plants which
continue in operation during a transitional phase,
along with final storage facilities.

Phase 2: Pooling and reinforcing
competencies at global level
In a further step towards the institutionalization of
global sustainable energy policy, the responsibilities
and competencies of the Global Ministerial Environ-
ment Forum should be expanded. This requires an
increase in the personnel and financial resources of
its secretariat. As well as coordinating the relevant
actors, the Forum should also promote and monitor
the implementation of the World Energy Charter.
For this purpose, it should review global develop-
ments in light of the Charter’s objectives and with
reference to new scientific findings, monitor the
effectiveness of national activities in the energy sec-
tor, and make policy recommendations. As well as
this steering and policy advice function, it could also
increasingly take on tasks relating to the implemen-
tation of the World Energy Charter’s objectives and
technology transfer, e.g. supporting the developing
countries in setting up research and development
centres or providing training and development.

Phase 3: Setting up an International
Sustainable Energy Agency 
If it becomes apparent that even with the stronger
institutional architecture resulting from Phase 2, the
above-mentioned tasks cannot be managed satisfac-
torily at global level, the option of setting up an orga-
nization with a specific remit for sustainable global
energy policy should be considered.

The establishment of an international organiza-
tion responsible for renewable energies has been
demanded, primarily by NGOs and producers of
renewable energy conversion technology, for many
years. However, two difficulties arise in this context:
• The WSSD showed that establishing a new inter-

national organization for renewable energies at
the present time would be very difficult to achieve.
It became apparent that the developing countries
view this new institution very critically, regarding
it as a vehicle for the promotion of exports from
north to south, while the majority of industrialized
countries are keen to avoid any additional finan-
cial and administrative burdens.

• The Council considers that a new organization to
promote the use of renewables could play an
important role in promoting sustainable forms of
energy and the relevant industries. However, it
would not be a suitable vehicle to push forward
the global transformation of energy systems. For
this purpose, a new institution, which could
include the full spectrum of energy systems in the
reform process, must be established.

The WBGU therefore recommends the establish-
ment of a International Sustainable Energy Agency
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(ISEA), whose remit would be based on the World
Energy Charter.

This new agency could develop from the Ministe-
rial Forum, mentioned above, which could then act as
a steering committee.The advantage of this approach
is that the ISEA would thus secure the necessary
political leadership and support from the national
governments. In setting up the ISEA, it should be
clear that as well as environmental aspects, develop-
ment policy issues are also a priority. This would
encourage the developing countries to endorse the
project.

Opposition to this way of institutionalizing global
energy policy is likely to come from a number of
industrialized countries, primarily the USA, Japan
and Australia. Tactically speaking, it is therefore
important for the interested industrialized countries
(EU, etc.) and the developing countries to forge
alliances from the outset. Whether or not countries
support the proposal to set up an ISEA will depend
largely on the perceived ‘value added’ offered by this
new institution. The ISEA’s great advantage is that it
would offer the opportunity to draw together energy,
environmental and development issues at global and
institutional level for the first time. Based on the
World Energy Charter, the new body could be suc-
cessful in encouraging energy, environment and
development ministers to commit themselves to a
coordinated energy policy. In the long term, the
global energy research undertaken by the Intergov-
ernmental Panel on Sustainable Energy (IPSE) and
the World Energy Research Coordination Pro-
gramme (WERCP) could also be incorporated into
the ISEA (Section 5.3.1). On environmentally rele-
vant aspects of energy policy, the ISEA should work
closely with the International Environmental Orga-
nization proposed by the Council (WBGU, 2001b).

5.3.3
Funding global energy system transformation

5.3.3.1
Principles for equitable and efficient funding of
global energy policy 

The starting point for the following hypotheses is the
Council’s recommendations on the financing of
global sustainability policy (‘Earth Funding’;WBGU,
2001b). In specific terms, the task is to develop a
funding system for the transformation of global
energy systems which responds effectively to two key
challenges:
• Supplying the resources to cover the financial

requirement;

• Creating transfer mechanisms to support econom-
ically weaker countries during the transformation
process.

Devising an equitable and economically efficient
funding system to develop a sustainable energy sup-
ply is an ambitious project, and a long-term imple-
mentation plan is essential. In the Council’s view, it
should be guided primarily by the subsidiarity princi-
ple. The subsidiarity principle relates, firstly, to the
division of functions and competences in the public
sector, and, secondly, restricts the state’s roles to
those tasks which, from a governance perspective,
exceed the capacities of the private sector. Based on
these twin functions, two significant conclusions can
be drawn for the funding of global energy policy:

The private sector invests substantially in the
energy industry. The states’ task is to provide addi-
tional funds for those investments which, from a nar-
rower micro-economic perspective, are not (yet)
profitable but which contribute to developing a sus-
tainable global energy system. In line with the sub-
sidiarity principle, the international community
should only bear the share of investment costs which
delivers global benefits (‘incremental costs’). In
order to minimize the level of these incremental
costs, existing disincentives (especially subsidies on
non-sustainable  and other market-distorting rules)
must be dismantled and new incentives created for
investment in energy system transformation.This can
often take place without funds being deployed, and
so improving the institutional framework at national
and international level is seen as a major contribu-
tion to reducing the requirement for public funding
and financial transfers.

In line with the subsidiarity principle, national
sources of capital to fund the transformation should
be deployed first. However, the economic capacity of
states and hence their ability to finance the transfor-
mation of the global energy systems as a global pub-
lic good vary significantly. Left to themselves, the
poorest countries will be unable to restructure their
energy systems according to sustainability criteria.
International transfers are therefore required.

The financial resources which cannot be provided
either by the market or the developing country itself
must be supplied via official development assistance
(ODA) or from other international sources. The
Council considers that the process governing the
delivery of these funds should be as equitable as pos-
sible. It identifies three principles as viable bases of
an equitable funding system:
– The ability to pay principle,
– the benefit principle,
– the polluter pays principle.
In line with the ability to pay principle, charges are
levied in accordance with taxpayers’ individual con-
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tributive capacity. In a national context, this is gener-
ally assessed according to the individual’s income
and assets. There has also been a long debate about
the extent to which consumption is an indicator of
economic performance. At international level, it is
national rather than individual economic perfor-
mance which is the focus of interest. The ability to
pay principle is currently the funding principle which
is generally applied by international organizations.
Per capita GDP is most commonly used as an indica-
tor in this context.

‘Benefit’ is another recognized funding principle.
This states that taxes should be based on the benefits
received by people using the good financed with the
tax. Individual contribution levels are based on the
individual benefit received (benefit equivalence).
However, as the individual benefit received from
public goods is frequently difficult to measure or
identify, the ‘cost equivalence’ principle is often used
instead. Here, the individual’s financial contribution
is based on the costs arising from his or her use of the
public good. The benefit principle results in a careful
weighing up of the costs and benefits of services and
encourages efficient service delivery. The benefit
principle is rarely applied at international level, but it
does flow into the financial formula used by a num-
ber of organizations (e.g. the WTO, Intergovernmen-
tal Organisation for International Carriage by Rail).

The polluter pays principle is of key importance to
environmental policy and, in the WBGU’s view,
should play a central role in funding energy system
transformation as well. The application of the pol-
luter pays principle means that the person whose
behaviour results in a requirement for the delivery of
a publicly funded service must pay the ensuing costs.
The lines between the polluter pays and the benefit
principle are blurred, however.

The Council also bases its recommendations on
the following criteria which must be considered when
developing a funding system. They are: Target and
system conformity, stability and reliability of revenue
generation, political viability, and technical practica-
bility. The Council attaches particular importance to
political viability. Proposals for institutional reform
should link in with the status quo, the prevailing dis-
courses, and the interests of key actors so that
endogenous forces can develop in support of the
transformation. In other words, the WBGU is pursu-
ing an incremental approach which focuses on initial
pragmatic steps towards a funding system for global
energy system transformation.

5.3.3.2
Provision of new and additional funding

Requirement for international funding
Over the next 20 years, annual investment of US$1998

180–215 thousand million will need to flow into the
developing and newly industrializing countries’
energy sector in order to meet the growing energy
demand (WEC, 2000; G8 Renewable Energy Task
Force, 2001).A higher figure is required if highly effi-
cient technologies and renewable energies are to be
deployed (Ad Hoc Open-ended Intergovernmental
Group of Experts on Energy and Sustainable Devel-
opment, 2001). It is unclear which proportion of the
required investment will, or should, come from the
public purse or the private sector and from national
governments or the international community. In the
interests of efficiency, it is desirable for a substantial
share of this investment to be funded by the private
sector. Moreover, in view of the low GDP and
extreme scarcity of capital in most developing coun-
tries, it is almost inevitable that a substantial amount
will be provided by the international community.

Mobilizing private capital
The investment needs make it clear that private cap-
ital will be essential to fund energy system transfor-
mation.The last decade of the 20th century saw a dra-
matic rise in the amount of private direct investment
flowing into the developing countries (Section 2.7.3).
According to the World Bank, from 1990 to 1999, 733
energy projects were carried out with private-sector
participation, with a total investment volume of
US$186.7 thousand million, especially in Latin
America and East Asia (Izaguirre, 2000). By inte-
grating the private sector more fully into the work of
the multilateral development banks, it has been pos-
sible to increase project volumes many times over.
Furthermore, private-sector actors have an interest
in long-term returns on their investment.They utilize
their expertise and work pro-actively to improve eco-
nomic efficiency. These are key factors in ensuring
the success of projects to restructure the energy sup-
ply in the developing, newly industrializing and tran-
sition countries (G8 Renewable Energy Task Force,
2001; Enquete Commission, 2002).

Nonetheless, much more far-reaching efforts are
required to secure adequate foreign private capital
for direct investment in the energy sector, especially
since only a handful of countries have benefited from
significant levels of investment to date. The first step
is to improve the framework conditions for a stable
economic and monetary system at both national and
international level, since avoiding economic and
monetary crises is a key prerequisite in attracting
direct investment. A priority at national level is to
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establish legal certainty, including the guarantee that
contractual arrangements can actually be enforced.
The liberalization of the energy markets contributes
significantly to enhancing transparency and market
access in the developing countries as well. Finally, the
removal of subsidies on fossil energy carriers is also
important in mobilizing private capital to develop a
sustainable energy supply (Enquete Commission,
2002; Section 5.2.1.2).

Despite the importance of private capital, the
extent to which private investment genuinely con-
tributes to achieving energy system transformation
targets must be critically examined. Until now, the
main focus has been on large fossil-fuelled power sta-
tions. Renewables accounted for just 2 per cent of
private direct investment in energy projects in devel-
oping countries during the 1990s (KfW, 2001). The
German federal government should utilize the
opportunities to restructure this trend:
• By reforming export guarantees in order to give

targeted preference to project categories which
meet sustainability criteria (Section 5.2.3.2);

• by increasing policy advice within the develop-
ment cooperation framework, in order to boost
partner countries’ capacities to create conditions
which are conducive to investment;

• by creating a ‘public-private partnership for
renewable energies’ funding instrument, particu-
larly to facilitate market access for small and
medium enterprises which supply renewables in
developing countries;

• by supporting the development of small grants
schemes in developing countries in order to
improve funding for smaller projects which focus
on improving efficiency and renewables use (Sec-
tion 5.3.3.3).

Additional private funds can also be generated
through more intensive promotion of foundations.
For example, the Ford and Rockefeller Foundations
provide funding for energy policy projects which
have social and environmental benefits (CENR,
2000). In Europe, there are fewer tax incentives to
support the work of foundations than in the USA.
There is scope to encourage the mobilization of pri-
vate capital here (World Bank, 2002b).

The Council considers that an international finan-
cial requirement of several hundreds of thousand
million US dollars per year during the first twenty
years is plausible. Based on the current total foreign
investment volume of US$205 thousand million
annually in developing countries (, 2002) and a fur-
ther US$7 thousand million or so, at the most, sup-
plied for international development cooperation by
the non-profit organizations (OECD, 2002), it is
unlikely that private sources will be sufficient to fund
energy system transformation. Indeed, private

investors cannot be expected to fund in full the pro-
portion of investment required to create external
global benefits. An increase in direct public transfers
to the energy sector is therefore essential.

Increasing and restructuring the resources
for development cooperation
The regional priorities for private investment are
currently East Asia and Latin America. By contrast,
most African and South Asian countries have little
appeal for private investors. These regions include
the poorest developing countries with very low
income levels, poor purchasing power and extreme
capital poverty. Establishing a sustainable energy sys-
tem here will be impossible without the support of
development cooperation. In the Council’s view,
development policy can act as a catalyst for energy
system transformation. Through the development
policy framework, influence can be brought to bear
on the key policy areas of relevance to energy system
transformation towards sustainability: promoting
efficiency and renewables, and improving access to
modern energy services. However, the existing finan-
cial resources allocated to development cooperation
fall a long way short of what is required to establish
globally sustainable energy systems, especially in the
poorest developing countries.The volume of ODA in
2000 totalled just US$54 thousand million. It is esti-
mated that 3.1 per cent of bilateral ODA (which
totalled around US$36 thousand million in 2000), i.e.
just US$1.2 thousand million, flowed into the energy
sector (OECD, 2002). For multilateral development
funding, the figure rose to around 8 per cent due to
the regional development banks’ strong commitment
to the energy sector (OECD, 2002). The World Bank
Group, as the largest multilateral financing institu-
tion, provided just US$2.2 thousand million for envi-
ronmentally relevant investment in the energy sector
in 2001 (World Bank, 2002c). These figures graphi-
cally illustrate how much extra investment is
required.

In its reports, the WBGU has repeatedly criticized
the industrialized countries’ failure, so far, to honour
their pledge, announced as early as 1992 at UNCED,
to boost their financial support for the developing
countries significantly. In 2000, development cooper-
ation amounted to just 0.22 per cent of the OECD
states’ GDP, falling well short of the internationally
agreed target of 0.7 per cent. Furthermore, the pro-
portion of development cooperation budgets allo-
cated to supporting renewables is decreasing. To
some extent, this decrease can be offset by the rise in
private investment. Nonetheless, the need for pro-
grammatic support for the developing countries in
restructuring their energy supplies towards more
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efficient and renewable technologies remains sub-
stantial (G8 Renewable Energy Task Force, 2001).

The Council regards the outcomes of the Interna-
tional Conference on Financing for Development
(Monterrey 2002) and the USA’s and EU’s pledge,
on that occasion, to increase their development bud-
gets as an initial step. Yet even if these increases do
indeed produce an additional US$12 thousand mil-
lion for development cooperation in 2006, these com-
mitments can only be a start. They would boost the
EU’s development budget to just 0.39 per cent of
GDP – still a long way short of the 0.7 per cent target.
At Monterrey, Germany committed itself to increas-
ing its ODA to 0.33 per cent of GDP by 2006. The
WBGU urges the German federal government to
implement a far more substantial increase in its ODA
funding beyond the 0.33 per cent announced for 2006
and recommends that by 2010, at least 0.5 per cent of
GDP be allocated to ODA. Indeed, given the pres-
sure of the problems faced, an increase to 1 per cent
of GDP would be appropriate.

Moreover, the priorities governing the use of the
funds should be changed. In this context, the Council
welcomes the ‘Sustainable Energy for Development’
programme announced by the federal government at
the WSSD, which aims to establish strategic energy
partnerships. Over the next five years, a total of €1
thousand million will be provided for this purpose,
comprising €500 million for renewables and €500
million to boost energy efficiency. However, in the
WBGU’s view, an annual figure of €100 million to
promote the use of renewables is far too low a pro-
portion of the total budget of the Federal Ministry
for Economic Co-operation and Development
(BMZ), which stands at around €3.8 thousand mil-
lion (2001). Here, the Council recommends a signifi-
cant increase in the share of funds allocated to sus-
tainable energy projects within the ODA commit-
ments, where the percentage has been far too low
until now, amounting to 6.8 per cent (€282 million) in
1999 and 3.3 per cent (€105 million) in 2000. Giving
higher priority to energy in the development cooper-
ation context does not necessarily conflict with the
Millennium Development Goals; on the contrary,
funding sustainable energy policy can form a key ele-
ment of a coherent poverty reduction strategy.

Creating the financial scope for energy
system transformation in developing
countries through debt relief
Debt relief for developing countries does much to
establish the preconditions necessary for energy sys-
tem transformation. The Council recommends the
launch of new debt relief initiatives. The Heavily
Indebted Poor Countries Initiative (HIPC Initiative)
– the debt relief programme initiated by Germany at

the G7 Summit in Cologne – plays a key role in shap-
ing sustainable energy policy as it improves the
framework conditions in the poorest developing
countries. The total volume of debt relief for the
poorest developing countries amounts to US$70
thousand million.The highly innovative aspect of this
initiative is that debt relief is coupled to verifiable
poverty reduction programmes, which include
energy sector projects.The opportunity to reduce the
debts of the poorest developing countries could be
expanded substantially as part of this initiative.

Introducing an emissions-based user charge
on aviation
The advantage of directly funding global energy pol-
icy from official development assistance (ODA) is
that the financial resources consist of allocations
from the industrialized nations’ budgets and are thus
subject to regular parliamentary control. This
encourages the efficient use of resources. However, a
disadvantage is that the funding for ODA is provided
voluntarily, which creates incentives to ‘free-ride’.
When budgets are tight, these resources are vulnera-
ble to cuts. The Council therefore recommends that
the funding of global energy policy be spread across
many different mechanisms and programmes in
order to ensure that funds flow as continuously as
possible. In this context, innovative funding mecha-
nisms must also be scrutinized in terms of their
applicability.

Due to their ecological steering effects and fund-
ing implications, the Council is in favour of levying
charges for the use of global public goods. It has
explored this concept in detail in a special report and
proposed a number of policy recommendations
(WGBU, 2002).The ‘user charge’ concept is based on
the benefit and polluter pays principles. It is there-
fore an improvement on many other international
levy-based solutions. It establishes a direct link
between the payment of the charge and the service
being funded, thus highlighting the scarcity of envi-
ronmental goods. This has a positive impact on the
efficient use of environmental resources. Further-
more, the ringfenced use of the ensuing funds
enhances political viability: Unlike national environ-
mental levies, the Council recommends for interna-
tional charge-based approaches that the accrued
resources be ringfenced as precisely as possible since
there is no democratically elected institution at inter-
national level which could decide on the use of the
funds based on citizens’ preferences.The user charge
approach thus offers the opportunity to take initial
pragmatic steps towards an international system of
levies to underpin global sustainability policy.

With a view to transforming global energy sys-
tems, the Council urges the German federal govern-
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ment to lobby for the levying of an emissions-based
charge on the use of the Earth’s atmosphere by inter-
national aviation. Aviation is the fastest-growing
source of greenhouse gases worldwide. Despite their
substantial impact on climate, emissions produced by
international aviation are still not subject to any
reduction commitments. As long as this regulatory
loophole remains, an emissions-based user charge
should be levied. The revenue accrued will provide
new additional funds for climate protection mea-
sures, the need for which arises as a result of aviation,
among other things. The WBGU recommends that
the financial resources thus accrued be distributed to
the new climate funds (Special Climate Change
Fund, Adaptation Fund, Least Developed Countries
Fund) and the GEF climate window. However, it
should be ensured that these new financial resources
are not used to offset development budget cuts, but
are deployed as additional funding.

Tradeable quotas for renewables
International tradable quotas (e.g. flexible national
or company permits, or Green Energy Certificates)
would generate transboundary payment flows whose
extent and payer-recipient structure depend, among
other things, on the level of the individual quotas.
This financing aspect should be taken into account
from the outset when devising a global system of
tradable quotas, for although the system is only likely
to be implemented in the long term, it has an impact
on the willingness of the poorer countries in particu-
lar to expand their renewables in the short to
medium term. Developing countries are more likely
to commit to minimum renewable energy quotas if
there is an increasing probability that they will
become net recipients of payment flows as soon as
the quotas are transferred to a global system of trad-
able quotas.

Provision of new funding within the
framework of international climate
protection policy 
The UNFCCC commits the developed countries
included in Annex II to providing new and additional
financial resources and to transferring technology to
the developing countries so that the latter can make
a contribution to climate protection. The developing
countries’ further integration into international cli-
mate protection will depend on whether the industri-
alized countries uphold this pledge to meet the
agreed full incremental costs. This is a key issue for
the Kyoto Protocol’s second commitment period.

At the Sixth Session of the Conference of the Par-
ties to the UNFCCC in 2001, the launch of three new
funds was agreed, to be supported by voluntary con-
tributions from the industrialized countries. At the

Conference, the EU and other states (Canada, New
Zealand, Norway, Switzerland) made a joint political
statement pledging to contribute US$410 million per
year to these funds by 2005. The USA, Japan and
Australia did not announce any contributions. Only
the Adaptation Fund is funded by a regulated financ-
ing mechanism consisting of a 2 per cent tax on CDM
projects. The Council welcomes the German federal
government’s statement that it will support the new
climate funds. However, it recommends the further
development of the funding structures and advocates
measures to ensure that the funding commitment
becomes legally binding in order to avoid any arbi-
trary ad hoc financing of these major funds. In this
context, the Council also draws attention to its rec-
ommendation that a proportion of the revenue
obtained from charging for use of the atmosphere by
international aviation be allocated to these funds.

The climate regime’s project-based mechanisms
will also contribute to additional financial and tech-
nology transfer which can benefit energy system
transformation. It is estimated that through the
CDM, up to US$20 thousand million in incremental
funding will be transferred to developing countries.
This amounts to more than 50 per cent of total ODA
in 2000.A CDM market volume amounting to US$10
thousand million could generate US$90–490 thou-
sand million in additional investment in more sus-
tainable technologies (Öko-Institut and DIW, 2001).
Due to their smaller project volumes, renewable
energy and energy efficiency projects have structural
disadvantages compared with other – usually large-
scale – CDM projects which aim to improve the
energy efficiency of large power stations or create
greenhouse gas sinks. In particular, higher transac-
tion costs pose a major obstacle to the promotion of
renewables use through the CDM. To overcome the
blockades against the CDM and JI, the project-based
Kyoto mechanisms should therefore be promoted by
launching a fund based on the Dutch ERUPT and
CERUPT programmes.

Vision: Establishing a revenue-strong
funding and transfer mechanism 
Far greater financial potential is offered by the fur-
ther development of emissions trading, as envisaged
in the Kyoto Protocol (Article 17).The plan until now
has been to define countries’ maximum permissible
greenhouse gas emissions during the first commit-
ment period from 2008 to 2012. Parties thus have a
right to use the global good known as ‘the atmo-
sphere’s capacity to absorb greenhouse gases’
(Brockmann et al., 1999), while a ceiling is imposed
on their greenhouse gas emissions at the same time.
If the emissions fall below the maximum permissible
limits, the surplus can be sold to other parties. Any
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such trading is supplemental to domestic actions for
the purpose of meeting quantified emission limita-
tion and reduction commitments. However, the use
of the flexible Kyoto mechanisms to fulfil reduction
commitments has yet to be precisely defined in quan-
titative terms. Emissions trading during the first com-
mitment period is limited to the countries listed in
Annex B of the Kyoto Protocol and thus excludes
developing and newly industrializing countries
(Öko-Institut and DIW, 2001).

In order to achieve the objective, defined in the
UNFCCC, of stabilizing greenhouse gases in the
atmosphere at a non-hazardous level, the developing
countries must be integrated more fully into the
international climate protection regime in future and
more ambitious reduction targets must also be
achieved. The developing countries must therefore
be incorporated into a global emissions trading
regime during the next commitment period.

