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1 Introduction

The future of Germany’s and Europe’s energy supply is currently the subject of a political
and social debate where energy policies are inextricably bound up with environmental and
climate policies. In September 2010 the German government announced a new energy
master plan that sets targets and defines numerous measures for 2050 and aims to bring
about a far reaching transformation of Germany’'s energy supply system with a view to
achieving an energy supply that is economically sustainable, reliable, and climate-friendly.
This report also has to be seen in the context of the Commission Communications on a
“Low Carbon Economy Roadmap 2050” (March 2011) and the respective Energy Road
Map planned for late 2011.

It was with this overarching goal in mind that in October 2008 the German Advisory Council
on the Environment (Sachverstandigenrat fir Umweltfragen, SRU) began work on the
present expert report, since which time SRU has contributed to the professional discourse
concerning the future of Germany’s electricity supply system (SRU 2009a; 2009b; 2010a;
2010b). The report discusses the need for transformation of the electricity supply system,
in light of the relevant technical, economic, legal and political factors, and with the goal of
ensuring that Germany is able to establish a sustainable and decarbonised electricity
supply system by 2050.

This report also addresses European aspects as far as they are relevant for the transition
of Germany’s electricity supply. The following text is a partial translation of the German
original and focuses on those elements of the original report that might be relevant for an
international reader. Furthermore this translation presents in an annex the results of some
of the scenario runs for all European countries not yet completed by the date of the
German publication in January 2011.

1.1 The issues

Our report currently centres around Germany’s electricity supply system, concerning which
major investment decisions are pending. A considerable share of Germany’s current
electricity generation capacities will need to be replaced over the next two decades, since
many power plants will have reached the end of their lifetime by then. The investments that
are made in the coming years will have a major impact on both the structure and emissions
of the electricity sector for decades to come. This situation presents an opportunity to
revamp Germany’s power plant fleet in a manner that will be relatively inexpensive and that
will constitute a far reaching structural change in the national electricity system.

In order to avert potentially catastrophic climate change by limiting global temperatures to 2
degrees Celsius above preindustrial levels, industrial nations such as Germany need to
reduce their carbon emissions by 80-95 percent by 2050 (IPCC 2007). Emissions



reductions of this scope are also now a policy of both the European Union and Germany
(Council of the European Union 2009; CDU et al. 2009) and enjoy broad support in
Germany across the entire political spectrum. Inasmuch as, in the view of the European
Commission, only a minute proportion of the attendant reductions can be achieved through
implementation of flexible mechanisms outside the European Union, Germany and other
EU states need to make major efforts to reduce their emissions.

In order for carbon emissions to be reduced by 80-95 percent, German power plants
would need to be virtually emission free since for technical reasons, emissions cannot be
reduced sufficiently by 2050 in other sectors such as agriculture and goods transport, or
the costs of such reductions might be relatively prohibitive, whereas the requisite
technological solutions are already available to power companies. Hence the electricity
supply system is a touchstone of energy and climate policies.

In this report, the SRU lays out the reasons why a sustainable and climate friendly
electricity supply can only be achieved using renewables. Using this principle as a starting
point, the Council addresses the issue as to whether and under which conditions a wholly
renewable electricity supply system can be established. Hence this report is in line with a
series of recent studies that have investigated whether a largely or wholly renewables
based electricity supply is achievable in Germany and Europe (PwC et al. 2010; ECF et al.
2010; Klaus etal. 2010; Oko-Institut and Prognos AG 2009; Nitsch and Wenzel 2009;
FoEE and SEI 2009), and in so doing addresses the following issues:

— Is a wholly renewables based electricity supply technically feasible for and in Germany?
Would such a system allow for security of supply that is on a par with today’s?

— How much would a wholly renewable electricity supply and the transition thereto cost?

— What would be a realistic timeline for the transition to such an electricity supply and
which measures would this transition entail?

— Which hurdles would need to be cleared in transitioning to a renewables based
electricity supply? Which political and legal frameworks would need to be taken into
account for such a transition in the European context and how much leeway do they

allow?

— Which economic and statutory policy instruments could be used to bring about this
transformation smoothly and efficiently?

The present report is based on a series of technical and economic scenarios concerning a
wholly renewable electricity supply in Germany and Europe that were elaborated by the
German Aerospace Center (DLR) and whose findings were published in a Statement in
May 2010 so that the government could use them in elaborating its energy master plan
(SRU 2010a). These findings are described here. After the publication of the original



report, final runs of one of the scenario families have been calculated for each EU member
state, which are presented in the Annex. The SRU has also elaborated a series of
recommendations, in light of the relevant political, economic, legal and social factors, as to
how Germany’s electricity supply could be transitioned to an entirely renewables based
electricity system. In terms of climate protection objectives and the target energy mix, our
concept goes further than the government’s, since we take the view that transitioning to a
wholly renewable electricity supply by 2050 is a realistic objective, whereas the
government’s master plan calls for a system where 80 percent of all electricity would be
supplied by renewables. However, the recommendations are also relevant for the
government’s less ambitious objective. Inasmuch as base load oriented nuclear power and
renewable energy development are mutually exclusive, SRU recommends pursuit of a
strategy for transitioning to renewables that diverges completely from the government’s.
For further information in this regard, see our critical assessment of the government’s
energy master plan (SRU 2010b).

1.2 Overview of the report

In chapter 2 we explain why Germany needs a wholly renewable electricity supply, which is
the guiding principle for all of the analyses and scenarios presented in this report. To this
end, we discuss the extent to which the available electricity generation options are
sustainable.

In chapter 3, we describe the various scenarios that would allow for establishment of a
wholly renewable electricity supply in Germany by 2050, and in so doing, by way of
providing the necessary background we briefly survey the relevant German and
international electricity sector development scenario studies that have been published. In
chapter 3 we also discuss our scenario methodology, the basic attributes of the scenario
models, and the models’ assumptions concerning the potential and costs of renewables.
Chapter 4 describes the putative timeline for transformation of the electricity supply system
by 2050, based on the current situation; we also provide a cost estimate for renewable
electricity during this period.

Chapter 5 surveys the history of renewables support schemes in the EU in terms of their
key phases, and assesses the political probability that the EU will in fact be able to