The Council has spoken out several times in
favour of taking principles of equity into account
when initially distributing emissions permits (e.g.
WBGU, 2001c). The ethical standard underlying
international climate policy should be the right to the
same per capita emissions of greenhouse gases, which
would also comply with the ‘polluter pays’ principle.
This would enable maximum permissible greenhouse
gas emissions to be defined on the basis of the same
per capita emissions.The system could be designed to
take account of the different energy needs depending
on climatic zone. Any inappropriate incentives
encouraging population growth could be avoided by
a baseline rule, for example. Initial distribution based
on this modified per capita approach would trigger a
financial transfer amounting to several hundreds of
thousand million euro from the industrialized coun-
tries to the developing countries while ensuring com-
pliance with the Council’s guard rails. This would
exceed the current resources allocated to develop-
ment cooperation many times over. In principle, this
approach would establish a carbon-based system for
the payment of global financial compensation. How-
ever, there is still a long way to go before this vision
is achieved. Nonetheless, measures to develop cli-
mate protection policy towards this objective could
start right away.

The economic impacts on countries with high per
capita emissions depend both on the absolute level of
emissions but also on the speed with which such an
approach is implemented. A shift to the per capita
principle during the next commitment period would
impose too great a strain on the industrialized coun-
tries’ economies. For this reason, the current
approach should initially continue, with reduction
quotas being defined on a differentiated basis, e.g.
according to past reductions, energy policy starting

conditions, and economic costs. In the long term –
over 20–30 years – however, the modified per capita
approach should increasingly be used as the stan-
dard. This progressive implementation would not
exceed the capacities of the national economies to
adjust to more stringent reduction targets and would
reduce the economic costs of environmentally effec-
tive climate protection to a tolerable level.

As a market economic alternative to a modified
per capita approach in a global system of tradable
emissions rights, the debate is currently focussing on
a global CO2 tax. This tax was being discussed as a
possible global climate protection instrument even
before UNCED in 1992 (Pearce, 1991; Cnossen and
Vollebergh, 1992), although in the event, a quantita-
tive approach was opted for instead, along with the
greater flexibility afforded by the Kyoto mechanisms.
The unresolved question of how to fund the ambi-
tious development objectives adopted at the UN’s
Millennium Summit in 2000 has put the global CO2

tax back on the international agenda.
The Council views the concept of an international

CO2 tax as an interesting approach. However, it is
important to consider that the emissions trading
regime envisaged in the Kyoto Protocol is likely to
lead to a substantial financial transfer from north to
south in the long term once the developing countries
are integrated into the system and permits have been
distributed accordingly. For this reason, an interna-
tional CO2 tax should be introduced simply as a tem-
porary additional funding instrument until a global
permits system based on the Kyoto Protocol and
environmentally effective reduction commitments
have been established. This would not only reinforce
the Kyoto Protocol’s steering incentives in the short
to medium term, but would also fill existing funding
gaps in international climate protection. If it were
shaped appropriately, an international CO2 tax
would also be in line with the ‘polluter pays’ and, to
some extent, the benefit principle. However, it is
important to ascertain whether the proposal for an
international CO2 tax is likely to trigger further polit-
ical blockades which would make it impossible to
implement.

Based on this comparison of possible funding
methodologies, the WBGU draws the following con-
clusion. In accordance with the precautionary princi-
ple, it recommends to the German federal govern-
ment that the quantitative approach established in
the Kyoto Protocol continue to be supported in com-
bination with the flexible mechanisms. The progres-
sive development of the Kyoto method towards a
modified per capita approach could create a funding
and transfer mechanism which would amount to the
payment of global financial compensation and be
unique in international political history.
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5.3.3.3
Use of resources for energy system
transformation by international financial
institutions 

Strengthening the Global Environment
Facility
With the establishment of GEF, additional funds
were made available for global environmental pro-
tection, while the adoption of double weighted
majority voting created a mechanism which guaran-
tees the industrialized and developing countries an
equal amount of influence over the use of resources.
Over the last ten years, GEF has established itself as
an important international funding mechanism for
global environmental protection. At the WSSD in
Johannesburg, the third replenishment of GEF funds
was agreed, amounting to US$3 thousand million to
cover GEF’s operations during the period
2003–2006. GEF’s remit was also enhanced with the
expansion of project funding to cover ‘land degrada-
tion’ and ‘persistent organic pollutants’.

These positive developments indicate that it may
also be appropriate to utilize GEF as a financing
institution for global energy system transformation.
In this context, however, the criticisms of GEF’s
work and the new challenges arising in the frame-
work of global sustainability policy must be consid-
ered. The ‘incremental costs’ principle is a major
bureaucratic obstacle to the funding of many projects
whose implementation would be beneficial in terms
of sustainability. The process of defining incremental
costs is also extremely controversial (Horta et al.,
2002). Projects which encourage the transfer of cheap
technologies, build on the indigenous knowledge of
the local population or support capacity-building in
the developing countries through investment in pub-
lic education are rarely covered by the ‘incremental
costs’ concept and are generally ineligible for GEF
funding. Global sustainability policy should build to a
greater extent on the catalysing effects of local and
regional approaches and pursue integrated concepts.
Yet GEF is accused of failing to take adequate
account of local conditions and, therefore, of not
exploiting appropriate catalysing effects (Keohane,
1996).

Despite these criticisms, the Council recommends
the expansion of GEF as a financing institution for
global energy system transformation and as a catalyst
for a more comprehensive financial framework. The
alternative would be to establish a completely new
financing institution, e.g. in the form of a Global Sus-
tainable Energy Facility. However, this would require
a lengthy negotiation process at international level
which would currently have little prospect of success.
In order to establish an effective international mech-

anism to fund the transformation of global energy
systems as quickly as possible, GEF’s structures
should therefore be utilized. As part of this process,
however, its working methods should be geared more
strongly towards promoting global sustainable
energy systems. The WBGU therefore recommends
that the German federal government work pro-
actively for the following reforms in GEF’s organiza-
tion, working methods and status in global sustain-
ability policy:
• Establishing a new window to promote globally

sustainable energy systems: Through the climate
window, projects are already being funded which
lower the barriers to promoting energy efficiency
and renewables and reduce the costs of measures
to cut greenhouse gas emissions in the long term.
Furthermore, additional funds for adaptation to
climate change are being made available. The
WBGU recommends that by 2005, available fund-
ing for efficiency technologies and renewables be
pooled in a new GEF window so that a new strate-
gic direction can be adopted in GEF’s funding pol-
icy in this area.

• Modifying the criteria governing the granting of
funding under the new ‘window to promote glob-
ally sustainable energy systems’: The WBGU views
the incremental costs principle as a key concept in
the funding of global environmental protection. In
order to achieve a global energy system transfor-
mation in line with the WBGU’s transformation
strategy, however, the funding criteria must be
simplified so that development policy aspects can
be taken into account more fully in resource uti-
lization, e.g. by promoting rural development
through renewable energies. This modification of
the funding criteria should be based on a World
Energy Charter. As many sustainable energy pro-
jects have a low volume of funding, the positive
experiences with the GEF’s successful Small
Grant Programme (SGP) should be capitalized
upon. This modification would establish a new
strategic framework for the promotion of effi-
ciency technologies and renewables which would
ensure that projects are not just funded on an ad
hoc basis without a broader programmatic context
(UNDP et al., 2000).

• Expanding cooperation with regional institutions,
the private sector and local communities: The
WBGU welcomes the substantial increase in the
number of implementing agencies. Alongside the
World Bank, UNDP and UNEP, the regional
development banks, UNIDO, the FAO, and the
IFAD (International Fund for Agricultural Devel-
opment) can now submit projects to GEF (Kutter,
2002). The WBGU also recommends the further
expansion of cooperation with the private sector
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and the greater involvement of local populations.
This substantially increases projects’ prospects of
success and triggers the necessary catalysing
effects, such as the development of markets for
‘green’ products and the mobilization of addi-
tional private capital.

• Further boosting GEF’s financial resources and
enhancing its status: The WBGU welcomes the
increase in GEF’s resources for the third phase.
However, it points out that GEF’s mandate has
also been expanded at the same time. In light of
the substantial financial requirement to fund
global energy system transformation, GEF’s bud-
get should therefore be further increased. At the
same time, its status should be enhanced in order
to prevent its efforts from being undermined by
conflicting effects, particularly the programmes
being implemented by other multilateral organi-
zations.

Integrating the World Bank and IMF into
energy system transformation towards
sustainability 
The World Bank, which not only functions as a
provider of loans and credit but also gathers infor-
mation about the solvency of developing countries
and, through its sector investment programmes,
directly influences the developing countries’ national
policies, defined new energy policy objectives in 2001
(Section 2.7.3). They include supporting energy sec-
tor reform, promoting competition, improving envi-
ronmental protection in energy generation, and pro-
moting solutions for the delivery of sustainable
energy services to the poor. The World Bank is also
coordinating the planned ‘Global Village Energy
Partnership’, which is intended to guarantee better
access to energy services to the poor. The German
federal government has already announced its par-
ticipation in this initiative.

However, the WBGU considers that the World
Bank’s activities will only move in the right direction
if it abandons its commitment to the least-cost prin-
ciple, i.e. to supporting profitable forms of energy,
mainly on a micro-economic basis, without ensuring
the internalization of external costs. It must also be
ensured that long-term framework conditions are
considered when implementing new technologies
which are not yet market-viable. The World Bank
should also see itself as a funding bank for sustain-
able energies and help to ensure that more effective
financial incentives are created to increase the share
of renewables in the developing countries. In general,
the World Bank and the regional development banks
should play a more active role in transforming energy
systems worldwide than is currently the case. So far,
the shift from the conceptual to the operational level

has not been adequately implemented. The WBGU
therefore recommends the practical implementation
of the World Bank’s new funding strategies. The fed-
eral government should work actively to achieve this
goal through its membership of the World Bank’s
Board of Governors.

Utilizing the European Investment Bank as
a funding instrument 
The Cotonou Agreement was concluded between the
EU and 77 ACP states in June 2000 and regulates, for
a 20 year-period, the political, development and trade
relations between the two groups of countries. The
partnership is centred on the objective of reducing
and eventually eradicating poverty in line with the
objectives of sustainable development and the grad-
ual integration of the ACP countries into the world
economy (Article 1, paragraph 2). From the time of
the Cotonou Agreement’s entry into force, an Invest-
ment Facility is envisaged which consists of risk capi-
tal totalling up to €2.2 thousand million from the
European Development Fund (EDF) and an addi-
tional €1.7 thousand million in loans from the own
resources of the European Investment Bank (EIB)
over a five-year period (2000–2005).

Within the framework of the Financial Protocol
annexed to Lomé IV for the period 1995–2000, the
EIB already administered risk capital amounting to
€1.3 thousand million from the European Develop-
ment Fund’s resources, with a further €1.7 thousand
million in loans from the EIB’s own resources.
Investment priorities for the EIB are infrastructure,
especially energy and transport, and industrial devel-
opment. For the energy sector, the Council recom-
mends giving priority to promoting renewables in
future. Until now, the EIB has focussed mainly on
promoting fossil energy carriers.

Strengthening the regional development
banks
In the energy industry, the regional development
banks, which mainly support public-sector projects,
have generally focussed on establishing and expand-
ing the electricity grids and reforming the energy sec-
tor.When granting credit and loans, the banks pursue
region-specific approaches which take account of the
highly diverse problems faced, and are therefore
important potential partners in overcoming energy
poverty in Africa, Latin America, the Caribbean and
Asia. However, the prerequisite is that the develop-
ment banks’ management capacities are progres-
sively strengthened and developed.

The WBGU recommends that through its share-
holdings in these banks and within the EU frame-
work, Germany work to promote the funding of the
developing countries’ energy supplies via the
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regional development funds, which are administered
by the regional development banks. In general, these
countries do not have the resources to provide a
secure energy supply to their poor populations.
Moreover, many developing countries, faced with
high levels of foreign debt, have very limited scope to
manage the expected increases in the price of fossil
fuels or to fund improvements in the efficiency of
their energy supply. Due to their extremely high debt
burden, too, few of them can afford to purchase plant
and technologies in the field of renewables. Without
extensive debt rescheduling and targeted support for
the developing countries and help from the regional
development funds, energy system transformation is
highly unlikely to occur in these countries. In addi-
tion, Germany could lobby for the more intensive
refocusing of the regional development banks’ fund-
ing policies towards environmental protection. Ger-
many has the opportunity to bring influence to bear
since it holds shares in the regional development
banks’ capital stock. These amount to around 4.1 per
cent in the African Development Bank (and, indeed,
to 10 per cent in the group of non-regional mem-
bers), around 5.8 per cent in the Caribbean Develop-
ment Bank, 1.9 per cent in the Inter-American
Development Bank, and around 4.5 per cent in the
Asian Development Bank.

Integrating energy supply into the PRSP
process
The IMF and World Bank responded promptly to the
decision, adopted at the G7 Summit in Cologne in
1999, to couple expedited debt relief with poverty
reduction programmes (VENRO, 2001). At the end
of 1999, they submitted preliminary papers outlining
their poverty reduction policies for the poorest coun-
tries. Since then, around 70 countries, especially
heavily indebted poor developing countries, have
devised their own national poverty reduction strate-
gies, known as ‘Poverty Reduction Strategy Papers’
(PRSP), which ought to be prepared by governments
through a participatory process involving civil soci-
ety and development partners. The BMZ supports
countries engaging in this process. The PRSPs are
also intended to act as steering mechanisms for the
mid-term development of these countries as well as a
basis for attracting international loans. A PRSP will
in future be a prerequisite for debt relief through the
HIPC Initiative. A more significant development, in
the long term, is that the IDA (International Devel-
opment Association) countries will only obtain new
concessional lending from multilateral and bilateral
donors on the basis of a PRSP. Currently, energy sup-
ply is not covered by the PRSP process. The WBGU
recommends that energy supply feature prominently

in these strategies and that adequate participation by
civil society actors be guaranteed.

5.3.4
Directing international climate protection policy
towards energy system transformation

A key step in the further development of the Kyoto
Protocol is to flesh out the objective contained in
Article 2 of the UNFCCC, namely to ‘prevent dan-
gerous … interference with the climate system’. This
must be defined more precisely in order to establish
more specific targets for the necessary emissions
reductions.This should take place by 2005 so that the
results can flow into the negotiations, scheduled to
begin in 2005, on reduction targets for the second
commitment period.

The exemplary path (Section 4.4) is based on a
scenario in which the industrialized countries imple-
ment the Kyoto Protocol, in the form negotiated in
1997, by 2010. In the technical formulation of the
Protocol, the industrialized countries were permitted
to offset substantial carbon sinks against their reduc-
tion commitments. Furthermore, no quantitative
reduction commitments exist for international mar-
itime and air transport. Overall, instead of the origi-
nal 5 per cent reduction compared with the base year
of 1990, a slight increase in emissions until 2010 is
therefore anticipated for the industrialized countries.
There is still no effective protection of carbon stocks
in the biosphere.

The guard rail analysis in Section 4.3 shows that
the first decades of the 21st century are particularly
critical as regards compliance with tolerable rates of
warming. As an adequate reduction in the industrial-
ized countries’ emissions from 2012 (around 45 per-
cent from 2010 to 2020, based on WGBU, 1997) is
viewed as unattainable, climate guard rails can only
be obeyed if the developing countries curb their
rapidly increasing emissions paths earlier than origi-
nally envisaged (WBGU, 1997b). Emissions control
requirements should therefore come into force for
developing countries by 2020, while the newly indus-
trializing countries should adopt initial quantifiable
targets even earlier than this.

However, this will be extremely difficult to imple-
ment because the industrialized countries are prov-
ing very sluggish in fulfilling their reduction commit-
ments and the UNFCCC contains the principle that
the industrialized countries must take the lead in
reducing emissions. It can therefore be assumed that
the developing countries will initially resist, justifi-
ably, any form of quantified reduction targets.

The Council therefore recommends that the Ger-
man federal government work pro-actively to ensure



183Actions recommended at the global level 5.3

that the EU launches a ‘developing countries initia-
tive’ with the following features:
• Objective: Closer cooperation is required to

restore the confidence of the developing countries
(historic alliance between the EU and the devel-
oping countries at COP1 in Berlin in 1995) and
prepare the ground for future negotiations on
emissions reductions. The developing countries
will only be prepared to enter into commitments
once they recognize that the Kyoto Protocol ben-
efits them too.

• Regional partnerships: Individual EU Member
States are seeking to establish contacts with spe-
cific developing countries or groups of countries
with the aim of engaging in coordinated longer-
term initiatives, e.g. through working groups which
jointly set climate protection and other develop-
ment targets. Technology transfer in particular
should be promoted through joint projects (e.g.
through the CDM). In principle, initiatives for
such partnerships should also be launched by
developing countries and lead to mutual benefits
in the long term.

• Best practice: Germany and other Annex I coun-
tries should set an example to other countries in
their fulfilment of the current provisions of the
Kyoto Protocol. This applies especially to the
‘demonstrable progress’ achieved in implement-
ing the Kyoto reduction commitments by 2005, the
registration, development and management of
CDM projects, the provision of resources for the
three newly launched funds for developing coun-
tries, preventive measures to mitigate the effects
of climate change, and capacity-building and tech-
nology transfer.This would enhance confidence in
the process and create a basis for the developing
countries’ involvement.

• Feasibility: In order to persuade the developing
countries, the short-, medium- and long-term
emissions reduction capacities of the major devel-
oping countries and regions must first be ascer-
tained. This is the only way to ensure that the
developing countries do not reject all negotiations
aimed at curbing emissions increases.

• Closing gaps: Greenhouse gas emissions produced
by air and maritime transport are currently not
subject to any quantitative reduction commit-
ments. The WBGU therefore recommends that
these gaps in international climate protection be
closed, either by integrating these emissions into
the Kyoto Protocol or by levying user charges
(WBGU, 2002; Section 5.3.3.2).

In this context, the Council welcomes the EU’s ini-
tiative, at the WSSD, to establish a coalition of like-
minded states for the voluntary fulfilment of quan-
tifiable targets to increase the use of renewables,

which many developing countries have also joined.
The task now is to breathe life into this initiative.

5.3.5
Coordinating international economic and trade
policy with sustainable energy policy objectives 

The process of turning energy systems towards sus-
tainability must be flanked by measures to establish
appropriate economic, legal and political framework
conditions. From a global economic perspective, the
first task is to create conditions which encourage
domestic and foreign private investment in the
energy sector and the international exchange of sus-
tainable technologies and knowledge. Secondly, it
must be ensured that international economic law
does not obstruct the energy strategy but supports its
practical implementation.

5.3.5.1
Conclusion of a Multilateral Energy Subsidization
Agreement 

The WBGU calls for the start of negotiations on a
Multilateral Energy Subsidization Agreement
(MESA) with the aim of progressively removing sub-
sidies on fossil and nuclear energy carriers and
adopting rules on the payment of subsidies for
renewables and more efficient energy technologies.
Experience at European and international level has
shown that the removal of subsidies worldwide can
be initiated most effectively through international
agreements, because very few countries will be pre-
pared to adopt a ‘go-it-alone’ approach to cutting
subsidies due to their concerns about the ensuing loss
of competitiveness on the international markets,
especially for energy-intensive companies and the
energy supply industry.

The international community should start negoti-
ations as soon as possible on a MESA which should
enter into force by 2008. The agreement should aim
to achieve the following objectives:
• The removal of all subsidies on fossil and nuclear

energy in industrialized and transition countries
by 2015 and worldwide by 2030, and 

• the removal of subsidies on fossil fuel extraction
(coal mining, oil drilling, etc.) in developing coun-
tries by 2020.

In this context, the – now obsolete – ‘traffic light’
approach adopted for the WTO’s Agreement on Sub-
sidies and Countervailing Measures could be revived
and modified. The key features of a MESA could be
as follows: A blanket ban would apply to all obvi-
ously non-sustainable subsidies which are harmful to
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the environment, such as general energy price subsi-
dies, which would be classified as ‘red light’ subsidies.
Subsidies paid to producers and suppliers of fossil
and nuclear energy should be classified as ‘red light’
subsidies except when they are targeted towards pro-
moting higher environmental standards (energy effi-
ciency, filters, ‘greener’ methods of oil, coal and gas
extraction) or improving the safety of existing
nuclear power plants.Timetables should be drawn up
for the progressive dismantling, or at least the
restructuring according to sustainability criteria, of
existing ‘red light’ subsidies, while the introduction of
new ‘red light’ subsidies would be prohibited. In
addition, a list of ‘green light’ subsidies, which could
not be the subject of legal challenges, should be
drawn up in line with a World Energy Charter.These
‘green light’ subsidies could include, for example:
• Subsidies or tax credits for renewable energies to

compensate for any remaining non-internalized
costs of fossil/nuclear energies (including pay-
ments for feeding into the grid);

• Subsidies for research into renewables and effi-
ciency improvements up to a specific proportion
of total research expenditure;

• Subsidies for supplying electricity to poor house-
holds/rural regions in developing countries;

• Subsidies for the replacement of traditional bio-
mass by sustainable fuels for heating and cooking;

• Subsidies for energy-efficient buildings and the
use of solar technologies in construction;

• Social transfers to poor households (state support
for heating and electricity);

• Cross-subsidies for electricity prices for house-
holds to the extent necessary to ensure compli-
ance with the ‘affordable individual minimum
requirement’ guard rail.

Energy subsidies which are not classified as ‘red light’
or ‘green light’ subsidies would be open to legal chal-
lenges on principle. These ‘amber light’ subsidies
could be called into question by other parties to the
Agreement, either on account of their incompatibil-
ity with the objectives of the World Energy Charter
or because they violate principles already enshrined
in the WTO (GATT and the Agreement on Subsidies
and Countervailing Measures).

In the developing countries, the expansion of fos-
sil energy use is unavoidable, also in the longer term,
in the interests of social and economic progress. In
order to take account of this specific starting posi-
tion, one option is to grant them preferential treat-
ment.This would mean, for example, that for a speci-
fied period, less stringent criteria would be applied to
subsidies on fossil energies in these countries than
proposed above in the context of ‘red light’ subsidies.

Institutionalizing the MESA
In institutional terms, the MESA could be estab-
lished as a separate agreement or be incorporated
into an existing institution. In the Council’s view, the
recommended option is the MESA’s institutionaliza-
tion within the framework of an International Sus-
tainable Energy Agency (ISEA) (Section 5.3.2.3).
However, to prevent any unnecessary delays in com-
mencing the removal of subsidies worldwide, the
Council is also considering the various options avail-
able within the existing institutional architecture. For
example, the MESA could be integrated into an
international energy, trade or environmental agency,
such as the Energy Charter,WTO or UNEP. One fac-
tor currently militating against the MESA’s institu-
tionalization within the Energy Charter framework
is the low number of states which are party to this
Charter – which makes it little more than a regional
agreement – and its lack of significance.

By contrast, the clear advantage of integrating the
MESA into the WTO rules would be that it would
thus cover virtually the entire international commu-
nity. Furthermore, the WTO is a fairly effective orga-
nization which has acquired sufficient experience of
subsidy agreements and is equipped with the neces-
sary mechanisms, such as dispute settlement proce-
dures. The WTO Secretariat regards the energy sec-
tor’s full integration into GATT and GATS, and
hence the application of the GATT Agreement on
Subsidies and Countervailing Measures, as a win-win
strategy for economic efficiency and environmental
protection. However, the WBGU takes the view that
in the short term at least, not all energy market seg-
ments should be fully subordinate to the WTO rules.
Furthermore, the WTO Agreement on Subsidies and
Countervailing Measures generally applies different
criteria from those required to achieve the MESA’s
objectives. For this reason, integrating the energy sec-
tor into the WTO Agreement on Subsidies and
Countervailing Measures is likely to produce little
more than the partial dismantling of environmentally
harmful subsidies, while the possibility that environ-
mentally beneficial subsidies would be subject to
legal challenges cannot be ruled out. Finally, the vir-
tual universality of the WTO Agreement on Subsi-
dies and Countervailing Measures is also an obstacle
to a MESA’s political viability. A more promising
prospect would probably be to start work on an inter-
national subsidy agreement with a smaller group of
countries, which would offer scope for the individual
countries to make a variety of concessions. Member-
ship could then be expanded from there. These fac-
tors, and the energy sector’s specific characteristics,
suggest that an Energy Subsidy Protocol within the
WTO framework, similar to the protocols existing for
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individual services under the GATS regime, is the
preferable option.

Alternatively, the OECD states could press ahead
with an agreement, especially since the environment
ministers of the OECD countries have already
agreed to dismantle environmentally harmful subsi-
dies. A further argument in favour of this option is
the expertise acquired within the IEA. Accession
should then also be opened to non-OECD states so
that in the long term, the MESA can be transformed
into a global convention.

Incorporating the MESA into UNEP or integrat-
ing it into a multilateral environmental agreement,
such as the climate protection regime, is undoubtedly
more likely to do justice to its overriding environ-
mental policy focus, but also its development policy
objectives, than incorporating it into the WTO, whose
capacities must not be overtaxed with non-trade pol-
icy issues. As yet, however, UNEP has not acquired
the necessary capacities and enforcement mecha-
nisms. The climate protection regime is a very inter-
esting alternative, although it has still to prove its
enforceability and functionality in the coming years.

Based on these considerations, the WBGU recom-
mends that the MESA concept be addressed both at
the international climate protection negotiations
and, in parallel, at the OECD. The long-term aim
would be to integrate MESA into the International
Sustainability Energy Agency (ISEA) recommended
by the Council. More generally, however, there is still
a substantial need for debate and research into the
specific form to be adopted by a MESA as well as its
institutional framework (Section 6.2).

5.3.5.2
Transformation measures within the GATT/WTO
framework

At present, the energy sector is only partially covered
by the World Trade Organization (WTO) rules. The
more fully energy products are integrated into
GATT, the more relevant the issue of compatibility
between WTO agreements and energy system trans-
formation measures will become. This applies even if
far-reaching concessions on liberalization were to be
achieved for the electricity and gas sector or energy-
related services at the GATS negotiations. At pre-
sent, there are few points of friction between energy
policy transformation measures and the world trade
regime.

For example, the subsidies on ‘green’ energy tech-
nologies, which the Council views as a useful energy
policy tool, could conflict in principle with the WTO
Agreement on Subsidies and Countervailing Mea-
sures. This might occur, for example, if direct subsi-

dies on energy technologies result in real competitive
disadvantages for related sectors in other countries.
Although GATT explicitly permits measures neces-
sary to protect the environment (GATT, Article
XXb), such measures must distort trade as little as
possible. Sector subsidies often do not satisfy this cri-
terion. Nonetheless, the Council does not consider
that this so far hypothetical dispute creates any
urgent need for a reform of GATT. If such a dispute
did occur and could not be averted in advance by a
MESA (Section 5.3.5.1) or other energy agreement
taking precedence over GATT/WTO, a decision can
still be taken on whether possible countervailing
duties by other countries are accepted by the subsi-
dizing country or whether an exemption is sought
under the Agreement on Subsidies and Countervail-
ing Measures.

Further conflict potential between energy policy
measures and GATT/WTO could arise from the
main principles underlying the current world trade
regime: The principle of national treatment – i.e. the
equal treatment of domestic and foreign products –
and the most-favoured-nation clause. In their practi-
cal implementation, the question of which specific
goods must be treated equally, and hence the issue of
‘like domestic products’ (GATT, Article III 2), are of
key importance. Unequal treatment of ‘like’
imported goods due to their indirect energy context
or the method by which the energy required for their
production was supplied is unlikely to be compatible
with the world trade regime’s core principles at the
present time. There are fears, therefore, that national
measures to promote sustainable energy systems will
lead to competitive disadvantages for numerous
domestic companies in the home and world markets.
Firstly, this increases the costs of adjustment and
decreases the acceptance of transformation efforts;
secondly, the global environmental effectiveness of
promoting sustainable energies will be reduced as
other countries will increasingly specialize in the
products which have become more expensive on the
domestic markets. Many countries are therefore
planning to adopt energy tax exemptions for energy-
intensive industries due to fears about competitive
disadvantages. In general terms, this is compatible
with GATT. However, the Council specifically points
out that tax relief for energy-intensive sectors is cer-
tainly not an instrument which is designed to pro-
mote the establishment of sustainable energy sys-
tems.

An alternative is to introduce border adjustment
taxes in order to compensate, to some extent, for the
cost disadvantages faced by domestic companies
resulting from such tax policy measures. The WTO
rules allow all the product taxes applying in a given
country to be imposed on imported goods, while
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goods for export can be exempted. In the interests of
environmental efficiency and practicability, however,
it is often necessary to impose a tax not on the end
product but directly where the pollution occurs. The
question which thus arises is whether border adjust-
ment measures comply with the WTO rules even if
the domestic final product is only indirectly subject
to national environmental charges.These can include
emissions charges, e.g. a CO2 tax, or input taxes, such
as a fuel tax. The WTO’s Committee on Trade and
Environment has already debated the issue of border
adjustment taxes as compensation for national envi-
ronmental levies, but has not reached any far-reach-
ing conclusions as yet. In general, the GATT compat-
ibility of compensating for emissions charges by tax-
ing imports is a highly contentious issue. On exports,
the majority view is that it is incompatible with
GATT (Greiner et al., 2001). Border taxes to com-
pensate for the imposition of national input taxes, on
the other hand, are deemed to be compatible with
GATT (Jenzen, 1998). Various decisions by the
WTO’s dispute settlement body point in this direc-
tion. The Council recommends to the German fed-
eral government that it clarify, within the WTO, the
issue of the admissibility of border adjustment mea-
sures for CO2, fuel and other environmental taxes
and press for the development of pragmatic and –
above all – transparent solutions to avoid unequal
treatment of various forms of taxes and environmen-
tal protection instruments.

There is occasionally a debate about whether the
Kyoto regime of tradable emissions rights is compat-
ible with the WTO principles (Box 5.3-2); similarly,
the issue of compatibility between the WTO rules
and the trade in Green Energy Certificates, which is
recommended by the Council, could also be dis-
cussed. In the Council’s view, however, these certifi-
cates for green electricity or heating, which can be
used to cover national renewable energy quotas, do
not constitute a product or service as defined by
GATT or GATS. If a global system of tradable Green
Energy Certificates were to be implemented, the
Council recommends that a separate trading regime
be established here, as with the emissions trading set
up under the Kyoto Protocol.

5.3.5.3
Preferential agreements in the energy sector 

Through preferential agreements, it is possible to
diverge from the most-favoured-nation principle
within the WTO.The most important types of prefer-
ential agreements are customs unions with common
foreign trade policies (e.g. the EU), free trade agree-
ments (e.g. NAFTA), and trade preference systems

with particularly low tariffs or other trade benefits
for imports from developing countries.

While national preference systems have, in prac-
tice, decreased in significance due to the general cut
in the tariff level, the number and importance of
regional trade associations are still increasing. In this
context, in order to be recognized by the WTO, cus-
toms unions and free trade areas must fulfil three cri-
teria relating to both products and services: Customs
unions and free trade agreements must cover most of
the trade in goods and services among their mem-
bers, and individual sectors may not be excluded. In
terms of the agreement’s scope of application, all tar-
iffs and quantitative restrictions must be progres-
sively abolished within a 10-year period, and internal
liberalization within the framework of a customs
union or free trade area must not result in new and
additional obstacles to market access for products
from other WTO member countries (Cottier and
Evtimov, 2000).

In the energy sector, preferential agreements are
of particular interest as they allow liberalization of
both goods and services which goes further than the
agreements reached within the WTO framework.
This offers the opportunity, especially for developing
countries, to open up their energy sectors, initially
within existing regional trade areas, without having
to face direct competition with producers and service
providers from industrialized countries. The Council
recommends that the German federal government
support such regionally restricted liberalization
efforts among developing countries through appro-
priate capacity-building.

5.3.5.4
Technology transfer and the TRIPS Agreement

The international diffusion of ‘green’ technologies is
a key element in turning energy systems towards sus-
tainability. This includes the transfer of technology
and knowledge from north to south. This transfer is
influenced by the Agreement on Trade-Related
Aspects of Intellectual Property Rights (TRIPS).
TRIPS commits all WTO members to relatively high
minimum standards of protection for intellectual
property rights. While the industrialized countries
were required to implement these standards by 1996,
a general transitional period of five years applied to
the developing countries until 2000 (with an addi-
tional five years, i.e. to 2005, for product patents), and
for the Least Developed countries until 2010 and
beyond. For the industrialized countries, the TRIPS
commitments entail relatively minor changes to their
laws applicable to intangible property, but many
developing countries are required to undertake
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major reforms.Among other things,TRIPS regulates
the protection of technical inventions (patents) and
thus has an impact on international technology trans-
fer.

On the one hand, the implementation of TRIPS
has impeded the transfer of patented technologies to
the developing countries because the costs increase
as a result of the licence fees; licensing negotiations
also have to be conducted, for which many compa-
nies in developing countries lack both the resources
and the expertise.There is also a risk that technology
transfer will not take place if patent owners pursue a
very restrictive licensing policy (Enquete Commis-
sion, 2002).

On the other hand, empirical studies show that
countries with a high level of patent protection gen-
erally attract more foreign investors than other coun-

tries (Maskus, 2000), so that the introduction of West-
ern patent standards is likely to encourage the trans-
fer of environmental technologies, among other
things. Furthermore, effective patent protection in
developing countries encourages companies in both
north and south to undertake research and develop-
ment into energy technologies which are tailored
specifically to the needs of these developing coun-
tries. The prerequisite, however, is that there is a
demand – backed by real purchasing power – for the
innovations, which are now patentable worldwide.
Yet this is rarely the case, especially in the poorest
developing countries.

Overall, then, the impact of TRIPS on the transfer
of ‘green’ energy technologies is ambivalent. For this
reason, the Council recommends a twin-pronged pol-
icy to enhance the positive effects and reduce the

Box 5.3-2

Compatibility of the Kyoto Protocol with WTO
rules

The compatibility of the Kyoto Protocol’s flexible mecha-
nisms with basic commitments arising from the WTO rules
is increasingly viewed as problematical. The WBGU con-
siders, however, that through the appropriate development
of the instruments established under the Kyoto Protocol
and the evolution and interpretation of the WTO rules, the
Kyoto Protocol approach and the WTO’s core principles
can both be safeguarded.

First of all, it should be noted that in the Council’s view,
the various tradable and transferable emissions reduction
units are not products or services as defined by GATT or
GATS. Emissions reduction units only become effective
through legislative measures or via the institutions estab-
lished under the Kyoto Protocol, and are therefore similar
to a legal authorization which, on principle, is not covered
by GATT or GATS. The situation is rather different, how-
ever, with regard to services supplied through emissions
trading or as part of the certification process.These are gen-
erally covered by GATS. However, even if a WTO member
commits itself to according equal treatment to suppliers of
like services from another WTO member (Article II,
GATS) and publishes all the relevant measures of general
application in advance of their entry into force (Article III,
GATS), the commitments will not be affected by the Kyoto
Protocol.

Another point of conflict concerns the restrictions aris-
ing from the WTO Agreement on Subsidies and Counter-
vailing Measures. Whereas GATS currently contains no
specific subsidy restrictions, all financial transfers and tax
exemptions fall within the scope of the Agreement on Sub-
sidies and Countervailing Measures. Subsidies are there-
fore prohibited on principle if they are only available to one
specific sector or company (‘specificity’) and if they cause
severe adverse effects to the interests of other members
(Article 5 of the Agreement on Subsidies and Countervail-
ing Measures).

The issue which therefore arises in the context of emis-
sions trading is whether all the various possible procedures

for the initial distribution of emissions rights (free distribu-
tion, auction) are compatible with the Agreement on Sub-
sidies and Countervailing Measures. The decision on the
initial allocation has strong regulatory characteristics and is
therefore more comparable to the setting of emissions stan-
dards or the imposition of a tax than the granting of subsi-
dies. In the Council’s view, there is therefore no incompati-
bility with the Agreement on Subsidies and Countervailing
Measures.

A more difficult question to answer is whether govern-
ment funding for Clean Development Mechanism (CDM)
projects can be regarded as subsidies which are not com-
patible with GATT in individual cases. The first point to
note in this context is that the financial transfers from
industrialized countries or international institutions to
develop these projects in developing countries must be
regarded on principle as development assistance and not as
a subsidy as defined by GATT or a future GATS subsidy
agreement. However, problems can arise if the country
hosting the CDM projects supports their development
financially in order to create additional incentives for
‘green’ foreign investment.Although the Council considers
that the GATS Agreement does not apply to emissions
reductions within the framework of CDM projects, the
products and services produced as part of CDM projects
would profit from such subsidies and could thus result in a
violation of the Agreement on Subsidies and Countervail-
ing Measures. Compatibility with WTO rules thus depends,
first and foremost, on the way in which the CDM regula-
tions are developed at national level, and can be safe-
guarded by ensuring that such subsidies are not only avail-
able to specific sectors.
Overall, it is noted that few points of friction exist between
the Kyoto Protocol and the WTO rules. To avoid conflicts,
further efforts should be made, when developing the Kyoto
mechanisms – especially at national level – to ensure that
the necessary transparency continues to be guaranteed,
that major decisions are taken on the basis of consensus
wherever possible, and that potential conflicts can be
addressed through a dispute settlement procedure within
the Kyoto Protocol framework.

Sources: Werksmann, 2001; Petsonk, 1999; Wiser, 1999
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negative impacts. It includes providing training for
institutions and companies in patent and licensing
issues through the development cooperation frame-
work. The WBGU also sees a need for research to
determine which international mechanisms are suit-
able to increase the incentive potential of patent pro-
tection for innovations which are especially relevant
to developing countries while contributing to innova-
tion diffusion at the same time. This might include,
for example, subsidizing the acquisition of patents
and licences for ‘green’ energy technologies by com-
panies in developing countries; in this context, the
innovators must be made aware, in advance and at
least in outline, of the criteria and scope of the subsi-
dies. The proposal for an international patent fund
(Enquete Commission, 2002) aims to achieve similar
goals; this fund would acquire licences itself in order
to grant licences, at subsidized prices and according
to agreed criteria, to companies or institutions in
developing countries. Such measures would accord
with the developed countries’ pledge to provide
incentives to enterprises and institutions for the pur-
pose of promoting and encouraging technology
transfer to Least Developed Countries (TRIPS,Arti-
cle 66(2)).

On the other hand, measures which interfere with
the rights of the patent owner may conflict with the
provisions of TRIPS. This applies especially to com-
pulsory licences and the withdrawal of patents.
TRIPS Article 27(2) grants Members the opportu-
nity to exclude from patentability “inventions, the
prevention within their territory of the commercial
exploitation of which is necessary ... to avoid serious
prejudice to the environment ...”. Furthermore, com-
pulsory licences are permissible if the patent owner
refuses to authorize licences or applies anti-competi-
tive licensing practices (TRIPS, Articles 31 and 40).
Finally, WTO Members may adopt measures ‘neces-
sary to protect public health and nutrition, and to
promote the public interest in sectors of vital impor-
tance to their socio-economic and technological
development, provided that such measures are con-
sistent with the provisions of this Agreement’
(TRIPS, Article 8(1)). The flexibility of these exemp-
tions is disputed, so that dispute settlement proce-
dures will be required before the scope for restric-
tions on patent protection which are motivated by
environmental policy considerations can be properly
assessed.

The Council does not consider that the aim of
transforming energy systems worldwide creates any
need for a reform of TRIPS at the present time. How-
ever, it points out that anti-competitive practices by
patent owners may constitute a barrier to the diffu-
sion of sustainable (energy) technologies, and that
Articles 31 and 40 of the TRIPS Agreement appear

inadequate to respond to this problem. The Council
recommends, among other things, that the German
federal government continue to work pro-actively
for the internationalization and, ultimately, the glob-
alization of the core principles of competition law.

5.3.5.5
Liberalizing the world energy products market? 

Mobile primary energy carriers (especially
oil and coal)
While efficiency and therefore welfare gains are
arguments in favour of the full integration of oil and
coal into the WTO rules, specific interests of the
exporting and importing countries conflict with such
a move. The major oil exporters currently control
prices by imposing restrictions on export quantities,
among other things. This is only partially compatible
with GATT. Importing countries naturally have an
interest in the lower oil prices which would result
from world market liberalization. On the other hand,
they are pursuing policies to promote domestic fossil
energies, to the detriment of imports, in order to
reduce their import dependency.

Grid-based energy (especially gas and
electricity)
The worldwide liberalization of the international
trade in grid-based energies is slowed down, first and
foremost, by problems with technical implementa-
tion. Firstly, there is no global main grid for electric-
ity or gas, but only regional networks. Secondly, trans-
port losses are an impediment to dynamic interna-
tional trade, although these losses are likely to
decrease in the foreseeable future with the introduc-
tion of more efficient technologies, such as high-volt-
age direct current power transmission or even hydro-
gen pipelines (Section 3.4). However, it is not only
transport but also transit which is causing difficulties.
Electricity transmission lines and especially gas
pipelines are owned by private or national monopo-
lies which charge monopoly prices for transport and
give priority to their own or national interests, and
the interests of importers and exporters, over free
trade principles. Not surprisingly, the liberalization of
the energy trade within the framework of the Energy
Charter Treaty has failed until now, mainly due to the
issue of the conditions under which Russia allows its
pipelines to be used. The differences between coun-
tries in their level of energy market liberalization
also impede the swift opening of these markets to
foreign suppliers.

Finally, there is currently a risk that subjecting the
electricity trade to GATT rules would tangibly
restrict environmental policy scope at national level.
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While there is broad agreement that coal, oil and gas
are not ‘like’ forms of energy despite their mutual
substitutability, electricity – from the WTO’s per-
spective – would simply equal electricity. If electricity
imports were treated unequally or were discrimi-
nated against compared with domestic energies, this
would violate the core principles of GATT. This
would make it more difficult to give political prefer-
ence to ‘green power’, as opposed to other forms of
electricity, by imposing environmental taxes or levies.
There is controversy over the extent to which the
general exceptions set out in Article XX b, g GATT
(protection of the environment/exhaustible natural
resources) would allow the unequal treatment of
electricity from renewable energies and other
sources.

Recent dispute settlement cases at the WTO indi-
cate, however, that the Appellate Body, set up as part
of the WTO’s dispute settlement mechanism, does
not view the unequal treatment of products as incom-
patible per se with GATT if, at least, individual pro-
duction and process methods cause substantial trans-
boundary pollution. Furthermore, environmentally
motivated trade restrictions are more likely to be
accepted if they are anchored strongly in a multilat-
eral environmental protection agreement (WGBU,
2001a). If the further opening of the energy supply
markets, e.g. between the parties to the Energy Char-
ter Treaty, did indeed lead to dissent over the grant-
ing of trade policy preference to ‘green’ electricity, as
opposed to other forms of electricity, there is a good
chance that a dispute settlement panel would rule
that such preference is compatible with the WTO
rules, referring in this context to the Kyoto Protocol
or a ‘World Energy Charter’.

In any event, the full integration of electricity into
GATT is not on the agenda at the current WTO
negotiations, as very few WTO members classify
electricity as a product (WTO, 1998). Instead, the
negotiations are focussing, at the most, on the inte-
gration of electricity into the General Agreement on
Trade in Services (GATS). The GATS negotiating
system is relatively complicated, with each member
identifying the sectors for which it wishes to grant
market access and making detailed concessions. In
this context, given the limited transportability of
many services, the primary issue is freedom of estab-
lishment for foreign suppliers and their national
treatment.

Will countries make concessions in the electricity
sector? This will largely depend on whether the
energy sector is classified as a separate area, thus
paving the way for a GATS sub-agreement or proto-
col. So far, eight (groups of) countries have put for-
ward negotiating proposals (USA, EU, Canada, Nor-
way, Venezuela, Chile, Japan and Cuba). Although

there seems to be a consensus that energy-related
‘non-core’ services (WTO, 2001) – such as consulting,
engineering and construction services, and mainte-
nance – should be part of the negotiations, there are
clear concerns about the inclusion of energy-related
‘core services’, i.e. transmission, distribution, and
sales. It is a completely open question at present
whether, in the foreseeable future, the GATS negoti-
ations will deal with foreign suppliers’ access to
domestic resources (especially oil, coal and gas) or
freedom of establishment for energy suppliers/pro-
ducers. There is no doubt that in the long term, the
use of renewables requires a more or less global net-
work for electricity, and probably also for hydrogen,
in order to function efficiently.

Energy-related services
The opening of national markets to foreign trade in
energy-related ‘non-core’ services offers national
economic efficiency gains as the entry of foreign sup-
pliers into the market strengthens competition, both
on price and quality, in the domestic market and
results in cost savings, e.g. in the construction and
maintenance of grids or through operation and per-
formance contracting. However, the static and
dynamic efficiency gains are unlikely to develop fully
at macroeconomic level unless liberalization of the
electricity and gas markets leads to the separation of
energy production and grid operation.

Energy extraction and production
In the direct extraction and production of energy, the
opening of markets to foreign trade also results in
efficiency gains and helps to overcome the lack of
capital and technology at domestic level which is a
serious barrier to transformation, especially in the
developing countries. On the other hand, these sec-
tors are of such key strategic importance in political,
economic and social terms that many governments
are deciding not to open their markets to foreign sup-
pliers for fear that this will result in a loss of national
control over the energy sector (, 2001). This risk
increases as the energy markets become more con-
centrated. In the least favourable scenario, when dif-
ferences exist between countries in their level of
energy market liberalization, opening the markets to
foreign investors can lead to competitive advantages
for some companies, notably those which dominate
the market and/or are protected by the state. If these
companies ease generally well-performing domestic
suppliers out of the market, there is a risk that a
global oligopoly with very few suppliers will emerge,
and that this will be difficult to break apart due to the
high start-up investment in the energy sector. Finally,
negotiations on the opening up of grid-based energy
supply would need to examine the extent to which
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freedom of establishment at local level, and non-dis-
criminatory grid access, create any right to import
electricity or gas. This right would cause similar envi-
ronmental policy problems as integrating electricity
as a ‘product’ into GATT.

Recommendations for action on
liberalization
The WBGU recommends that the German federal
government bring influence to bear in the European
Union to ensure that the EU lobbies for the further
integration of unrestricted mobile primary energy
carriers (oil, coal) into GATT. Better account can be
taken of the issue of import independence by pro-
moting renewable energies and efficiency increases
than by protecting domestic coal or gas production.
The Council makes the same recommendation in
respect of the inclusion of all energy-related services
into the GATS negotiations, as this can produce
global welfare gains. The Council emphasizes, how-
ever, that this reinforces the need, at the same time,
to press ahead speedily with energy system transfor-
mation. Otherwise, the risk that liberalization will
result in rising external costs, leading on balance to
welfare losses, cannot be ruled out.

The Council is very sceptical, on the other hand,
about individual proposals to liberalize trade in elec-
tricity immediately and subject it to the GATT rules.
If the energy supply sector is to be fully integrated
into GATS, it is important to ensure, as a precaution-
ary measure, that trade restrictions which are neces-
sary for environmental policy reasons – e.g. for non-
sustainable energies – cannot be subject to legal chal-
lenges. However, if renewable energy quotas and
minimum health, environmental and socio-economic
standards for energy generation are to apply world-
wide, the Council can envisage the full international
liberalization of the energy supply sector in the long
term. This would promote the implementation of a
global grid, which under certain conditions could
result not only in economic and environmental effi-
ciency gains but also export opportunities for devel-
oping countries.

The Council is in favour of swift liberalization of
the trade in goods and services in the renewables and
energy efficiency sector. Efforts by WTO members to
exempt environmental protection products and tech-
nologies from tariffs must be pursued vigorously,
especially in the area of ‘green’ energy technologies.
As this is still a relatively new market, the opportuni-
ties associated with liberalization (market size
advantage, knowledge transfer, technology diffusion)
appear to outweigh any risks, especially in the devel-
oping countries. In order to reflect the significance of
these sectors, especially in future, the Council consid-
ers that the conclusion of a separate protocol to the

GATT and GATS agreement is desirable. If possible,
this should contain a commitment to providing
access for renewable energy generation plants to the
existing supply grids.

5.3.5.6
Rights and duties of direct investors

Private direct investment plays a central role in trans-
forming energy systems, especially in developing,
newly industrializing and transition countries (Sec-
tion 5.3.3.2). Despite the continued need for
improvements in this area – through bi- and multilat-
eral agreements within the context of the Energy
Charter Treaty, among other things (Waelde et al.,
2000) – substantial progress has been made in recent
years on the protection of direct investments. How-
ever, the lack of any obligation on direct investors to
comply with social and environmental standards is
increasingly regarded as a regulatory loophole (Esty,
1995; Subedi, 1998).

Implementing high-quality and effectively
enforced standards for all investors in all countries is
a worthwhile objective, but it is only likely to be
achievable in the long term. The first task, then, is to
persuade foreign investors, at least, to uphold specific
environmental and social standards in the host coun-
try. In the Council’s view, this can only be achieved
through a mix of measures. Apart from the further
development of international environmental law and
the reform of export promotion, which is addressed
above (Section 5.2.2.3), the following options should
therefore be explored:

At international level, particular consideration
should be given to the greater integration of environ-
mental policy issues into the existing WTO rules and
the Energy Charter Treaty. In the Council’s view, the
incorporation of commitments under environmental
law into economic agreements, as envisaged in the
Energy Charter Treaty, is desirable. This should aim
to safeguard compliance with international minimum
standards. As a further instrument, based on the
NAFTA model, it would be desirable to prohibit any
reduction of environmental standards undertaken
for the purpose of attracting investors (Muchlinski,
1998).

In addition, stronger regulation of direct investors
by their home countries should be considered. The
Council is in favour of extending the geographical
scope of national liability law in line with the US
model, preferably through a European initiative.
Under US law, foreign nationals can sue for compen-
sation in the US courts if the damage they sustained
is defined as unlawful under the foreign law and was
caused by a subsidiary of an American corporation.
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In the energy sector, the US legal system has shown
that it has teeth, especially in relation to oil explo-
ration and transport.The liability criterion applied to
establish negligence by the subsidiary in question
should be based on the current knowledge available
to the parent company (Subedi, 1998).

The Council also supports the development of
legally non-binding codes of conduct for the energy
sector. In terms of content, a code of this kind could
be established on the basis of Article 19 of the
Energy Charter Treaty, for example.Although volun-
tary codes can contribute to supporting environmen-
tal and development policy objectives, their function
is still limited due to the absence of any control and
enforcement mechanisms (Dröge and Trabold, 2001).
The OECD Guidelines for Multinational Enter-
prises, published in 2000, encourage companies to ini-
tiate a variety of measures, including the develop-
ment of environmental management systems, grant-
ing access to key environmental information, compli-
ance with statutory requirements in the host country,
and adhering rigorously to the precautionary princi-
ple in corporate policy-making. The Guidelines
attempt to reduce the shortcomings of voluntary
codes through a specific implementation process
whereby national liaison offices advise interested
companies about the content of the Guidelines and
the progress made on implementation. It remains to
be seen whether the Guidelines will develop, in the
longer term, into a generally recognized ‘frame of
reference for socially responsible corporate conduct’
(OECD, 2000) for the energy sector as well.

More far-reaching proposals aim to develop a sep-
arate legally binding international convention on
corporate responsibility (WEED, 2002a, b). Along-
side measures to uphold and promote human rights
and international labour standards, one proposal is
that this convention should contain commitments on
environmental protection. Issues under discussion
include, firstly, the standards set out in the non-bind-
ing OECD Guidelines, and, secondly, more far-reach-
ing commitments. In the Council’s view, some of the
proposals are worth further consideration. However,
it emphasizes that first and foremost, there is still a
substantial need for research into the political and
legal obstacles, the practicability and effectiveness, in
terms of achieving the desired objectives, and the
economic and social side-effects and long-term
impacts of implementing such a convention, espe-
cially as regards the extraterritorial application of
environmental law. Other measures, in the Council’s
view, should be explored in more detail:
• Obligation to use the best technology available

locally;
• Obligation to comply with the national environ-

mental law of the host country, including stan-

dards arising from international environmental
conventions ratified by the host country;

• Obligation to carry out environmental impact
assessments in line with the World Bank’s stan-
dards, including the development of environmen-
tal management plans to minimize damage;

• Supporting the transfer of environmentally rele-
vant operating procedures, technologies and man-
agement know-how;

• Obligation to identify and analyse the key mater-
ial flows and product life-cycle phases relevant to
environmental impacts;

• Raising environmental awareness among staff
through their active involvement in setting up and
running environmental management systems.

5.3.6
Phasing out nuclear energy

The civilian use of nuclear energy has shown itself to
be unsustainable: Reprocessing and final storage, but
also proliferation and terrorism harbour a significant
potential risk. The lack of economic efficiency in lib-
eralized energy markets and the growing public crit-
icism in many countries of the environmental and
health risks associated with nuclear power have
resulted in a dramatic fall in the number of nuclear
power stations being connected to the grid each year
(Section 3.2.2). The Council welcomes this develop-
ment and advocates that no more new nuclear power
stations be approved and built. The Council also rec-
ommends that efforts be made to commence negoti-
ations, as swiftly as possible, on an international
agreement on the phasing out of civilian nuclear
energy use by 2050. The agreement should provide
for the conversion of the International Atomic
Energy Agency into a body responsible for winding
down the industry, and should also dismantle the sub-
sidies and special provisions for the nuclear industry,
as these distort competition in the energy industry
and tie up substantial financial resources in this non-
sustainable industry which could otherwise be used
to promote a sustainable energy sector (Section
5.3.2.3). In this context, the Council welcomes the
German Bundestag’s recommendation that the pro-
motion of nuclear energy through the Euratom
Treaty be allowed to expire.

The problematical dual use of nuclear technology
is particularly evident in the context of proliferation.
This concerns not only the reactors but the entire
nuclear energy chain, from uranium extraction, con-
version and use to interim and final storage. The
IAEA monitors the non-proliferation commitments
arising under the 1970 Treaty on the Non-Prolifera-
tion of Nuclear Weapons through ‘safeguard agree-
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ments’. However, the discovery of Iraq’s secret
nuclear weapons programme after the 1991 Gulf War
or North Korea’s nuclear programmes have shown
that these control systems are inadequate. Through
its Additional Protocol, the Agency has now acquired
the right to investigate undeclared nuclear materials
and activities as well. However, just 22 states have
ratified the Protocol, and only two of these states
engage in nuclear activities (Froggart, 2002). The
IAEA’s powers are inadequate, for although it can
record the proliferation of nuclear material, it cannot
prevent it.

International rules to avert nuclear terrorism also
fall short of the mark. The only agreement currently
in place, namely the IAEA Convention on the Phys-
ical Protection of Nuclear Material, is limited to pro-
tecting international transports of nuclear material
against theft or robbery. After 11 September 2001,
the IAEA’s General Assembly endorsed 12 new safe-
guards but rejected any form of mandatory reporting
or international control. The Council therefore rec-
ommends that more stringent IAEA security stan-
dards be adopted for all plutonium storage facilities
by 2005 and that the IAEA’s powers to initiate the
controls and measures necessary to guard against ter-
rorism and proliferation be expanded.

A problem relating to the normal operation of
civilian nuclear power plants is that safety levels vary,
and there is no binding international standard. The
WBGU recommends that safety standards be har-
monized internationally at a high level by 2010. Fur-
thermore, the insurance obligations relating to
nuclear power plants should be borne solely by the
operators, and tax advantages should be dismantled.
Possible starting points here are the European Com-
mission’s two draft proposals for directives, dated
November 2002, which concern the safety of nuclear
installations and the management of radioactive
waste. The long-term solution for the storage of
nuclear waste continues to be one of the major chal-
lenges facing the nuclear energy industry. Currently,
there are just three potential countries with sites for
final storage, i.e. Finland, the USA and Russia. It is
almost impossible to predict, at this stage, whether
these sites will ever be able to accept nuclear waste.
The Council therefore recommends that from 2010,
the operation of nuclear power plants be permitted
only when the operators can certify that they have
reserved space for their nuclear waste in an existing
final storage facility. This should be regulated by the
IAEA.

The reprocessing of spent fuel elements at Sell-
afield and La Hague represents the largest release of
anthropogenic radioactivity worldwide (WISE,
2001). This violates the WGBU guard rail, which
states that risks must be kept within the normal range

(Section 4.3). In the Council’s view, the German fed-
eral government should therefore press the Euro-
pean Commission for the adoption of moratoria on
the operating licences of the reprocessing plants at
Sellafield and La Hague by 2010: Licensing of the
plants under Article 6 of Directive 96/29/Euratom
should be suspended as long as their operation vio-
lates international agreed limit values. In this con-
text, the Convention for the Protection of the Marine
Environment of the North-east Atlantic (OSPAR
Convention) can serve as a strategic starting point.
This came into force in 1998 and aims to achieve con-
centrations in the environment close to zero for
harmful substances.

5.3.7
Development cooperation: Shaping energy system
transformation through global governance

In the WBGU’s view, the group of developing coun-
tries is too diverse to enable energy system transfor-
mation here to be promoted through an overarching
strategy or a single policy approach. In policy formu-
lation, the group of Least Developed Countries
(LDCs) in particular must be differentiated from the
other developing countries. In the poorest, generally
heavily indebted developing countries, liberalization
approaches for the energy market often have little
bearing on reality. Financial, personnel and technical
support at all levels is essential here.

Key recommendations for action in the field of
development cooperation are set out in Sections 5.2
und 5.3 above. In this context, special emphasis
should be placed on the strategic partnerships
between industrialized and developing countries
which were launched at the WSSD (Box 5.3-3). In the
WBGU’s view, they should be supported and devel-
oped further.

However, without conducive framework condi-
tions at national and international level or coherent
sectoral policies, these initiatives and projects have
little prospect of success. The WBGU therefore con-
siders that the primary task must be to change the
structures of international political processes in the
long term to ensure that they support globally sus-
tainable development. In this context, changes in the
policies of key international institutions have
recently been observed. For example, new guidelines
have been introduced for the OECD countries’
development policies, while the World Bank has
recently prioritized poverty reduction. Other exam-
ples include the decisions adopted at major negotiat-
ing processes, especially the Millennium Summit, the
WTO Conference in Doha, the UNFCCC, the HIPC
Initiative, the International Conference on Financing
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for Development in Monterrey, and the replenish-
ment of GEF until 2006. The outcomes of these
recent international political processes are crucial for
the successful implementation of sustainable energy
policies in the developing countries. They are also
starting points for the development of a global gov-
ernance policy.

Transforming energy systems in the developing
countries makes intervention within the framework
of a global structural policy a necessity. To this end,
the key points of leverage must first be identified.
The WBGU notes that:
• A universal energy supply cannot be achieved

without adequate income opportunities, even if
electricity and energy prices are low, i.e. subsi-
dized. Access for the LDCs to the industrialized
countries’ markets, as already announced by the
EU (‘Everything But Arms’), and the swift dis-
mantling of farm subsidies in the EU, USA and
other OECD states are therefore necessary. Farm
export subsidies are particularly problematical as
they threaten the survival of farming communities
in the developing countries.

• As a result of the developing countries’ often high
levels of foreign debt, these countries often have
little scope to implement a sustainable energy
strategy. Energy system transformation in the
southern countries is therefore highly unlikely to
occur without a comprehensive debt relief pack-
age. The WBGU recommends that the German
federal government take the initiative here within
the G7/G8 framework.

• In the WBGU’s view, overcoming energy poverty
should also be included in the ‘social basic ser-
vices’ funding priority and in the 20:20 Initiative.

• In the development cooperation undertaken by
the OECD countries, the principles of coherence,
convergence and complementarity should be
upheld to a greater extent. To this end, the new
development policy guidelines adopted by the
Development Assistance Committee (DAC) in
2001 for its member countries must be imple-
mented in practice (OECD, 2002). A key task in
this context is to integrate the principles of sus-
tainable development. The document emphasizes
that the development process must be driven by
the needs and priorities of the developing coun-
tries themselves. It also underlines the need to
integrate various sectoral policies and calls for
coherent policy development on the donors’ side
as well. The new DAC Guidelines also contain
recommendations on how development coopera-
tion could be developed further. A priority, in this
context, is the development of a long-term energy
strategy.

A sustainable energy strategy should fit into these
existing structures and programmes. Coherence must
be a particular priority when several donors are
engaged in activities in one country. Here, the World
Bank’s Comprehensive Development Framework,
which is currently being established, could serve as a
useful tool. This instrument offers a conceptual
framework which draws together all elements of
development and focuses them on the recipient
country’s development strategy.

Box 5.3-3

Strategic partnerships for global energy
system transformation launched at the WSSD

Existing or emerging initiatives to promote global energy
system transformation can serve as a framework for global
energy policy. The Council recommends that the following
international initiatives, which were launched at the WSSD
in 2002, be used as catalysts to promote global transforma-
tion:

EU Energy Initiative: Energy for Poverty
Eradication and Sustainable Development
This EU initiative aims to play a catalyzing role in achiev-
ing the WSSD objectives and the Millennium Development
Goals and serves as a platform for the coordination and
coherent development of energy projects with developing
countries at EU level. This strategic energy partnership is
intended to promote partnerships for energy access, inte-
grating civil society and the private sector in this process.
Phase 1 of the initiative is anticipated to last until 2004.

Phase 2, on implementing the agreed action, will begin sub-
sequently.

Global Village Energy Partnership
The Global Village Energy Partnership aims to ensure
access to modern energy services by the poor. To this end,
investment funds, framework conditions conducive to the
establishment of rural energy systems, and networking by
key players are supported. The initiative is sponsored,
among others, by UNDP, numerous governments (includ-
ing Germany), the World Bank and the private sector and
is currently in its preparatory phase.

Global Network on Energy for Sustainable
Development
This Network, which was initiated by UNEP, aims to pro-
mote research, development and distribution of sustainable
energy systems in developing countries and establish a
global network of energy ‘centres of excellence’ linking
governments and the private sector. It involves numerous
governments (including Germany), energy institutions, UN
agencies, the World Bank and the private sector (Shell
Foundation, World Energy Council, UN Foundation). The
network is currently being established.
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5.3.8
Launching ‘best practice’ pilot projects with a
global impact

Progress with the introduction and expansion of
renewable energy carriers is still very sluggish.This is
due, among other things, to the high start-up costs,
inadequate knowledge of what is technically feasible
and – especially in the developing countries – poor
infrastructure, as well as uncertain or low profit
expectations.The WBGU therefore recommends uti-
lizing a small number of large-scale ‘best practice’
pilot projects as a strategic lever for global energy
system transformation. These ‘best practice’ pilots
should send out a signal worldwide that improving
energy efficiency or establishing a renewable energy
supply is already feasible under current technologi-
cal, political and socio-economic conditions in many
areas and can generate long-term profits. Successful
‘best practice’ projects would act as a positive incen-
tive for private investors and also increase the politi-
cal viability of energy system transformation. They
should all be underpinned by research programmes.
The WBGU proposes the following ‘best practice’
projects:

Sahara power for Europe
Based on the WBGU’s quantifications, it is estimated
that western Europe’s energy consumption in 2050
will amount to around 100EJ per year. Two-thirds of
this should be supplied from renewables. This
amount of energy is roughly eight times the Euro-
pean Union’s current total energy consumption. It is
sensible, therefore, to integrate North Africa’s solar
and wind energy into the European energy supply in
the medium term as well. The WBGU recommends
establishing a strategic energy partnership between
the EU and North Africa. For Europe, this would not
only be a cost-effective way of securing a climate-rel-
evant volume of renewable energy; it would also be a
major step towards more intensive economic and for-
eign policy cooperation with North Africa. For North
Africa, this partnership would offer an opportunity
to link climate protection with industrial and social
development. The energy partnership could be a dri-
ving force for development in the region. This strat-
egy has three key elements:
1. The construction of major power plants in North

Africa to generate electricity from renewable
sources;

2. The provision of transmission capacities to the
European grid;

3. The establishment of a European liaison office for
the North African project partners and European
investors.

Using ‘best practice’ pilot projects, the feasibility of
supplying energy from renewable sources using
existing technologies could be demonstrated, obsta-
cles identified and overcome, and the necessary
structures developed in advance of private-sector
involvement. In order to establish and utilize a learn-
ing curve, the projects should contain a strong
research element. As well as establishing a coordi-
nating body at European level, the WBGU recom-
mends that the following pilot projects be carried
out:
• Planning and tendering for a large-scale photo-

voltaic and a solar thermal power station in coop-
eration with one or more North African countries;

• Planning and tendering for a large wind farm in
cooperation with one or more North African
countries;

• Planning and tendering for a transmission line
from North Africa to Europe;

• The output of solar and wind power generation
should be adapted to the minimum feasible trans-
mission capacity of the power transmission line. If
necessary, the power stations should be divided
into sub-units. Provision must also be made for the
use of the generated electricity at local level.

As far as is compatible with competition law, the EU
should ensure that the project package is sufficiently
economically attractive by signing time-limited elec-
tricity purchase agreements at guaranteed prices in
order to secure private-sector support for the pro-
ject’s implementation. It is also important to create
the political and diplomatic framework for the strate-
gic partnership. This could take place through the
Economic Partnership Agreements currently being
negotiated between the EU and the ACP countries.

Distributed energy supply through climate-
neutral liquefied gas
In developing countries, the traditional use of bio-
mass often poses a major problem (health impair-
ment caused by fumes, over-exploitation of local tim-
ber stocks; Section 3.2.4.2), which could be reduced
by progressively replacing the traditional three-stone
hearth with liquefied gas cookers. However, the
large-scale use of liquefied gas from fossil sources
cannot be viewed as sustainable in the long term in
the interests of climate protection.There is, however,
the option of producing this energy carrier from bio-
mass: Through gasification or anaerobic digestion/
conversion, synthesis gas (CO/H2) can be produced
from biomass which can then be converted into
longer chain hydrocarbons. In this way, biogenic
liquefied gas could be manufactured. The chemical
processes involved can be supported through the use
of solar thermal energy. A starting point for this pro-
ject could be the EU Energy Initiative: Energy for
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Poverty Eradication and Sustainable Development.
The WBGU recommends:
• Initiating the substitution of traditional three-

stone hearths with liquefied gas cookers through
German development cooperation;

• Through research cooperation with developing
countries, creating facilities for the environmen-
tally compatible synthesis of liquefied gas,
adapted to local conditions.

Energy-efficient buildings in the low-cost
sector, piloted by South African townships 
Since 1994, more than one million new dwellings
have been constructed in South African townships in
order to improve the living conditions of disadvan-
taged population groups. However, the aspect of sus-
tainable construction was largely overlooked during
this process. For example, tin roofs without any insu-
lation have generally been constructed, resulting in
unbearable indoor temperatures in summer and win-
ter alike. Open coal fires cause pollution which is up
to eight times higher than the international stan-
dards, resulting in health costs amounting to €244
million per year (Holm, 2000). The WBGU recom-
mends that through German development coopera-
tion and in conjunction with South African partners,
pilot projects on energy-efficient construction in the
low-cost sector be carried out. Due to the multiplier
effects, it is specifically recommended that these pro-
jects be undertaken near well-frequented sites (e.g.
railway stations). This type of project could be car-
ried out as part of the ‘Global Village Energy Part-
nership’, which is a WSSD initiative.

Improving the power quality in weak
electric grids in rural African regions
When bringing electricity to rural regions in devel-
oping countries, a frequent problem is that due to low
user density, large distances have to be bridged in
weak electricity grids. This reduces electricity quality
(voltage, frequency and reliability of the grid), espe-
cially for users in more remote areas. The technolo-
gies developed in Europe to integrate the different
renewable energy sources into the grid could be uti-
lized profitably and cost-effectively to improve this
situation, but they are still largely unfamiliar to the
local grid operators. The WBGU recommends that
within the framework of technical and financial
cooperation, a selected rural region be connected to
the grid in cooperation with a larger African energy
supplier and using appropriate new technologies.
Cooperation with the local grid operator is essential
in order to produce a multiplier effect. Here ,too, the
starting point could be the EU Energy Initiative
‘Energy for Poverty Eradication and Sustainable
Development’.

‘One Million Huts’ programme
As part of the process of supplying electricity to rural
regions in developing countries, distributed concepts
such as individual photovoltaic systems and micro-
grids are essential – alongside intelligent grid expan-
sion – as a response to low population density. Until
now, this type of practical project has taken place on
too small a scale to develop the necessary momen-
tum, and social and technical conditions have gener-
ally been overlooked. The WBGU therefore recom-
mends launching a ‘One Million Huts’ programme
on the required scale and with the necessary dura-
tion, which must also include a new dimension of
technical and socio-economic support. For the pro-
ject to have a sustained impact, it must draw on the
expertise of leading companies from industrialized
countries, launch regional training programmes and
develop local financing structures and supply indus-
tries. The Global Village Energy Partnership Initia-
tive offers an appropriate framework for project
implementation.
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The task of energy system transformation has a mag-
nitude comparable to that of a new industrial revolu-
tion. It will continue to pose major technological and
societal challenges for many decades. Therefore, for
the process to succeed, a substantial research effort is
essential to support transformation – both in advance
and throughout the process. In Section 5.3.1 of the
present report, the German Advisory Council on
Global Change (WBGU) has already made concrete
recommendations on ways to further develop
research structures in institutional and financial
terms. The present chapter focuses exclusively on
questions of research content.

The Council’s aim here is not to present a com-
prehensive research strategy or analysis of research
activities surrounding the theme of energy. The pur-
pose of this chapter is rather to identify those
research themes which, in the course of work on this
report, have emerged as key preconditions to imple-
menting the energy system transformation that this
report outlines.

No attempt is made to specify which research
actors at which levels are best suited to tackle the
research questions presented here. The suggestions
made here do not target specifically the German or
European research landscape, but are directed to all
countries and actors with an interest in energy system
transformation. These suggestions can represent
important components of various research pro-
grammes at various levels. Consequently, the individ-
ual points are not placed in relation to the great
diversity of already ongoing and highly committed
German or European research programmes.

The Council always examines energy systems
from the perspective of environment and develop-
ment issues. Research on systems analysis, presented
in Section 6.1 below, therefore plays a key role.When
implementing and applying system transformation
recommendations, economic, political and societal
tasks arise that need to be prepared and supported
through research. These include the market penetra-
tion of new technologies, the comparative analysis of
socio-economic instruments, the management of
technology transfer or the transition to sustainable

lifestyles (Section 6.2). Finally, research on and devel-
opment of new technologies are key to the success of
energy system transformation (Section 6.3).

6.1
Systems analysis

Knowledge base for guard rails
‘Guard rails’ demarcate the viable action space, and
thus play a key role in the policy advice provided by
the WBGU (Section 4.3). It remains difficult, how-
ever, to determine these socio-economic and ecolog-
ical boundaries of the tolerable domain of human
activities. Neither is the necessary knowledge avail-
able in satisfactory quality on, for instance, the pre-
cise position of ‘catastrophe domains’ that must be
avoided unconditionally, nor are modelling
approaches sufficiently mature to give adequate con-
sideration to all important factors impinging upon
predictions. As a first step, the knowledge base for
setting normative guard rails thus needs to be
improved.This can be done by means of modern and
partly unconventional modelling approaches. Sys-
tems analysis is thus part of an iterative process, con-
tinuously improving the basis for predictions about
future development trajectories.

Modelling
Models help to explore the entire action space and
thus to develop consistent predictions and scenarios
constrained by normative guard rails. There is a sub-
stantial need for research to further develop the
methodologies of existing models, for instance with
regard to the coupling, regionalization, sectoraliza-
tion and integration of climate, land-use and macro-
economic energy system models (integrated assess-
ment models). There is also a need to develop novel
modelling techniques (qualitative, semi-quantitative
and hybrid models) that do greater justice to the
inherent uncertainties. It would be useful in this con-
text to endogenize various processes (such as tech-
nological progress), which should no longer be exam-
ined in isolation from macro-economic development.

Research for energy system
transformation
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Important specific questions include the effects upon
long-term investment behaviour of emissions reduc-
tion targets pre-announced in binding form (Section
4.5.1), the potential risks of path dependency raised
by sequestration strategies (Section 3.6), the impacts
of land uses upon greenhouse gas emissions, and the
economic effects of control instruments such as cer-
tificate trading.

Developing theoretical concepts of
sustainability
There is still a lack of fundamental theoretical con-
cepts of sustainability, which would need to be linked
with Earth System analysis and the guard rail con-
cept. These should help to answer the question, for
instance, which of the possible development paths
can be termed acceptable under the conditions of a
certain sustainable development paradigm (pes-
simization, standardization, etc.; Schellnhuber, 1998).
How must control or management strategies – which
can range from e.g. access to electricity over changing
lifestyles through to strict non-intervention – be
designed in order that the guard rails can be obeyed?
How to develop early warning systems that register
in time a slip into non-sustainable domains? Which
synergies among anthropogenically influenced, but
not yet sufficiently understood, Earth System
dynamics can be harnessed? May there even be a
‘global conscience’ that, as an emergent feature, com-
mands over a collective perceptual faculty to the ben-
efit of humanity and the Earth System? The answers
to these questions will ultimately determine the
implementation and further development of interna-
tional regimes (such as the UNFCCC).

Scenario development
The findings presented in this report show that it is
also recommendable to develop CO2 stabilization
scenarios for low equilibrium concentrations
(<450ppm).To this end, the regional and sectoral res-
olution of the corresponding models needs improve-
ment. Building upon regional quantifications, it may
be possible to develop stabilization scenarios at low
global warming levels, which are able to model the
specific properties of sectoral and regional units and
thus provide an improved basis on which to identify
concrete options for action.

Climate sensitivity
It is evident that climate research can make a key
contribution to energy system transformation, for it
delivers the knowledge and the substantiation for the
climate protection guard rail (Section 4.3.1.2). If CO2

and climate should be found to be coupled more
closely than has previously been thought, or if
unknown amplifying ecosystem processes are found,

then this would call for not only an accelerated
energy system transformation, but also a transforma-
tion of land uses (Section 4.6). Sensitivity to anthro-
pogenic perturbations therefore continues to be one
of the crucial factors of the climate system that is not
yet sufficiently quantifiable (Sections 4.3.1.2 and
4.5.2.1). As a consequence, the IPCC refrained in its
2001 Third Assessment Report from stating a mean
sensitivity of the climate system that would follow
from a doubling of the CO2 concentration. Consider-
able research efforts need to be undertaken in order
to be able to better assess climate sensitivity.

CO2 sources and sinks
Since the 1950s, the USA has been operating impor-
tant measuring stations (e.g. on Mauna Loa in
Hawaii, at the South Pole, and other island stations),
which form the backbone for assessments of the car-
bon cycle to date. There is an urgent need for Ger-
many and Europe to make stronger contributions in
the future to efforts to verify trends in CO2 sources
and sinks:A worldwide observation system should be
established on the continents and linked to the exist-
ing marine observation system. With such a system it
would become possible to check the hypothesis that,
at present, a major part of anthropogenic emissions is
stored in the boreal forests of Siberia. Responsible
ecological management to strengthen this natural
sink could provide a valuable additional option for
the energy system transformation process.

Impacts of high CO2 concentrations and of
climate change upon terrestrial ecosystems
The forecasts of the impacts of climatic changes upon
terrestrial ecosystems in Europe still have a wide
range and are thus greatly in need of improvement.A
first step is to optimize the database, which is the pre-
condition for more accurate model computations
and predictions. Moreover, the models themselves
need further development – this is a point also
stressed by the EU’s 6th Framework Programme.
Consideration further needs to be given to the
responses of silvicultural and agricultural plant
species and varieties.

Impacts upon soils
Europe’s soils store large quantities of carbon accu-
mulated in approx. 10,000 years of vegetation devel-
opment following the ice age. If substantial parts of
this carbon were released through land-use changes,
then even complete implementation of the measures
for energy system transformation recommended in
this report (Chapter 5) would not suffice to obey the
climate guard rail (Section 4.3.1.2). There is a need
for basic research to improve the understanding of
accumulation and degradation processes in soils.The
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findings of such research could also create the pre-
conditions for harnessing further control options, and
for the accounting of carbon changes in soils.

6.2
Social sciences

A key task of social science research for energy sys-
tem transformation must be to elaborate options for
action at the political and economic levels, and to
assist in selecting those options that are indispens-
able and most suitable for system transformation.
Potential barriers standing in the way of system
transformation need to be identified and analysed,
and ways to remove them found.

Effects of liberalization and globalization
in the energy sector
In the course of globalization and liberalization, com-
plex new conditions have emerged in the energy sec-
tor. To identify their implications for sustainable
development adequately, it will be essential to estab-
lish a joint, international research effort. In particu-
lar, research is needed to develop recommendations
that combine sector liberalization with compliance
with ecological and social guard rails (Section 4.3).
Research on the benefits and drawbacks of various
deregulation and regulatory instruments and on pre-
vailing market barriers remains one of the key tasks
of socio-economic research relating to the energy
sector. It needs to be clarified which market struc-
tures promote energy system transformation goals,
and what influence liberalization and globalization
exert upon structures, notably upon supplier struc-
tures of energy production and supply markets.

There is a need for intensified research on the
effects of private foreign direct investment (FDI) in
liberalized energy markets. It needs to be clarified
under which conditions FDI will tend to rather pro-
mote or hamper the development of sustainable
energy systems. Furthermore, there continues to be a
need for research on the opportunities for and limits
to orienting the behaviour of transnational corpora-
tions abroad to sustainability requirements, for
instance through quality labels, voluntary codes of
conduct, international soft law, extraterritorial appli-
cation of liability and environmental law, or interna-
tional environmental and social standards.

Analysis of small and medium-sized enterprises
(SMEs), which include many providers of wind and
solar energy technology, and of their importance to
energy system transformation should become a focus
of research in economics and political sciences. A
recent study has shown for Switzerland that most
state assistance provided to SMEs ultimately fails to

address their specific needs and difficulties (Iten et
al., 2001). It therefore needs to be clarified in partic-
ular to what extent SMEs may contribute to a world-
wide diffusion of renewable energy use, and how
SME foreign direct investment in the energy sector
could be facilitated.

Transforming energy systems in developing
countries
There is a need for supplementary study on mini-
mum energy requirements, and on the socio-eco-
nomic linkages between poverty, lack of energy and
development barriers. Comprehensive primary data
on energy use is lacking, above all in newly industri-
alizing and developing countries. The World Energy
Outlook 2002 provided for the first time a country-
specific analysis of electricity and biomass consump-
tion (IEA, 2002c). However, comparable data on the
use of other energy carriers as well as analyses of the
potential to deploy the various renewable energy
carriers are still largely absent. Data collection needs
to distinguish more clearly between the conditions
governing access to energy in urban areas and those
in rural areas. Given that urban-rural divergence is
expected to intensify, research must provide specific
answers concerning the ways to ensure supply in
these two types of area. It needs to be kept in mind
that different barriers to energy access prevail in the
two settlement types. When researching the barriers
preventing the poor from gaining access to sufficient
and affordable energy services and to forms of
energy acceptable in environmental and health
terms, careful consideration needs to be given not
only to the opportunities and risks of privatization
and liberalization. The ambivalent role of major pri-
vate sector and state power supply companies also
needs to be explored.

Evaluation of the potential to reduce and control
greenhouse gas emissions in developing countries
carries particular importance for sustainable climate
protection in view of anticipated economic growth
and improved private household access to energy
services in these countries. Here there is a need for
further research, in particular regarding the design
and monitoring of the flexible Kyoto Protocol mech-
anisms.

The Council has called in this report for a long-
term phase-out of traditional biomass use; this gives
rise to a considerable need for social science research
on the suitable path towards this goal.The number of
people using health-endangering traditional biomass
for cooking and heating in developing countries will
not drop over the next 30 years if no targeted mea-
sures are taken (IEA, 2002c; UNEP, 2002). Even if all
people were to gain access to power or gas, past cook-
ing and heating habits would not be abandoned
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immediately; traditional biomass use would persist,
at least partly. It remains unclear which incentive sys-
tems and which logistic effort would be required to
overcome these behavioural patterns and deliver the
transition to healthy and culturally as well as finan-
cially appropriate energy carriers. Here the Council
sees a need for interdisciplinary case studies across a
range of environmental, economic and cultural set-
tings, integrating economics and cultural studies,
engineering sciences and health studies.

The same techniques are handled differently by
different cultures. Technologies therefore not only
need to be developed, but also transferred, adapted
to local circumstances and integrated within existing
social systems. To overcome barriers, quantitative
and qualitative improvements are needed in devel-
opment cooperation in training with regard to energy
systems as well as with regard to savings and invest-
ment. Furthermore, research on the acceptance of
technical and financial systems needs to be intensi-
fied, together with representatives of the countries
concerned and of indigenous as well as local commu-
nities.

Health impacts of energy systems
A programme of empirical research needs to be
launched that is capable of identifying the adverse
health effects of different energy systems (in extrac-
tion, transportation and use), building upon, for
instance, the Disability Adjusted Life Years (DALYs;
Section 4.3.2.7) methodology developed by the
WHO.The goal of this research would be to quantify
the connection between energy use and disease bur-
den.

Financing requirements for system
transformation
Global energy system transformation requires the
redirection and mobilization of substantial invest-
ment funding, particularly in the initial phases of the
process.Aspects of particular interest include the dif-
ferentiated quantification of the short to medium
term, regionally specific investment requirement,
and of the necessary capital transfer from industrial-
ized to developing, newly industrializing and transi-
tion countries (IEA, 2003). Options for financial
arrangements at an international level also need fur-
ther research, e.g. the question of the extent to which
the Kyoto mechanisms and an adaptation fund may
contribute to capital transfer.

Institutional dimensions
To reduce the economic uncertainties attaching to
climate protection efforts, new ideas expanding upon
certificate trading are under debate. There is a need
for further research on their prospects for implemen-

tation.They include e.g. the concept of a ‘safety valve’
combining quantitative restrictions (through certifi-
cates) and levies (acting in a manner similar to price
caps for certificates). Proposals seeking to supple-
ment or substitute internationally agreed quantita-
tive approaches by means of a CO2 levy also deserve
further study.

Implementation of the Kyoto mechanisms in
energy projects is currently a focus of policy analysis
and at the same time a research task for numerous
institutions such as the World Bank, GEF, OECD or
IEA. These efforts must be continued and, where
possible, integrated within the overall context of a
global research strategy (Section 7.6). Research
efforts should also address the further development
of the Kyoto Protocol after 2012, for instance the
issue of how flexible mechanisms can be developed
in order to involve newly industrializing and devel-
oping countries in reduction efforts more closely
than in the first commitment period.

Implementation of the Multilateral Energy Subsi-
dization Agreement (MESA) proposed by the Coun-
cil will require in-process research, in particular on
the Agreement’s concrete design, institutionalization
and enforcement mechanisms.

Energy use
The debate on energy system transformation needs
to give greater attention to the high savings potential
on the demand side – particularly given continuing
population growth. The development of sustainable
patterns of consumption, as called for at the Rio de
Janeiro Conference on Environment and Develop-
ment (UNCED) in 1992, can be achieved mainly by
means of efficiency measures on the demand side.
This will need to be supported by changed attitudes
among consumers, and a transformation of the ‘west-
ern-industrialized lifestyle’. This goes beyond energy
efficiency, and concerns the prospects for reducing
energy demand (sufficiency); major barriers yet
stand in the way of any such development. To
develop socially equitable options for removing
these barriers, research needs to tackle the issue of
‘lifestyles’, which has not yet been studied systemati-
cally on a global scale. There is a great need for
research in this field. Furthermore, in view of the
inadequate implementation of international resolu-
tions on consumer-focussed sustainability policy, it is
currently unclear which policy solutions should be
further pursued to tackle consumption patterns at
global level. Further research is needed here in order
to better shape and implement guidelines for sus-
tainable consumption (UNEP, 2002).

There is still a major lack of understanding of the
links between information availability, energy
requirement and economic performance. For
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instance, it is still unclear whether the ‘New Econ-
omy’ has led to a reduction of the private sector’s
energy requirement. An empirical study conducted
in the USA identified such a trend in the late 1990s,
but was unable to verify causality unequivocally
(Sanstad, 2002). This debate ties in with questions
surrounding the dematerialization of the economy,
and developments towards a service society. Both are
variable quantities with contradictory impacts upon
energy demand. It will be essential to have more
knowledge about these connections to make tar-
geted recommendations on how to shape the transi-
tion towards sustainable energy systems.

Instruments for the direct promotion of
renewables
An extensive range of potential mechanisms by
which to promote the use of renewables is available.
Although there is broad debate in industrialized
countries on the individual mechanisms, a need for
further research remains on the long-term effects of
these instruments, and on their transferability to
other country groups or to the global level. Ways to
link instruments within integrated packages of poli-
cies (e.g. levies and quotas for the various different
sectors) need further study. It also needs to be exam-
ined in this context what the relationships among the
various instruments are, i.e. whether, for instance, it is
possible or purposeful to combine different instru-
ments within one sector or within one energy or tech-
nology field, or whether the application of one instru-
ment excludes other measures (e.g. CO2 or energy
tax and Green Energy Certificates). A question of
particular relevance to the transformation process is
the extent to which a universally valid ‘promotion
roadmap’ can be drawn up for the deployment of
instruments, and whether it is possible to plan shifts
between instruments over the course of time (e.g. ini-
tial financing through price instruments such as state
subsidies or fixed rates for power sold to the grid, fol-
lowed by a long-term selective transition to quantita-
tive instruments such as quotas and Green Energy
Certificates). Promotion in the field of electricity
supply must give attention to the economic-technical
aspect of how to tie renewables into integrated
mains-borne services (suitability for distributed feed-
in with high investment and operating costs, irregu-
larly fluctuating power output; Section 3.4.3). These
aspects still require major research efforts, for
instance on how to shape distributed power plants or
distributed feed-in structures and the question of
their long-term effects, including socio-economic
effects.

Geopolitical research requirements
In Germany, geopolitical research lags far behind
international standards. In other western countries
there are research centres and specialized journals
on geopolicy, but not in Germany. Peace and conflict
research has albeit focussed increasingly since the
1990s upon intra- and inter-state resource conflicts
and the threats that these pose to peace. However, as
long as the major dependency upon energy imports
could be resolved relatively easily through markets,
as long as no scarcity problems were perceptible, and
as long as the USA ensured in both political and mil-
itary terms the resource security of Western Europe
and Japan in addition to its own, security policy
research and research promotion lacked a vital inter-
est in the geopolitics of resource security.This tended
to be treated as a marginal theme, on the fringes of
the debate, emerging after the end of the cold war, on
‘new threats’ and the concept of ‘extended security’.

There is a major need for research, but a lack of
research resources in Germany. This is especially
apparent in comparison to France and Great Britain,
both of which have a global policy tradition and – still
– ambition. While in these two countries about
2,500–3,000 (and in the USA even around 10,000)
researchers work on international affairs, in Ger-
many they number just 250–300.

Key research issues from a German and European
perspective are:
• Are there geopolitical tendencies indicating that

competition over energy resources is once again
making war a means of policy? How could the
United Nations be placed in a position to fulfil its
mandate to maintain peace, as established in its
founding charter, despite heightening interna-
tional conflicts over resources and growing unilat-
eralism on the part of the USA?

• What opportunities does Germany have, together
with the other EU member states, to safeguard its
resource security through peaceful means, i.e.
through market relations and scientific as well as
technical cooperation?

• How can the EU influence political, social and
economic developments in the CIS states at its
periphery (the Caucasus and Central Asia) in
order to promote peaceful development in this
region rich in energy resources which, while insta-
ble, is of great importance to the global economy?

• How can Germany and the EU provide targeted
support to renewables and energy efficiency in
order to reduce dependency upon fossil fuel
imports, and thus also mitigate potentially violent
competition over energy extraction regions?
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6.3
Technology research and development

The exemplary transformation path (Section 4.4)
developed by the Council relies equally upon the
strong expansion of renewable energy use and major
efficiency improvements. Such a transformation of
the global energy system will only succeed if research
and development is pursued or intensified across a
broad range of highly diverse fields of technology.

The sources that can only be expanded to a limited
degree (e.g. wind, hydropower; Section 3.8) are partly
already available today at competitive prices, so that
research now needs to focus above all upon further
improving efficiency, tapping new fields of applica-
tion and reducing environmental and social impacts.

In contrast, those sources that can be expanded
almost without limit, such as solar-electric energy
conversion, are still relatively expensive today in
micro-economic terms (Section 3.2.6). Nonetheless,
the appraisals of sustainably utilizable potentials
show that, over the long term, solar-electric energy
conversion must become the main pillar of global
energy supply. For cost-reducing learning processes
to take place swiftly in this field, it is essential to con-
tinue pursuing the related research and development
activities vigorously, besides ensuring a committed
and sustained rate of expansion. An excellent basis
has already been established in this respect in Ger-
many and Europe, thanks to state R&D programmes
as well as industrial activities. Learning must be
accelerated so that solar energy is available at suffi-
ciently low cost at the point in time when the expan-
sion of other renewable forms of energy meets the
limits of its sustainably utilizable potential (Section
3.8).

At the same time, the integration into global
energy supply structures of renewable energy from
mostly fluctuating sources requires the further devel-
opment of broad-scale, networked energy distribu-
tion structures. In this connection, suitable energy
storage systems will need to be developed over the
long term (Section 3.4).

6.3.1
Technologies for supplying energy from
renewable sources

Photovoltaic electricity generation (solar
cells) 
Along with solar thermal power generation, photo-
voltaics (PV) is one of the two key technologies for
solar-electric energy conversion (Section 3.2.6). The
Council welcomes the current intense research and

development effort in this area and stresses that
these efforts should be continued in a dedicated fash-
ion, since in the long term they represent an impor-
tant element of the exemplary transformation path
proposed by the Council. Several promising
approaches for cost reduction and increased effi-
ciency are currently being pursued. Since a sound
evaluation of the different approaches in terms of
long-term developments is currently not possible,
support for a diverse range of technologies should be
maintained. The emphasis for the medium term
should be on environmentally benign silicon technol-
ogy. Current research activities relating to manufac-
turing processes of thinner wafers (150µm) and ultra-
thin wafers (target: 50µm) should be intensified.
Crystalline silicon thin film technologies on foreign
substrates continue to require high research and
development effort. Furthermore, previous efforts
regarding thin film technologies based on other envi-
ronmentally justifiable materials should be re-inten-
sified speedily.

For the development of power plant applications
in sunny regions, research activities concerning PV
power plants with optical concentration should be
intensified, and the development of appropriate
stacked solar cells, e.g. based on III-V semiconduc-
tors, should continue. For the long-term development
of photovoltaics, the continuation of the research
activities regarding organic and dye-sensitized solar
cells is essential. Such concepts may form the basis
for completely new photovoltaic conversion tech-
niques that are not based on semiconductors. Ulti-
mately, application-oriented basic research should be
undertaken in order to assess concepts that are cur-
rently rather speculative but may offer high potential
(e.g. quantum well structures, thermo-photonics,
multi-band cells, auger cells, cells with extraction of
hot load carriers, self-organizing organic photo-
voltaic structures, application of molecular antenna
structures for energy conversion).

For all solar cell technologies, appropriate module
encapsulation technology should be developed. Par-
ticular emphasis should be placed on fully automatic
production, low material use and reusability of the
photovoltaic elements and materials.Another impor-
tant criterion for photovoltaics is security of raw
material supply.

In addition to the development of actual solar
cells and modules, photovoltaic systems technology
should be considered more strongly in the allocation
of research projects. For concentrator power plants,
this also includes optical components. In order to
achieve further strong cost degression in system tech-
nology, highly integrated power electronics and digi-
tal control technology as well as new network moni-
toring techniques are required. Significant progress is
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also required in terms of integration into buildings, so
that in future solar technology will become an inte-
gral component of the building envelope, rather than
merely being an add-on.

Solar thermal power plants
For the long term, solar thermal power plants with

optical concentration are the second important cor-
nerstone of a solar power supply in the exemplary
transformation path, along with photovoltaics (Sec-
tions 3.2.6 and 4.4). For large plants, developments
concentrate on tower and trough power plants. Both
approaches are promising, and potential for
improvements should continue to be opened up
through research and development. Current activi-
ties inadequately reflect the importance of this tech-
nology in the Council’s exemplary transformation
path, and they should therefore be strengthened sig-
nificantly. For power plants based on optical linear
concentration, new optical concentration concepts
(e.g. Fresnel concentrators) should be investigated,
not least from a cost reduction point of view. More-
over, particular emphasis should be placed on mate-
rials research for optical and thermal components
(mirrors, selective optical absorbers, etc.) and process
technology, e.g. for direct water evaporation. Power
towers, which can achieve higher temperatures and
therefore higher efficiency compared with linear
concentration plants, should be developed further.

For cost reduction and for operation during the
hours of darkness, the further development of hybrid
power plants combining solar and fossil technologies
and of large heat stores for high temperatures is
important. In view of the large proportion of global
primary energy derived from solar-electric energy
conversion, as envisaged from the middle of this cen-
tury within the Council’s exemplary transformation
path, advanced concepts for the smooth integration
of such power plants into energy supply systems
should be developed.

Solar thermal energy conversion (solar
collectors) 
Solar heat can be used for space heating, water heat-
ing, cooling and process heat applications (e.g. in the
food processing industry) (Section 3.2.6). Its sustain-
able potential is largely determined by the local
demand for heat and not by the supply. If the aims
formulated in the Council’s exemplary transforma-
tion path are to be achieved, research should also
focus on solar technologies for the cooling of build-
ings. For water heating and space heating applica-
tions, the further development of heat stores with
high energy density and low heat losses should have
priority. For tapping new areas of application for
solar heat, process heat collectors in the temperature

range 100–200°C should be developed further. The
application of solar process heat for water desalina-
tion and purification and for food cooling is particu-
larly relevant for global sustainability. For these var-
ied applications, system technology, including associ-
ated control techniques, should not be neglected.

Wind power plants
After solar energy, the utilization of wind power is
the second most important renewable energy source
in the Council’s exemplary transformation path (Sec-
tion 3.2.5). For the further rapid tapping of the sus-
tainable wind energy potential, particular emphasis
should be placed on the development of the offshore
sector, where specific questions relating to installa-
tion at sea and the development of systems with
larger capacity need to be addressed. The WBGU
welcomes the current environmental research associ-
ated with offshore wind power (BMU, 2002c), since
such research is an important prerequisite for the
sustainable large-scale utilization of wind energy.
Further improvements in rotor blade quality and the
application of reusable materials should be amongst
the aims, with emphasis on improved stability and
self-cleaning surfaces. The assured duration of plant
operation for wind energy conversion plants should
be increased. System management strategies for inte-
gration into the grid, associated grid control and the
control behaviour and early detection of faults
should be developed further. With regard to future
export markets and in addition to innovative areas of
application (e.g. water desalination), the integration
of wind power plants into weak grids under different
climatic conditions requires further research.

Hydropower
Due to increased requirements in terms of environ-
mental and social acceptability, the WBGU views the
sustainable potential of hydropower cautiously, with
only 15EJ per year being considered in the exem-
plary transformation path for the year 2100 (Section
3.2.3). An important prerequisite for a sustainable
expansion of this order of magnitude is a significant
improvement of the scientific database over the next
5–15 years. Currently, there is a lack of ecological and
socio-economic regional data for the sustainability
analysis of the socio-economic, landscape, ecological
and health impacts of large hydropower projects.
Regional studies are also a prerequisite for compar-
ing alternative design options as required by interna-
tional guidelines. This database cannot be developed
short-term and simultaneously with the preparation
of project-specific environmental impact studies.
Further important research questions include the dif-
ferences in social and environmental consequences
between large and small hydropower installations in
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developing countries and associated research for the
practical implementation of the proposals of the
World Commission on Dams.

Geothermal energy conversion
In the long term, geothermal energy conversion
should be able to contribute to a demand-oriented
and location-independent energy supply system, pro-
viding a complement to supply from other renewable
energy sources that is independent of weather and
seasons. Notwithstanding the possible benefits of
geothermal heat utilization, the Council has identi-
fied a large number of unresolved questions regard-
ing the technological implementation and various
sustainability aspects, so that in the exemplary trans-
formation path the realistic sustainable potential for
2100 is estimated cautiously as 30EJ per year (Sec-
tion 3.2.7). Utilization of the potential initially
requires cost reductions for deep drilling operations.
New, yet to be developed stimulation techniques of
hot rocks in the ground will be able to increase the
productivity of hot deep water and therefore the
yield of geothermal systems. The development of
suitable and cost-effective district heat networks is
an important prerequisite for the application of geo-
thermal energy for heating purposes. However, fur-
ther research effort is needed for the efficient con-
version of heat from deep water (including low-tem-
perature water) into electricity, so that power plants
suitable for covering base loads can be developed.

In order to avoid environmental damage through
brine or gases at the earth’s surface, the compatible
reintroduction of the extracted water into the ground
should be examined further. Moreover, ecological
management of the large quantities of waste heat
that are generated due to comparatively lower
process efficiencies is required for geothermal power
plants.

Utilization of biomass for energy
generation
The exemplary transformation path (Section 4.4)
envisages an expansion of modern biomass utiliza-
tion for energy generation to approximately 100EJ
per year by 2040, i.e. five times the current value
(Section 3.2.4). In view of this ambitious target,
research activities should initially concentrate on
optimum land use, given the competing requirements
of food production, energy generation and carbon
storage. The structures for transporting the raw bio-
mass to the associated conversion plants should be
examined and improved. For combustion technolo-
gies, further research should focus on cost reduction
and emission reduction. Since the Council’s exem-
plary transformation path points towards a hydrogen
economy, further research should focus on technolo-

gies for the efficient gasification of biomass, the pro-
duction of fuels from biomass and for associated dis-
tribution and utilization structures.The production of
hydrogen from biomass should be further developed,
using fermentation and reforming techniques on the
one hand, and also through direct production of syn-
thesis gas. Since many of these technologies can also
be realized modularly, they are suitable for both cen-
tralized and distributed applications. The latter may
be particularly appropriate for application in devel-
oping countries. Appropriate production methods
for biogenic liquefied gas from bio-energy should be
developed.

Innovative conversion technologies
In future, unforeseen technological developments
are expected to lead to better tapping of renewable
energy sources or to innovative conversion technolo-
gies. Therefore, application-oriented, customized
basic research should be increased significantly. This
would include scientific studies with particularly
uncertain outcomes and ‘speculative’ research (see
also examples in the photovoltaic power generation
section). Some examples are listed here.
• Photochemistry: membrane structures similar to

those in photosynthesis, hydrogen generation via
photo-electrochemical techniques;

• Solar chemistry: synthesis of storable energy carri-
ers, synthesis techniques that simultaneously use
thermal, optical and electrical energy;

• Biotechnology: microbial hydrogen generation.

6.3.2
System technology for sustainable energy supply

The special features of fluctuating energy sources
make research and development for system tech-
nologies a basic prerequisite for the transformation
of energy systems (Section 3.4) since renewable
energy sources have to be integrated in global energy
supply structures without disturbing them. In addi-
tion to adaptation of the structures of global electric-
ity supply, the further development of the technolog-
ical basis for a hydrogen economy (Section 3.4.4) is a
key part of such a transformation in accordance with
the Council’s exemplary path.

Electricity transport and storage
The generation of electricity from renewable sources
is not only possible in mid latitudes, but particularly
effective in arid, sunny areas. Hence, transporting
large amounts of electricity across long distances at
high capacity with little loss is a key technology
towards matching the supply of and demand for
power on a continental scale.
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High-voltage direct current transport and – in the
long term – high-temperature superconducting thus
should be stepped up. In the long run, strong inter-
continental, bi-directional power grids up to the level
of a ‘global link’ are to be developed for virtual elec-
tricity storage or to compensate for fluctuations (in
connection with dispatchable power plants) (Section
3.4.3). The design and management of power grids is
to be improved to accommodate for the large-scale
inclusion of fluctuating renewable energy sources.
Alternative concepts for the storage of electricity
and other types of energy should be further
researched (such as compressed air, centrifugal
masses, superconducting magnets). Electrochemical
storage for distributed applications should be further
developed for use in automobiles, off-grid solar
power systems, etc.

Distributed generation in electricity grids
The use of renewable energy sources in the exem-
plary transformation path (Section 4.4) can be
divided into distributed, off-grid applications (such
as Solar Home Systems), centrally connected power
plants (such as geothermal electricity generation)
and distributed generation within grids (such as fuel-
cell combined heat and power plants; Section 3.4). In
particular, distributed generation in power grids
poses a great challenge to future grid control strate-
gies. Communications technologies for distributed
power generators and the overriding grid should be
further developed to accommodate for these trends
(such as controls, log-in and log-out of generators as
in the Internet, etc.). In addition, strategies for opti-
mal electricity and (distributed) heat use along with
customized bidirectional grid architectures and
safety systems are on the research agenda. The fur-
ther development of power generators adapted to
this purpose (fuel cell systems, microturbines, etc.) is
indispensable as a basis. Power electronics will also
act as an important interface between distributed
generators and the grids, handling many additional
functions (improvements in voltage quality, etc.).
Finally, the development of heat accumulators with
great storage density and negligible heat loss should
be stepped up as this is especially promising with
regard to decoupling the generation of electricity and
heating needs in homes. Intelligent control technol-
ogy can minimize losses here.

Hydrogen generation, transport and
storage
Hydrogen is an essential element both as a secondary
energy source and as an energy storage medium in a
sustainable energy system such as the one designed
in the Council’s exemplary path (Sections 3.4.4 and
4.4). Many of the technologies needed are not, how-

ever, ready for the market so that broad research and
development remains necessary. In producing hydro-
gen, research should take account both of the various
electrolysis methods using electricity and different
kinds of thermochemical methods based on hydro-
carbons (such as biomass). Hydrogen storage sys-
tems for distributed applications (such as cars) and
the large-scale, central storage of hydrogen must be
further developed in combination with gas transport,
with globally relevant leaks in hydrogen systems kept
to a minimum (Section 3.4.4.5). Technologies for the
use of hydrogen in engines and turbines – especially
the important field of fuel cell technology – require
further technological progress.

Energy meteorology
Information about the potential of solar and wind
energy fluxes are of great global interest for the reli-
able, large-scale use of renewable, fluctuating energy
sources, especially in developing countries. Forecasts
of local energy fluxes (such as wind speeds near the
ground in the range of minutes to days) via remote
sensing (earth observation satellites) should be fur-
ther developed.

Appropriate system technology for
distributed, off-grid applications
When technically useful distributed energy from
renewable energy sources is available (Section 3.4.2),
related energy service technologies will have to be
(further) developed. Some examples are off-grid
water purification technologies and communication
technologies (Internet access, etc.). In addition, elec-
tric systems technology, power electronics, and con-
trol technology will have to be optimized for use with
special applications in everything from individual
solar power supply (Solar Home Systems) over
microgrids (for villages) through to integration in
larger networks.

6.3.3
Development of techniques for more efficient
energy use

More efficient energy utilization along the complete
chain of the energy system (from the conversion of
primary energy, for example in power plants, to the
supply of energy services through technologies such
as domestic appliances, thermal building insulation
or lighting systems) is a significant aspect of the
transformation of energy systems (Sections 3.5 and
4.4). The analysis of potentials and barriers to their
implementation (UNDP et al., 2000) clearly shows
that further research is required, not only in terms of
technology and development in the narrower sense,
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but also in terms of accompanying and supplemen-
tary socio-economic research with a view to breaking
down barriers and to creating appropriate incentive
structures and energy policy frameworks. Questions
of the social acceptance of modified user behaviour,
the application of more efficient technologies, the
more intense use of consumer goods (e.g. car sharing)
and the development of settlements and transport
structures that aim to reduce overall energy con-
sumption require intensified research (Sections 3.5,
6.2).

Combined heat and power (CHP)
The main individual technology for efficiency
improvements on the supply side is combined heat
and power (Section 3.3). In particular, research
efforts for the expansion of decentralized applica-
tions should be intensified (engines, gas and micro
gas turbines, fuel cells, micro-cogeneration units, Stir-
ling engines).

Solar and energy-efficient buildings
The utilization of solar energy in the building sector
(Section 3.5.2) leads to a reduction in primary energy
use and is therefore frequently included in energy
efficiency measures. Since a large proportion of total
energy requirements is consumed in the building sec-
tor, this is an essential element of the transformation
path (Section 4.4). It includes the following areas:
solar-optimized windows with optical switching
properties, solar-active opaque façade elements (e.g.
translucent insulation), development of new thermal
insulation systems (e.g. vacuum insulation), the
development of flat heat stores with high energy den-
sity for surface implementation in walls and ceilings,
and the development of central, compact heat stores
with low heat losses. In tandem with solar building
technology, appropriate building services have to be
developed, including new air conditioning technolo-
gies for the low-energy building of the future, very
small heating and refrigeration units, heat pumps,
components for distributed electricity and heat pro-
duction, etc. Daylighting systems for the internal illu-
mination of buildings should also be developed fur-
ther, e.g. light guidance and distribution systems with
integrated switching properties. The integration of
solar energy technologies into the building envelope
should also be optimized in terms of aesthetic and
cost considerations. Another important aspect is the
development of urban planning procedures that
enable optimum solar energy utilization in buildings.

Efficient energy utilization in industry
Research efforts are currently directed more towards
energy converter technologies, with the improve-
ment of energy efficiency at the user energy level

being rather neglected. Government support for
research projects should address these issues. Signifi-
cant potential exists for the replacement of thermal
production processes by physical-chemical or
biotechnological processes, the recovery and storage
of kinetic energy, increased material efficiency, the
recycling of energy-intensive materials and their sub-
stitution by less energy-intensive materials. Appro-
priate research in these areas is therefore recom-
mended. For more efficient industrial electricity uti-
lization, research efforts should concentrate on
industries with very high electricity demand (e.g. alu-
minium plants and metal smelting plants).

Efficiency improvements in the transport
sector
Whilst in the long term the application of new tech-
nologies will be an important component of energy
system transformation, particularly in road transport,
in the short and medium term research efforts for
higher efficiency in road and rail transport should
continue and indeed be intensified. Examples are
increased efficiency of combustion processes and
weight reductions through new materials. Other
aspects are the development of multi-modal infra-
structures and the application of information tech-
nology (e.g. telematics). Finally, research regarding
modern concepts of regional, urban and transport
planning with the aim of reducing transport demand
and energy use should be supported.
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7.1
From vision to implementation: Using the
opportunities of the next 10–20 years

Building upon the analysis of long-term energy sce-
narios in Chapter 4 and the options for action set out
in Chapter 5, the present chapter proposes key policy
objectives and activities, with time frames for their
implementation (Fig. 7-1). These objectives and
activities aim to prevent ecological and socio-eco-
nomic guard rails being overstepped, and to return
any non-sustainable state beyond the guard rails to a
state within them (Fig. 7-2). The objectives and activ-
ities recommended here by the German Advisory
Council on Global Change (WBGU) point to the
direction that needs to be taken to permit a global
transformation of energy systems towards sustain-
ability. In view of the uncertainties that attach to all
assessments of future developments, it will remain
essential to continuously review the objectives, take
into consideration new scientific findings and tech-
nological advances, and adjust the objectives and
activities accordingly.The goals and measures set out
here constitute key elements of the World Energy
Charter proposed by the Council (Section 5.3.2).
There is a particular need for action in the coming
10–20 years.That period presents the main window of
opportunity to transform global energy systems. The
intended effects will only occur with a certain time
lag. This lag makes swift action all the more urgent.
The German federal government should make use of
its international weight, taking all steps to vigorously
advance the transformation of energy systems within
the context of global governance.

7.2
Protecting natural life-support systems

One of the two overarching objectives of the WBGU
transformation strategy is to protect natural life-sup-
port systems; the other is to eradicate energy poverty
(Section 7.3).

7.2.1
Reducing greenhouse gas emissions drastically

To keep global warming within tolerable limits,
global carbon dioxide emissions need to be reduced
by at least 30 per cent from 1990 levels by the year
2050 (Chapter 4). This concerns above all the CO2

emissions from fossil fuels used to produce heat and
power and the emissions of the transport sector;
taken together, these account for some 85 per cent of
all CO2 emissions worldwide today. For industrial-
ized countries, this means a reduction by some 80 per
cent, while the emissions of developing and newly
industrializing countries are allowed to rise by at
most 30 per cent. Developing and newly industrializ-
ing country emissions should peak earlier, between
2020 and 2030 (Chapter 4). Without a fundamental
reconfiguration of energy systems, emissions must be
expected to double or even quadruple in developing
and newly industrializing countries over that period.
This is why in these countries, too, a rapid redirection
of energy production and utilization towards an
alternative technology path is essential. The focus of
such activities needs to be placed on promoting
renewables and enhancing efficiency. Further supple-
mentary measures need to be taken in the agricul-
tural and forestry sectors. In particular, the stocks of
carbon stored in vegetation and soils must be pro-
tected.

In view of the considerable uncertainties, e.g.
regarding climate sensitivity, these emissions reduc-
tion goals are minimum requirements. To this end,
the WBGU recommends
• adopting a pioneer role in the implementation of

Article 3.2 of the Kyoto Protocol (demonstrable
progress) at the national and European level in
the period up to 2005. This would strengthen con-
fidence in the process and would create a basis for
integrating the developing and newly industrializ-
ing countries.

• updating, by 2008, the Kyoto Protocol’s reduction
goals for industrialized countries (agreed in a step-
by-step process in further commitment periods)

Milestones on the WBGU transformation
roadmap: Policy objectives, time frames
and activities 
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Global: Introduce renewable energy quotas

Figure 7-1
The transformation roadmap of the German Advisory Council on Global Change (WBGU). CDM Clean Development
Mechanism, CHP Combined Heat and Power, GDP Gross Domstic Product, GEF Global Environment Facility, IPSE
Intergovernmental Panel on Sustainable Energy, ODA Official Development Assistance, OECD Organisation for Economic
Co-operation and Development, PRSP Poverty Reduction Strategy Papers, WERCP World Energy Research Coordination
Programme.
Source: WBGU



and introducing emissions control requirements
for developing countries by 2020 at the latest.
Newly industrialized countries should accept first
quantified requirements at an even earlier date.
Furthermore, by 2005, Article 2 UNFCCC (pre-
vention of greenhouse gas concentrations that
lead to ‘dangerous’ climate change) should be con-
cretized.

• taking up in international climate protection pol-
icy the issue of effective preservation of biospheric
carbon stocks.

• tapping emissions reductions potentials in devel-
oping and newly industrializing countries by
means of intensified cooperation with industrial-
ized countries.This can be done through voluntary
partnerships, through promoting the Clean Devel-
opment Mechanism and through technology
transfer above and beyond the CDM.

• swiftly integrating into the Kyoto Protocol quanti-
fied reduction commitments for aviation and ship-
ping emissions.

• giving particular attention to emissions from agri-
culture and land-use changes. The importance of
these is expected to grow in the future. Specific
emissions reduction potentials should therefore
be researched.

• completely removing all subsidies for fossil energy
carriers and nuclear power in industrialized and
transition countries by 2020, and worldwide by

2030. Moreover, subsidies for fossil energy carriers
should be removed in developing countries by
2020 (Section 7.7.2)

7.2.2
Improving energy productivity

In order to minimize resource consumption, global
energy productivity (the ratio of gross domestic
product to energy input) needs to be improved by 1.4
per cent every year initially, and then by at least 1.6
per cent as soon as possible. Energy productivity
needs to be doubled by the year 2030 from 1990 lev-
els. This increase involves higher efficiencies in the
conversion of primary to final energy, demand-side
efficiency improvements as well as structural changes
in national economies. There are various suitable
forums and starting points for the political imple-
mentation of these goals: EU directives, a Global
Ministerial Forum for Sustainable Energy yet to be
established or, if necessary, an International Sustain-
able Energy Agency (ISEA), also yet to be estab-
lished (Section 7.5). Moreover, minimum efficiencies
of more than 60 per cent should be aimed at by 2050
for large fossil-fuel power plants. To this end, the
WBGU recommends
• establishing international standards prescribing

minimum efficiencies for fossil-fuelled power
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Figure 7-2 
Connection between guard
rails, measures and future
system development.
The figure shows possible
states of a system in terms of
its sustainability, plotted over
time. The current state of a
system relative to the guard
rail can be in the green area
(the ‘sustainable area’
according to best available
knowledge) or in the red
area (the ‘non-sustainable
area’). If a system is in the
non-sustainable area, it must
be steered by appropriate
measures in such a way that
it moves ‘through’ the guard
rail into the sustainable area.
The guard rail is thus
permeable from the non-
sustainable side. If a system is
in the sustainable area, there
are no further requirements
upon it at first. The system
can develop in the free
interplay of forces. Only if
the system, moving within the sustainable area, is on course for collision with a guard rail, must measures be taken to prevent it
crossing the rail. The guard rail is thus impermeable from the sustainable side. As guard rails can shift due to future advances in
knowledge, compliance with present guard rails is only a necessary criterion of sustainability, but not a sufficient one.
Source: WBGU



210 7 Milestones on the WBGU transformation roadmap

plants in a stepwise process from 2005 onwards,
based on the European Union (EU) directive con-
cerning integrated pollution prevention and con-
trol (IPPC Directive).

• generating, by 2012, 20 per cent of electricity in
the EU through combined heat and power (CHP)
production (EU target: 18 per cent by 2012). To
promote this, the German federal government
should argue within the ongoing negotiations on
an EU CHP Directive for a challenging definition
of ‘quality CHP’ and for the swift setting of bind-
ing national CHP quotas.

• initiating ecological financial reforms as a key tool
by which to create incentives for more efficiency.
This includes measures to internalize external
costs (e.g. CO2 taxation, certificate trading) and
the removal of subsidies for fossil and nuclear
energy.

• improving the information provided to end users,
in order to promote energy efficiency, e.g. by
means of mandatory labelling for all energy-inten-
sive goods, buildings and services. In the case of
goods traded internationally, cross-national har-
monization of efficiency standards and labels is
recommendable.

• exploiting the major efficiency potentials in the
use of energy for heating and cooling through
instruments of regulatory law targeting the ther-
mal insulation and performance of buildings.

7.2.3
Expanding renewables substantially

In order to safeguard the protection of the natural
environment despite growing worldwide demand for
energy services, and in order to reduce to an accept-
able level the risks associated with energy produc-
tion, the proportion of renewable energies in the
global energy mix should be raised from its current
level of 12.7 per cent to 20 per cent by 2020 (of which
at most 2 percentage points come from traditional
biomass), with the long-term goal of reaching more
than 50 per cent by 2050 (of which at most 0.5 per-
centage points come from traditional biomass). Eco-
logical financial reforms will make fossil and nuclear
sources more expensive and will thus reduce their
share in the global energy mix. Consequently, the
proportion of renewables will rise. However, this rise
will remain well below the envisaged increase to 20
per cent and, respectively, 50 per cent. The WBGU
therefore urges that renewables be expanded
actively. For nature conservation reasons, hydro-
power should not be used to its full potential. In par-
ticular, the WBGU recommends

• that countries agree upon national renewable
energy quotas. In order to minimize costs within
such a scheme, a worldwide system of internation-
ally tradable renewable energy credits should be
aimed at by 2030. Its flexibility notwithstanding,
such a system should commit each country to meet
a substantial part of its quota through domestic
generation.

• continuing and broadening market penetration
strategies (e.g. subsidy schemes over limited peri-
ods, fixed rates for power sold to the grid, renew-
able energy quota schemes). Until significant mar-
ket volume has been achieved, fixed rates for
power sold to the grid with tapering payments
over time are a particularly expedient option.
When a sufficiently large market volume of indi-
vidual energy sources has been reached, assistance
should be transformed into a system of tradable
renewable energy credits or green energy certifi-
cates.

• further intensifying investment in research and
development in the energy sector, building upon
the existing basis. Investment needs to grow at
least ten-fold from present levels by 2020. The
focus needs to be shifted to renewables and
energy efficiency (Chapter 6).

• upgrading energy systems to permit the large-
scale deployment of fluctuating renewable
sources. This includes in particular enhancing grid
control, implementing appropriate control strate-
gies for distributed generators, upgrading grids to
permit strong penetration by distributed genera-
tors as well as expanding grids to form interna-
tional energy transport structures (‘global link’).
This should be followed later by the establishment
of an infrastructure for hydrogen storage and dis-
tribution, using natural gas as a bridging technol-
ogy.

• building and strengthening human-resource and
institutional capacities in developing countries
(e.g. through partnerships between German and
developing-country institutions) and intensifying
technology transfer.

• setting, within export credit systems, progressive
minimum requirements for the permissible car-
bon intensity of energy production projects from
2005 onwards.

• providing vigorous support to disseminate and
further develop the technologies involved in solar
and energy-efficient construction.
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7.2.4
Phasing out nuclear power

The use of nuclear energy has proven non-sustain-
able in the past, above all because of the risks associ-
ated with final storage, reprocessing, proliferation
and terrorism (Section 3.2.2). For this reason, no new
nuclear power plants should be given planning per-
mission, nor be built.The goal should be to phase out
the use of nuclear power worldwide by 2050. To this
end, the WBGU recommends
• seeking to launch international negotiations on

the phase-out of nuclear power.This process could
begin with an amendment to the statutes of the
International Atomic Energy Agency (IAEA).

• establishing by 2005 new, stricter IAEA safety
standards for all sites at which plutonium is stored,
as well as expanded monitoring and action-taking
competencies of the IAEA in the field of safe-
guards relating to terrorism and proliferation.

• permitting nuclear power plant operation from
2010 onwards only if proof is furnished that there
is a disposal path for nuclear fuel rods; a process
needs to be initiated within the IAEA in this con-
text.

• reviewing by 2010 EU moratoriums for the repro-
cessing plants in Sellafield and La Hague. This
could take as a starting point the Convention for
the Protection of the Marine Environment of the
North-east Atlantic (OSPAR).

• harmonizing safety standards at an international
level by 2010, with significantly increased levels of
mandatory insurance cover for nuclear power
plants; the goal would be for mandatory insurance
schemes to operate entirely without state cover.
Moreover, tax concessions should be removed.
Points of departure here include the planned EU
directive on safety standards for nuclear power
plants, as well as IAEA’s new anti-terrorism pro-
gramme.

7.3
Eradicating energy poverty worldwide

The second overarching goal of the WBGU transfor-
mation strategy is to safeguard and expand access to
modern forms of energy in developing countries and
thus to eradicate energy poverty worldwide. This is a
fundamental contribution to poverty reduction –
attainment of the Millennium Development Goals is
determined critically by questions of energy supply.
To overcome energy poverty, in the age of globaliza-
tion developments must be put on track not only

through measures within the affected countries, but
also by creating an appropriate international setting.

7.3.1
Aiming towards minimum levels of supply
worldwide

Improving access to modern forms of energy
2,400 million people still lack access to modern forms
of energy. The poor in the Least Developed Coun-
tries are those most affected. Particular challenges
are presented by the switch from health-endangering
biomass use for cooking and heating to modern
energy carriers, and the provision of energy services
that depend upon access to electricity. The WBGU
recommends, as an international goal, that everyone
should have access to the following per-capita annual
quantities of modern energy forms in order to meet
the most elementary energy needs: At least 500kWh
from 2020 onwards, 700kWh from 2050 and
1,000kWh by 2100.

All measures undertaken to transform energy sys-
tems should take care to reduce regional and socio-
economic disparities. Disadvantaged groups need to
be supported particularly, and special cultural or gen-
der-specific aspects observed.

The WBGU considers it only just acceptable if
poor households must spend at most one tenth of
their income to meet their most elementary energy
service needs (500kWh per person and year). In
some cases, this may require cross-subsidies or social
transfers (state support for electricity and heating). It
should be ensured by 2050 at the latest that no house-
hold is forced to spend more than 10 per cent of its
income to meet its most elementary energy require-
ments.

Implementing the Millennium Development
Goals
Access to modern energy is a key contribution to
attainment of the development goals adopted in the
United Nations Millennium Declaration. Particular
importance attaches to reducing indoor air pollution
in view of the major health hazards that this repre-
sents.This is joined by ambient air pollution in urban
areas. In order to prevent respiratory diseases,
health-endangering forms of traditional biomass use
need to be phased out (Sections 3.2.4, 4.3.2.7).
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7.3.2
Focussing international cooperation on
sustainable development

Implementing new World Bank policy in
assistance delivery practice
The WBGU takes the view that the World Bank,
which supports countries in efforts to expand their
energy systems, should also regard itself as a bank
delivering assistance for sustainable energy in order
to facilitate leapfrogging. In efforts to promote the
reconfiguration of energy systems, the World Bank
has not yet moved sufficiently from the conceptual to
the operational level.An urgent need thus remains to
redirect its assistance delivery procedures, which
until now have predominantly financed fossil fuels
according to the least-cost principle. This has meant
that micro-economically profitable forms of energy
have been supported without ensuring the internal-
ization of negative externalities. In a transitional
phase, bridging technologies such as modern gas-
fired power plants, together with their associated
infrastructure, deserve support. However, for the
least-cost principle to be accorded less weight, it
would be necessary for the financial resources avail-
able for multilateral development financing to be
increased substantially. The Council recommends
that
• the new assistance delivery approach of the World

Bank is implemented swiftly in practice. The Ger-
man federal government should use its member-
ship on the Board of Governors of the World
Bank to work towards this.

Integrating sustainable energy supply
within poverty reduction strategies
Sustainable energy supply needs to be integrated suf-
ficiently within the poverty reduction strategies of
multilateral organizations such as the IMF and World
Bank.These began in late 1999 to focus their policies
vis-à-vis Least Developed Countries upon poverty
reduction. Poverty Reduction Strategy Papers
(PRSPs) serve to steer the medium-term develop-
ment of countries and provide a basis for eliciting
international support (Section 5.3.3.3). Eradicating
energy poverty is not among the issues being negoti-
ated within the current PRSP process. The WBGU
recommends
• integrating sustainable energy supply within

PRSPs in order to raise the profile of energy-
related issues in development cooperation. This
would ensure that, within a development coopera-
tion context, energy policy is linked even more
consistently with poverty reduction policy.

Strengthening the role of regional
development banks
The role of regional development banks should be
strengthened. These have good regional connections
and intimate knowledge of local problems. They can
therefore be important partners in overcoming
energy poverty in low-income countries.As a prereq-
uisite to this, however, the management capacities of
the development banks first need to be strengthened
and expanded in a step-wise process.The WBGU rec-
ommends that
• Germany, in connection with its involvement in

these banks and within the EU context, works
towards ensuring that the regional development
funds administered by the development banks
promote energy supply in low-income countries.

• the EU makes targeted use of the European
Development Fund to promote renewables in the
ACP (African, Caribbean, Pacific) states. These
countries generally lack the resources to ensure
the supply of their population with modern forms
of energy.

7.3.3
Strengthening the capabilities of developing
countries

Promoting economic and social development
in low-income countries
To turn energy systems towards sustainability, a min-
imum degree of economic development is a precon-
dition. Many countries fall far short of the per-capita
income required for this (Section 4.3.2.5). The
WBGU therefore recommends not only intensifying
development cooperation in the field of basic ser-
vices and for sustainable energy supply, but also
intensifying cooperation with low-income countries
in particular, in both quantitative and qualitative
terms. Furthermore, within the context of the WTO
‘Development Round’, improved access for goods
from all low-income countries to the markets of
industrialized and newly industrializing countries
should be urged.

Launching new debt relief initiatives
In general, heavily indebted developing countries
have little scope to cope with price fluctuations on
world energy markets. Their ability to finance
improvements to the efficiency of their energy sup-
ply systems and to advance the deployment of renew-
able energy technologies is similarly limited. To
embark on transformation, wide-ranging debt relief
is needed. The WBGU recommends that
• the German federal government argues for new

debt relief initiatives within the G7/G8 context.
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7.3.4 
Combining regulatory and private-sector elements

It is essential to embark upon activities on both the
supply and demand side in order to improve access to
advanced low-emission energy forms and to renew-
able energy sources, and to improve the efficiency of
energy use in developing, newly industrializing and
transition countries.

Supply side: Combining liberalization and
privatization with regulatory interventions
On the supply side, privatization and liberalization
need to be combined with regulatory interventions
undertaken by the state. The mix of these three
spheres will need to vary depending upon the specific
circumstances of a region. Liberalization and privati-
zation require attractive framework conditions for
private-sector investors and the tapping of interna-
tional sources of capital. Stronger state intervention
requires the setting of standards, and also an expan-
sion of public-private partnerships, possibly sup-
ported by bilateral and multilateral development
cooperation activities.

Demand side: Increasing the purchasing
power of the poor
On the demand side, the aim must be to increase pur-
chasing power in relation to energy, particularly of
the poor. This can be done by target-group specific
subsidies, or by expanding micro-finance systems. To
increase not only purchasing power but also the will-
ingness to use energy more sustainably, measures
taken on the demand side need to give consideration
to culture-specific and gender-specific framework
conditions.

7.4
Mobilizing financial resources for the global
transformation of energy systems

To finance the global transformation of energy sys-
tems towards sustainability, there is an urgent need to
mobilize additional financial resources, as well as to
create new transfer mechanisms or strengthen exist-
ing ones in order to support economically weaker
countries in this transformation process. The WBGU
welcomes the programme on ‘Sustainable energy for
development’ geared to establishing strategic part-
nerships announced in 2002 at the World Summit on
Sustainable Development. Over the next five years, a
total of €1,000 million will be budgeted for this pro-
gramme by the German government: 500 million for
renewables and 500 million for energy efficiency.

Mobilizing private-sector capital
It is desirable for efficiency reasons that a consider-
able part of the requisite investment is provided by
the private sector. To mobilize private-sector capital
for the global transformation of energy systems, the
WBGU recommends 
• intensifying policy advice within the context of

development cooperation activities, in order to
place partner countries in a position to create
framework conditions conducive to investment.

• facilitating access to developing country markets
for small and medium-sized suppliers of renew-
able energy technologies within the context of
public-private partnerships.

• establishing by 2010 a German and, if possible, EU
standard for the CDM. This standard should per-
mit exclusively, with exceptions to be substanti-
ated in each case, projects that promote renew-
ables (excluding large hydropower), improve the
energy efficiency of existing facilities or engage in
demand-side management.

Boosting development cooperation funding
At 0.27 per cent of GDP in 2001, German official
development assistance (ODA) funding is far
removed from the internationally agreed target –
reaffirmed at the 2002 UN Conference on Financing
for Development (UNFfD) – of 0.7 per cent. It is also
at the lower end of the European range. Even an
increase of these contributions to some 1 per cent of
GDP would be commensurate to the severity of the
problems prevailing. Germany committed itself at
UNFfD to raise ODA funding to a level of 0.33 per
cent of GDP by 2006.
• The WBGU recommends, as a matter of urgency,

raising ODA funding beyond the level of 0.33 per
cent announced for 2006, and proposes allocating,
as a first step, at least 0.5 per cent of GDP for
ODA by 2010.

Harnessing innovative financing tools
To implement the global transformation of energy
systems, it will be essential to tap new sources of
finance. In particular, the potential of raising charges
for the use of global commons deserves examination.
The WBGU recommends 
• raising from 2008 onwards an emissions-based

user charge on international aviation, to the extent
that this sector is not yet subject by then to inter-
national emissions reduction commitments.

• that the initial allocation of emission certificates,
with a time horizon of 20–30 years, is oriented to a
modified per-capita approach. While complying
with the WBGU climate guard rails, this could
(depending upon system design) trigger an esti-
mated transfer of financial resources in the order
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of several hundred thousand million euro from
industrialized to developing countries.

Strengthening the Global Environment
Facility as an international financing
institution
The Global Environment Facility (GEF) is a key cat-
alyst for global environmental protection measures.
It has proven its usefulness and should be further
strengthened. The GEF only meets the incremental
costs of projects of global benefit. The WBGU rec-
ommends 
• concentrating by 2005 the financial assistance pro-

vided for efficiency technologies and renewable
resources in a newly created GEF window (‘win-
dow for sustainable energy systems’). In order to
be able to give greater consideration to develop-
ment policy aspects in the deployment of funds, a
simplification of the incremental costs approach
should be considered. With a view to the high lev-
els of funding required to promote the global
transformation of energy systems, GEF resources
(currently US$3,000 million for the third phase
from 2002 to 2006) need to be expanded consider-
ably.

7.5
Using model projects for strategic leverage, and
forging energy partnerships

Sending out signals through model projects
The WBGU argues in favour of using model projects
to introduce new renewables on a large scale to
deliver strategic leverage for a global transformation
of energy systems towards sustainability. Such model
projects could have global knock-on effects. They
would showcase how technology leaps can be imple-
mented in energy projects. The WBGU recommends
initiating the following model projects (Section
5.3.8):
• Energy partnership between the European Union

and North Africa: The EU should establish a
strategic energy partnership with North Africa.
Such a strategy would involve: building large-scale
power plants for renewable electricity production
in North Africa; creating capacities for transmis-
sion to the European interconnected power grid;
and setting up a European focal point for North
African project partners and European investors.

• Distributed energy supply through liquefied gas: In
developing countries, traditional biomass use
causes substantial health impacts. These could be
averted by the step-wise substitution of three-
stone hearths through liquefied gas cookers. It
would be beneficial to base the production of liq-

uefied gas – or of a similar energy carrier – on
modern biomass.

• Energy-efficient buildings in the low-cost sector,
piloted by South African townships: Within the
context of development cooperation activities,
projects demonstrating energy-efficient and low-
cost building techniques should be implemented
in cooperation with South African partners. To
produce a multiplier effect, such projects should
be located in the vicinity of frequently visited
places.

• Improving the power quality in weak electric grids
in rural African regions: Within the context of
development cooperation activities, a sufficiently
densely populated rural region should be electri-
fied, in cooperation with a major African energy
supplier. In order to improve power quality in
grids technologies should be deployed that are
currently being developed in connection with dis-
tributed generation strategies.

• 1 million huts programme for developing coun-
tries: To promote rural electrification in develop-
ing countries, not only the expansion of grids into
sufficiently densely populated areas is important,
but also distributed approaches and micro grids.
This programme needs a certain volume and dura-
tion, and should also involve a new dimension of
in-process socio-economic support.

Forging strategic partnerships to turn
energy systems towards sustainability
Policy initiatives – existing or emergent – promoting
a global transformation of energy systems towards
sustainability provide a framework for action. In par-
ticular, the International Conference for Renewable
Energies in Bonn 2004, announced by German Chan-
cellor Gerhard Schröder at the World Summit on
Sustainable Development (WSSD), is an important
contribution to advancing this theme at the interna-
tional level. The WBGU recommends that, in this
context, the following policy processes in particular
are used as catalysts to promote the transformation
process:
• The initiatives adopted at the WSSD (Box 5.3-1),

e.g.:
– the Energy Initiative for Poverty Eradication

and Sustainable Development, a strategic
energy partnership between the EU and devel-
oping countries,

– the Global Village Energy Partnership, involv-
ing, among others, the United Nations Devel-
opment Programme (UNDP), the World Bank
and the private sector,

– the Global Network on Energy for Sustainable
Development, involving, among others, the
United Nations Environment Programme
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(UNEP), energy institutions, the World Bank
and the private sector.

• The economic partnership agreement currently
being negotiated between the EU and the ACP
states.

Following the new OECD Development Assistance
Committee guidelines adopted in 2001, the principles
of coherence, convergence and complementarity
need to be observed. It follows that the energy strate-
gies to be developed within the context of the above
initiatives should be suitable for integration into the
numerous already existing structures and pro-
grammes of the partner countries. In particular, the
Council takes the view that overcoming energy
poverty should become a constituent part of the
‘basic social services’ promotion focus within Ger-
man development cooperation, and of the 20:20 ini-
tiative agreed at the 1995 World Summit for Social
Development.

7.6
Advancing research and development

Turning energy systems towards sustainability is a
major technological and social challenge on a scale
comparable to that of a new industrial revolution.
For it to succeed, a major research and development
effort is a prerequisite. This concerns renewable
energy sources, infrastructure, end-use efficiency
technologies as well as the provision of knowledge on
the conservation and expansion of natural carbon
stocks and sinks.The social sciences also need to con-
tribute, by researching the individual and institu-
tional barriers to this transformation process, and
developing and assessing strategies to overcome
these barriers.

To develop the necessary diversity of options, it
will be essential to promote a broad range of
research activities (Chapter 6). This challenge is not
currently being tackled. Expenditure for research
and development in the energy sector has been
declining for many years: At present, across the
OECD only some 0.5 per cent of turnover in the
energy sector is devoted to research and develop-
ment activities, and the percentage is dropping.With-
out research and development, it will be impossible
to achieve e.g. the high growth rates for renewable
energy sources that are envisaged in the exemplary
transformation path. This applies to all spheres: from
private companies through to state support, from
renewable energy innovation through to fossil bridg-
ing technologies. Only if there is sustained, high
investment in research and development can there
be a prospect of renewable-energy technologies and
efficiency-enhancing measures coming into wide-

spread use over the medium and long term at low
cost. The WBGU recommends
• increasing direct state expenditure for research

and development in the energy sector in industri-
alized countries at least ten-fold by 2020 from its
current level of about US$1,300 million annually
(average across the OECD for the 1990–1995
period), above all through re-allocation of
resources from other areas. This will be essential
to tackle the tasks set out here. This level of
resource allocation corresponds roughly to the
average expenditure undertaken in the EU
throughout the 1980s for research on energy pro-
duction by means of nuclear fission alone. The
focus needs to be shifted rapidly away from fossil
and nuclear energy towards renewables and effi-
ciency.

• establishing within the UN system a World Energy
Research Coordination Programme (WERCP) to
draw together the various strands of national-level
energy research activities, in analogy to the World
Climate Research Programme (WCRP).

7.7
Drawing together and strengthening global
energy policy institutions

7.7.1
Negotiating a World Energy Charter and
establishing coordinating bodies

Integrating the two objectives – to conserve natural
life-support systems and eradicate energy poverty –
requires a coordinated approach at the global level.
To do this, international institutions and actors need
to be drawn together. The WBGU recommends
strengthening and expanding the institutional archi-
tecture of global energy policy in a stepwise process,
building upon existing organizations:
• As a first step, a World Energy Charter should be

agreed or negotiated at the International Confer-
ence for Renewable Energies in 2004. This should
contain the key elements of global energy policy
(targets, time frames and key measures) and pro-
vide a joint basis for action by the relevant actors
at global level.

• Moreover, this conference should decide upon –
or better still establish – a Global Ministerial
Forum for Sustainable Energy responsible for
coordinating and determining the strategic direc-
tion of the relevant actors and programmes.

• In parallel, a Multilateral Energy Subsidization
Agreement (MESA) should be negotiated by
2008. This agreement could provide for the step-
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wise removal of subsidies for fossil and nuclear
energy, and could establish rules for subsidizing
renewable energy and energy efficiency technolo-
gies.

• In support of these activities, a group of like-
minded, advanced states should adopt a pioneer-
ing role on the path towards sustainable energy
policies. The European Union would be a suitable
candidate for such a leadership role.

• Building upon the above, the institutional founda-
tions of sustainable energy policy could be further
strengthened by concentrating competencies at
global level.To this end, the role of the Ministerial
Forum could be further expanded.

• Using the experience gained until that date, by
about 2010 the establishment of an International
Sustainable Energy Agency (ISEA) should be
examined.

7.7.2
Enhancing policy advice at the international level

It is important that the political implementation of a
global transformation of energy systems towards sus-
tainability receives continuous support through inde-
pendent scientific input, as is currently the case in cli-
mate protection policy. To this end, the WBGU rec-
ommends
• establishing an Intergovernmental Panel on Sus-

tainable Energy (IPSE) charged with assessing
global energy trends and identifying options for
action.

7.8
Conclusion: Political action is needed now

As this report has shown, to protect humankind’s
natural life-support systems and eradicate energy
poverty in developing countries it will be essential to
transform energy systems worldwide.A global transi-
tion to renewable energy sources would have the
added benefit of yielding a peace dividend: For one
thing, energy poverty in low-income countries would
be reduced. For another, the geostrategic importance
of oil reserves would decline significantly over the
long term.

This transformation of energy systems will be fea-
sible without severe interventions in the societal and
economic systems of industrialized and transition
countries if policy-makers grasp the opportunity to
shape this process over the next two decades. The
costs of inaction would be much higher over the long
term than the costs of initiating this transformation.

Every delay will make it more difficult to change
course.

The direction of transformation is clear: The effi-
ciency with which fossil fuels are used must be
increased, and massive support must be provided to
launch systems using renewables. It will be particu-
larly important in this endeavour to swiftly reduce
path dependency on fossil fuels.The long-term objec-
tive is to break the ground for a solar age. Both dis-
tributed solutions and the establishment of interna-
tional energy transport structures should receive
support in equal measure.

In the view of the WBGU, the transformation is
feasible. It is also financeable if, in addition to inten-
sified use of existing mechanisms (e.g. GEF, ODA,
World Bank and regional development bank loans)
and enhanced incentives for private-sector investors
(e.g. through public-private partnerships), innovative
financing avenues (such as user charges for global
commons) are pursued. This is the message of the
present report which highlights the key opportunities
to steer energy systems towards sustainability, guided
by a transformation roadmap.

The transformation of energy systems towards
sustainability will not be achieved through any single
strategy defined today. For worldwide transforma-
tion to succeed, it will need to be shaped in a stepwise
and dynamic manner, for no one can predict today
with sufficient certainty the technological, economic
and social developments over the next 50–100 years.
Long-term energy policy is thus also a searching
process. It is the task of policy-makers to shape this
difficult searching process vigorously and bring it to
fruition.
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1 joule = 1J 
• is the energy needed by a bee to fly 120m,
• is the amount of electrical energy needed by a

pocket calculator to carry out 50 multiplica-
tions.

1 kilojoule = 1kJ (103J)
• is the energy needed by a person to swim 1m,

walk 5m, cycle 12m or go up 8 steps.
1 megajoule = 1MJ (106J)

• is enough to watch about 2 football matches on
a colour TV,

• is consumed by a person doing nothing at all for
3.5 hours (basal metabolic rate).

1 gigajoule = 1GJ (109J)
• meets the washing and drying requirements of

a 4-person household for 3 months, or lighting
needs for 8 months.

1 terajoule = 1TJ (1012J)
• is the content of 31,000l petrol, enough to travel

8 times around the world by car,
• is the amount wasted by a poorly insulated sin-

gle-family house in 7 years.
1 petajoule = 1PJ (1015J)

• represents a 6 m high pile of hard coal covering
an entire football field.

1 exajoule = 1EJ (1018J)
• is the amount of energy received by the Earth

from the sun in 6 seconds,
• is the worldwide consumption of primary

energy in 21 hours (in the year 2000).

Source: Ott, 2002

Annex B countries: Group of countries listed in
Annex B to the ↑Kyoto Protocol that have com-
mitted themselves to limit or reduce their green-
house gas emissions. These include all Annex I
countries except Turkey and Belarus.

Annex I countries: Group of countries listed in
Annex I to the ↑United Nations Framework Con-
vention on Climate Change (UNFCCC). Includes
all developed countries in the OECD, as well as
countries undergoing the process of transition to a
market economy in eastern Europe and the CIS
states. All other countries are automatically
termed non-Annex I countries. In Articles 4.2 (a)
and 4.2 (b) UNFCCC, Annex I countries specifi-
cally commit themselves to return their green-
house gas emissions to 1990 levels individually or
jointly by the year 2000.

Annex II countries: Group of countries listed in
Annex II to the ↑United Nations Framework
Convention on Climate Change (UNFCCC).
Comprises all developed countries in the OECD,
being a subset of the ↑Annex I country group.
Article 4.3 UNFCCC obligates these countries to
provide financial resources in order to assist
developing countries in meeting their commit-
ments, such as the preparation of national reports.
It also obligates Annex II countries to support the
transfer of environmentally sound technologies to
developing countries.

baseline scenario: A ↑scenario that characterizes the
development of the economy and of other drivers
of emissions (such as population, technologies)
that is to be expected without policy interventions,
in particular without explicit climate policy mea-
sures. It serves in, for instance, economic cost-ben-
efit analysis as a basis on which to develop climate
change mitigation scenarios that take climate pol-
icy measures into account.

biofuels: Liquid fuels such as biodiesel and bio-
ethanol that result from the conversion of ↑bio-
mass.

biogas: Generic term referring to gases from which
energy can be recovered and that are created

Glossary
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when ↑biomass decomposes under anaerobic con-
ditions. In decomposition, about two-thirds
methane (CH4) and one-third carbon dioxide
(CO2) are released. The methane gas is the frac-
tion of the biogas that can be utilized for energy
recovery. Biogas has a high calorific value (25MJ
per cubic metre).

biomass: The total organic mass of the biotic envi-
ronment, either as living or dead biomass (e.g.
fuelwood, charcoal and dung). Important conver-
sion products of biomass include ↑biogas and
↑biofuel. In developing countries, ↑traditional
biomass use is the dominant form.

capacity utilization: A measure of the difference
between peak demand on the electricity market
and overall installed power plant capacity.

capacity: Capacity is energy per unit of time. Electric
capacity is measured in watts (W), kilowatts (kW),
megawatts (MW), etc.

carbon dioxide (CO2): A naturally occurring gas, and
also a by-product of burning fossil fuels and bio-
mass. CO2 is also emitted as a result of deforesta-
tion and other land-use changes, as well as from
industrial processes such as cement production.

carbon intensity: Carbon dioxide emissions per unit
primary energy input.

Clean Development Mechanism (CDM): One of the
↑Kyoto mechanisms introduced by the ↑Kyoto
Protocol, that permits an industrialized-country
investor to carry out emissions-reducing projects
in a developing or newly industrializing country.
The greenhouse gas reduction attributable to the
project is credited to the industrialized country.

climate change: A statistically significant variation in
either the mean state of the climate or in its vari-
ability, persisting for an extended period (typically
decades).

climate sensitivity: The °C rise in surface tempera-
ture that results if the pre-industrial CO2 concen-
tration in the atmosphere doubles from 280 to 560
ppm.The ↑IPCC states a range of climate sensitiv-
ity of 1.5–4.5°C, without stating a best estimate.

CO2 storage (or sequestration): Storage, by human
action, of atmospheric carbon in terrestrial ecosys-
tems, geological formations or the oceans. For
instance, through new technologies the ↑carbon
dioxide resulting from combustion processes can
be captured, possibly liquefied and then pumped
into underground repositories such as depleted
gas and oil fields. In addition, natural carbon stor-
age takes place in vegetation, in which carbon
dioxide is bound as ↑biomass over lengthier peri-
ods.

cogeneration (combined heat and power, CHP):
Facilities with combined heat and power produc-
tion not only generate electricity from the fuel

consumed, but also make use of the waste heat at
the same time. For instance, this heat can be used
for space heating purposes (as in district heating
systems). In industry, it can be used for heat-
dependent production processes.

Commission on Sustainable Development (CSD): A
commission of the Economic and Social Council
(ECOSOC) of the United Nations established in
1992 as the key forum for the Rio follow-up
process. It monitors and supports implementation
of the AGENDA 21 adopted at the United
Nations Conference on Environment and Devel-
opment (UNCED) held in Rio de Janeiro in 1992.
The annual meetings of the CSD are attended by
governments and international organizations, but
also by more than 1,000 non-governmental orga-
nizations.

contracting: A financing model under which the
investment costs of energy-saving measures or
new energy-generating plant are refinanced from
the energy costs saved. The contractor, e.g. a pri-
vate-sector company or a municipal energy sup-
plier, implements measures that reduce the energy
requirement of a building or installation.To do so,
the contractor invests in new technology or, for
instance, insulates a building. The host institution,
such as a local authority that does not itself com-
mand over the necessary capital or knowledge, is
guaranteed by contract a certain percentage of the
energy savings and thus cost savings. The remain-
ing savings are the profit that goes to the contrac-
tor. In energy equipment contracting arrange-
ments, the contractor also operates and maintains
the equipment.

Demand Side Management (DSM): A voluntary
control and planning instrument to tap efficiency
potentials on the demand side, by means of eco-
nomic incentives (e.g. in the form of load manage-
ment making use of variable tariff structures).

deregulation: Reduction of ↑regulation.
development partnerships (PPP: Public-Private

Partnerships): In development partnerships, pri-
vate companies cooperate with state development
cooperation agencies in implementing projects
that pursue development policy goals and at the
same time yield micro-economic benefit for the
participating companies. The advantage of this
type of cooperation with industry from a develop-
ment cooperation perspective is that the partici-
pation of private companies ensures that activities
are cost-effective, efficient and have sustained
impact.

Disability Adjusted Life Years (DALYs): An indica-
tor of the overall disease burden of a population,
integrating premature death, disease and disabil-
ity.
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efficiency: Measure of the effectiveness of an energy
conversion process. The efficiency of a system is
the ratio of energy output to energy input, and is
stated as a percentage.

electricity-to-heat ratio: The ratio of electricity out-
put to utilizable heat of a ↑cogeneration process.

emissions trading (or certificate trading): Economic
instrument for the cost-efficient limitation or
reduction of environmentally harmful emissions.
Generators of emissions are subject to reduction
goals that they must either meet themselves or can
have met in part or in whole by other generators.
To that end, reduction commitments can be traded
among the participants in a trading system, which
produces a cost-optimal allocation of the set over-
all reduction.The ↑Kyoto Protocol introduces this
instrument as one of the ↑Kyoto mechanisms at
state level for ↑Annex B countries. The Protocol
also sets out the specific emissions reduction com-
mitments. A transfer of reduction commitments
from countries to companies is possible.

energy carriers: Substances or media which contain
energy that can be utilized in a cost-effective man-
ner.A distinction is made between e.g. fossil (coal,
mineral oil, natural gas), renewable (biomass,
geothermal, solar, wind, hydro) and nuclear (ura-
nium) ↑primary energy carriers.

Energy Charter Treaty (ECT): The Treaty evolved
from the 1991 European Energy Charter. It
entered into force in 1998. 46 states, mainly in
Europe and Central Asia, have ratified the Treaty
(as at 11.09.2002). The aim of the ECT is to pro-
mote economic growth by liberalizing investment
and trade. In addition, it establishes minimum
standards with respect to foreign investment and
energy transport. The environmental aspects of
energy policy have been set out in greater detail in
a legally non-binding protocol (Protocol on
Energy Efficiency and Related Environmental
Aspects, PEEREA).

energy efficiency: The technical efficiency of end-use
equipment (such as household appliances) or sys-
tems (such as power plants), usually quantified in
terms of their efficiency in converting energy.

energy input: This corresponds to the frequently used
term ‘energy consumption’, the latter being,
strictly speaking, incorrect, and means the amount
of energy deployed.

energy intensity: The ratio of energy input to ↑gross
domestic product generated by that input (inverse
of ↑energy productivity).

energy mix: Combination of different energy carriers
for energy supply.

energy poverty: Energy poverty refers to the lack of
sufficient access to energy services, in order to
meet basic needs, that are affordable, reliable,

high-quality and safe, and cause no undue health
or environmental impacts. Countries where
energy poverty is widespread are generally char-
acterized by major development problems.
Energy poverty affects some 2,400 million people,
who are dependent upon traditional biomass use.
1,600 million people have no access to electricity.

energy productivity: The ratio of ↑gross domestic
product to ↑energy input required to produce that
product. In contrast to ↑energy efficiency, energy
productivity can be improved not only through
technological efficiency, but also through struc-
tural changes in energy systems (such as a transi-
tion from coal power plants to more efficient gas-
fired plants), economic structural changes towards
less energy-intensive products and services,
altered patterns of energy use or changes in
lifestyles.

energy service: The actual utility gained by using
↑useful energy: a brightly illuminated working
space, refrigerated food, clean laundry, transporta-
tion of goods from one place to another, etc. The
quantity of energy used is irrelevant to the value
of the energy service (e.g. the quality of lighting is
important, not the electricity consumed, trans-
portation to the destination is decisive, not the
petrol consumed).

energy: Energy is the capacity of a system to do work.
A distinction is made between e.g. chemical,
mechanical and electrical energy, as well as heat.

final energy: Energy that is available in a utilizable
form after conversion of ↑primary energy to ↑sec-
ondary energy and after transportation and distri-
bution to the final consumer (e.g. briquettes, elec-
tricity from the socket, or petrol at the petrol
pump). Final energy is the third stage in the energy
flow chain from ↑primary over ↑secondary to
↑useful energy.

fossil fuels: Carbon-based fuels from fossil carbon
deposits, including coal, oil and natural gas. Their
combustion releases carbon dioxide, which is the
main driver of human-induced global warming.

fuel cell: Fuel cells convert chemical energy directly
into electrical energy, i.e. without an intermediate
thermal phase. The ideal energy carrier is hydro-
gen, which can be produced from e.g. green elec-
tricity or by reforming fossil energy carriers, but
also from biomass. Electric efficiencies of 30–50
per cent are currently achieved. Efficiencies of up
to 60 per cent are anticipated for the future.Water
vapour is the sole emission. There are various
designs of fuel cells, e.g. polymer electrolyte mem-
brane fuel cells (PEMFC) operating in the low-
temperature range of 50–100°C, which are partic-
ularly suitable for mobile applications, molten car-
bonate fuel cells (MCFC) for the medium-tem-



234 9 Glossary

perature range around 650°C and solid oxide fuel
cells (SOFC) which operate in the high-tempera-
ture range of 800–1000°C.

geothermal energy: Heat from the Earth’s core that
reaches the Earth’s surface or can be utilized
there.

global change: Refers to the interlinkages among
global environmental changes, economic global-
ization and cultural transformation.

Global Environment Facility (GEF): A multilateral
financing mechanism established in 1991. The
GEF is implemented jointly by UNDP, UNEP and
the World Bank. It provides grants and low-inter-
est loans to developing countries and eastern
European transition countries to help them carry
out projects and measures to relieve pressures on
global ecosystems.The focal areas are climate pro-
tection, biodiversity conservation, ozone layer
protection and the protection of international
waters. Soil conservation measures in arid zones
and forest conservation measures also receive
support if they have links to one of the four focal
areas.

global radiation: Direct and diffuse solar irradiation
incident upon a horizontal surface. The level of
global radiation depends upon the position of the
sun (in turn dependent upon latitude and time of
year) and atmospheric conditions (cloud cover,
atmospheric particles).

green electricity: A common term for electricity pro-
duced from ↑renewable sources. It also embraces
power produced through ↑cogeneration.

Green Energy Certificates: This is a further develop-
ment of flexible, tradable ↑quotas. Producers of
↑green electricity receive these certificates from a
state-controlled issuing body as verification that
they have produced a certain amount of electricity
(such as 1MWh). Besides energy suppliers and
generators, final consumers can also participate in
a system of tradable Green Energy Certificates.

greenhouse gases: Greenhouse gases are those
gaseous constituents of the atmosphere that, due
to their selective absorption of thermal radiation,
cause a warming of the lower atmosphere.The pri-
mary anthropogenic greenhouse gases are ↑car-
bon dioxide, ↑nitrous oxide and ↑methane. They
also include industrial gases such as hydrofluoro-
carbons (HFCs), perfluorocarbons (PFCs) and
sulphur hexafluoride (SF6).

gross domestic product (GDP): Equals the total of
all income from employment plus unearned
income in the reporting period generated in the
course of production in a country, to which are
added depreciation, and levies on production and
imports (reduced by subsidies).

guard rail: Guard rails demarcate the domain of free
action for the people-environment system from
those domains which represent undesirable or
even catastrophic developments and which there-
fore must be avoided. Pathways for sustainable
development run within the corridor defined by
these guard rails.

heat pump: Heat pumps raise heat from a low tem-
perature level to a higher, more useful tempera-
ture level, using external energy input. All heat
pumps need external energy to drive the process;
it is essential to take this into account in an
energy-balance assessment.

hydrogen economy: An economy based upon hydro-
gen as energy storage medium. In this technology
system, at first the ↑primary energy of solar radia-
tion or of wind is converted into electricity. Elec-
tricity from e.g. ↑renewable sources can be used to
produce hydrogen through electrolytic separation
from water. Alternatively, hydrogen can also be
produced from ↑biomass or ↑fossil fuels. It can
serve as a distributed storage medium for electric-
ity, for instance in periods of surplus power pro-
duction, or can be used to operate ↑fuel cells in
buildings and vehicles.

IAEA: The International Atomic Energy Agency
was founded in 1957 as a specialized agency of the
United Nations with seat in Vienna, and has 123
member states. Its tasks include reviewing compli-
ance with the Non-Proliferation Treaty and the
worldwide monitoring of nuclear facilities. It pro-
motes the civilian use of nuclear energy, coopera-
tion in nuclear engineering and research, and the
exchange of scientific-technical experience
through support programmes.

IEA: The International Energy Agency was estab-
lished in 1974 as an autonomous organization
within the OECD framework in Paris, with the
aim of ensuring the security of primary energy
supply. The 26 member states have agreed to
reduce dependency upon oil imports through pro-
moting the use of fossil and also renewable ener-
gies, to exchange key energy information, to coor-
dinate their energy policies and to collaborate in
programmes for the efficient use of energy. The
IEA regularly publishes the World Energy Out-
look, the most important source worldwide for
energy statistics and analyses of the energy sector.

Intergovernmental Panel on Climate Change
(IPCC): The Panel was founded in 1988 and is one
of the most influential international scientific
institutions for climate policy. The IPCC laid the
scientific foundation for negotiations on the
↑United Nations Framework Convention on Cli-
mate Change, and publishes regular assessment
reports on global climate change. The Third
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Assessment Report (TAR), published in 2001, was
authored by more than 3,000 scientists from all
around the world.

international regimes: International regimes are
institutions by which a group of states addresses a
transboundary problem – in the environmental
sphere e.g. climate change. They comprise princi-
ples, norms, rules and decision-making proce-
dures, and are based upon formal or informal
intergovernmental agreements. A conference of
the parties meeting periodically generally forms
the core of the decision-making process of a
regime. Although they do often have small secre-
tariats, regimes are not autonomous actors, in con-
trast to international organizations.

Joint Implementation (JI): One of the flexible mech-
anisms of the ↑Kyoto Protocol (↑Kyoto mecha-
nisms), that permits developed countries (↑Annex
I countries) to carry out climate change mitigation
projects jointly with another Annex I country.The
project (e.g. the erection of a wind turbine) is car-
ried out in country A, but financed by country B.
The emissions thus prevented in country A can be
emitted additionally by country B within the com-
mitment period, or country B can have them cred-
ited to its account. A corresponding quantity of
emission rights is deducted from country A’s
account.

joule (J): Unit of energy.
1J = 1Nm = 1Ws = 1kg m2 s-2

1kWh = 3,600,000J
kilowatt peak (kWp): Output of a photovoltaic mod-

ule under standard test conditions, i.e. global radi-
ation 1000 W/m2, cell temperature 25°C and the
spectrum of sunlight in central Europe.

kilowatt-hour (kWh): Commonly used measure of
energy. For larger installations, energy is often
stated in megawatt-hours (MWh) per year.

Kyoto mechanisms: ‘Flexible’ mechanisms envisaged
in the ↑Kyoto Protocol, such as ↑emissions trad-
ing, ↑Clean Development Mechanism (CDM) and
↑Joint Implementation (JI). These permit the
crediting of emissions reductions achieved outside
of a country that has adopted commitments.

Kyoto Protocol to the United Nations Framework
Convention on Climate Change: Agreement
under international law that sets out greenhouse
gas emissions reduction targets for developed
countries, as well as key implementation modali-
ties. The Protocol was adopted in 1997 at the 3rd

Conference of the Parties to the ↑United Nations
Framework Convention on Climate Change
(UNFCCC) in Kyoto, Japan. It commits ↑Annex B
countries to reduce emissions of certain ↑green-
house gases by around 5 per cent from the base
year 1990 in the commitment period 2008–2012.

The Kyoto Protocol has not yet entered into force
because Russia, which has announced its intention
to ratify, has not yet actually done so. The USA
declared in March 2003 that it does not intend to
ratify the Protocol.

learning curve: The drop in specific production costs
in step with growing cumulative production.

liberalization: A general term referring to the disso-
lution of formerly monopolistic structures and the
introduction of market-based conditions, i.e. com-
petition. In Germany, the Energy Industry Act
(Energiewirtschaftsgesetz) adopted in April 1998
led to the removal of the territorial monopolies
previously held by the power suppliers. Since then,
consumers are free to choose their power supplier.

methane (CH4): Greenhouse gas emitted above all
from rice cultivation, livestock breeding, the com-
bustion of biomass and the extraction and com-
bustion of fossil fuels.

microgrid: Is a closed, spatially discrete power supply
network that is not connected to further (includ-
ing public) networks.

modern biomass use: ↑Biomass from which energy
can be recovered (e.g. agricultural residues,
forestry residues and small-diameter wood, indus-
trial wood waste and discarded timber, as well as
annual or perennial energy crops cultivated
specifically for energy production) which, giving
due regard to ecological and health restrictions, is
used to produce heat and/or power, as well as bio-
gas (cf. ↑traditional biomass use).

net metering: Fixed rates received by electricity gen-
erators for power sold to the public grid, produced
from e.g. ↑renewables. The rates paid for power
sold to the grid are a key determinant of the cost-
effectiveness of power-generating installations.
They generally taper over time.

new renewables: These include those ↑renewables
that still have a major expansion potential because
their use is presently in the initial phase of tech-
nology development, e.g. solar, wind and modern
biomass. They do not include hydropower.

nitrous oxide (N2O): A persistent greenhouse gas
released above all through the use of nitrogen fer-
tilizers in agriculture, and through the combustion
of biomass and fossil fuels.

OPEC: The Organization of Petroleum Exporting
Countries was founded in 1960 by Saudi Arabia,
Venezuela, Iraq, Iran and Kuwait. Qatar (1961),
Indonesia (1962), Libya (1962), the United Arab
Emirates (1967), Algeria (1969) and Nigeria
(1971) joined later. Today OPEC is a powerful
alliance of newly industrializing economies oper-
ating on the international energy market.
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overall efficiency: In contrast to momentaneous
↑efficiency, which is the ratio of output to input
under defined momentaneous conditions, overall
efficiency is this ratio across a certain period.

path dependency (or lock-in effects): The limitations
imposed upon policy options to steer technologies,
as a result of historical developments (lock-in).
For instance, that a technology prevails over
another on the market is not necessarily due to its
superiority, but can be the outcome of chance his-
torical events and a self-amplifying process: The
costs of the ‘traditional’ technology are low com-
pared to the initial investment associated with a
new technology, as learning effects have been used
in the traditional technology’s application and
compatible techniques and standards are avail-
able.

portfolio approach: The requirement upon actors
subject to quota commitments to use a certain
proportion of renewables for electricity produc-
tion.

primary energy: The energy content of natural
energy carriers such as coal, oil, natural gas or nat-
ural uranium. It is the input parameter of energy
flows, which characterize energy use by
humankind. Primary energy is the first link in the
energy flow chain and is converted, e.g. in power
plants, into ↑secondary energy.

Public-Private Partnership (PPP): Longer-term
cooperation between the state and the private sec-
tor to pursue a common goal (such as develop-
ment partnerships). Both sides bring their own
specific resources (assistance measures, know-
how, etc.) to the cooperation.

Purchasing Power Parity (PPP): A special measure
of ↑gross domestic product permitting compar-
isons of purchasing power among countries. PPP
relates to a ‘shopping basket’ in which current
exchange rates have no influence.Thus one kilo of
rice receives the same value in Japan as in Indone-
sia, even though its dollar value is about 7 times
higher. PPP tends to reduce the difference in GDP
per capita between industrialized and developing
countries.

quantitative approach: Generic term applying to the
promotion of renewables through quantitative
stipulations set by the state (minimum quantity or
minimum proportion of renewable energies that
must be implemented within a certain period).
Quantitative instruments include the various
forms of ↑quotas, as well as ↑tendering proce-
dures.

quotas: An instrument to promote the deployment of
renewable energy sources in energy supply. A
quantitative goal is set at the policy level – usually
a national-level minimum target for energy pro-

duction from renewable sources within a certain
period and/or for specific technology realms. The
overall quota is broken down into sub-quotas for
energy producers or suppliers.To improve flexibil-
ity and thus economic efficiency, it is conceivable
to establish a quota trading system and to further
develop the approach towards ↑Green Energy
Certificates.

regime: ↑international regime
regulation: Statutory standards established by a

state, regulating markets.The intervention in mar-
ket processes that these standards produce can be
more or less deep. The energy sector generally
requires a certain degree of regulation because
transmission and distribution networks represent
natural monopolies.

renewables: These include the energy of the sun,
water, wind, tides, modern biomass and geother-
mal energy. Their overall potential is in principle
unlimited or renewable, and is CO2-free or -neu-
tral.

re-regulation: The renewed ↑regulation of markets
that were previously liberalized (deregulated).

scenario: A plausible description of how the future
may develop, based on analysis of a coherent and
internally consistent set of assumptions, trends,
relationships and driving forces.

secondary energy: Readily storable and/or trans-
portable forms of energy (e.g. electricity, fuels,
hydrogen), produced from ↑primary energy carri-
ers in e.g. power plants or refineries. Secondary
energy is the second stage in the energy flow chain
that begins with ↑primary energy. It is transported
through e.g. the electricity grid to consumers,
where it is available as ↑final energy.

sequestration: ↑CO2 storage.
shadow subsidies: Non-accounting of the costs of

external effects, for instance of conventional
energy production, whose exact quantitative cal-
culation is extremely difficult.

solar thermal power plants: In solar thermal power
plants, direct sunlight is concentrated by means of
optical elements onto an absorber. The radiation
energy thus absorbed heats a heat transfer
medium. This heat energy is subsequently used to
drive largely conventional prime movers, such as
steam turbines or ↑Stirling engines.

Stirling engine: Is a cyclically operating thermody-
namic machine that converts external heat inputs
into mechanical energy.

sustainable development: This term is mostly under-
stood as a concept of environment and develop-
ment policy that was formulated by the Brundt-
land Report and further refined at the United
Nations Conference on Environment and Devel-
opment in Rio de Janeiro in 1992. The concept
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implies that democratic decision-making and
implementation processes should promote devel-
opment that is ecologically, economically and
socially sustainable, and should take into account
the needs of future generations.

technology transfer: The set of processes relating to
the exchange of knowledge, money and goods
among different stakeholders that leads to the
spreading of use of technologies, e.g. for mitigating
climate change or securing sustainable energy
development. Transfer often has two meanings:
Diffusion of technologies and technological coop-
eration across and within countries.

tendering procedure: An approach towards provid-
ing support for renewables. In this procedure, the
state calls for tenders for precisely stipulated gen-
eration capacities or grid feed-in quantities from
certain energy sources. Contracts are generally
awarded to those investors who make the cheap-
est bid.

traditional biomass use: Form of energy production
from ↑biomass, such as wood, dung, harvest
residues, etc., above all for cooking and heating.
Worldwide about 2,400 million people, predomi-
nantly in developing countries, are dependent
upon traditional biomass and are thus often
exposed to emission-related health hazards due to
inadequate combustion technologies.

United Nations Framework Convention on Climate
Change (UNFCCC): The Convention was
adopted in 1992 and entered into force in 1994. Its
ultimate objective is “Stabilization of greenhouse
gas concentrations in the atmosphere at a level
that would prevent dangerous anthropogenic
interference with the climate system. Such a level
should be achieved within a time-frame sufficient
to allow ecosystems to adapt naturally to climate
change, to ensure that food production is not
threatened and to enable economic development
to proceed in a sustainable manner.” The ↑Kyoto
Protocol, adopted in 1997, sets out binding com-
mitments to reduce greenhouse gas emissions.

United Nations Millennium Declaration: In the UN
Millennium Declaration adopted in 2000, the sign-
ing states committed themselves to contribute to
overcoming extreme poverty. To this end, they
agreed eight international development goals,
most of which are to be attained by the year 2015:
1. Eradicate extreme poverty and hunger
2. Achieve universal primary education
3. Promote gender equality and empower women
4. Reduce child mortality
5. Improve maternal health
6. Combat HIV/AIDS, malaria and other diseases
7. Ensure environmental sustainability
8. Develop a global partnership for development

useful energy: Is the energy actually utilized to per-
form a certain task. It is the last link in the energy
flow chain that begins with ↑primary energy.

watt (W): Unit of energy output.
World Bank: Founded in 1944, the World Bank is

today the largest source of development assis-
tance finance. The objective of the Bank is to
reduce poverty in developing countries. The Bank
grants loans and provides policy advice, technical
assistance and, increasingly, services for knowl-
edge exchange. The priorities in granting loans
are: Health and education, environmental protec-
tion, supporting private-sector economic develop-
ment, strengthening the capability of governments
to provide services efficiently and transparently,
supporting reforms to attain stable economic con-
ditions, and social development and poverty
reduction.

World Energy Council (WEC): The World Energy
Council was founded in 1924 with seat in London.
Its work is supported by member committees in 90
countries. The objective of these non-governmen-
tal organizations is to promote sustainable energy
policy by means of research, analysis, policy advice
and cooperation. WEC published a World Energy
Assessment in 2000 together with the United
Nations.
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"The publication of 'World in Transition: Towards Sustainable Energy 
Systems' is timely indeed. The World Summit on Sustainable Development 
gave great prominence to this challenge, but failed to agree on a quantitative, 
time-bound target for the introduction of renewable energy sources. The 
German Advisory Council on Global Change (WBGU) has now produced a 
report with a global focus, which is essential in view of the global impacts of 
climatic changes. The report provides a convincing long-term analysis, which 
is also essential. Global energy policies have to take a long-term perspective, 
over the next 50 to 100 years, while providing concrete guidance for decision 
makers to implement now. There is an urgent need to secure energy supplies 
for the 2.4 billion people who still depend upon traditional biomass, while 
avoiding dangerous climatic changes. Our one world must close the gap 
between industrialized countries’ surfeit and developing countries’ poverty. 
Policies will need to consider both the broader environmental and specific 
climate constraints. I recommend this book very warmly to everyone 
concerned with global energy issues."  

Klaus Töpfer, Executive Director, United Nations Environment 
Programme

World in Transition 3: Towards Sustaible Energy Systems underscores the 
urgent need to transform global energy systems so that the world’s 
population has access to energy based on renewable sources. This is 
necessary to protect the global climate and to free those in developing 
countries trapped by energy poverty. Such an approach would also yield a 
peace dividend by reducing dependence upon regionally concentrated oil 
reserves. The authors stress that such a reconfiguration of energy systems is 
both feasible and fundable if rapid and resolute action is taken in the coming 
two decades. To this end, they propose a roadmap with specific milestones.
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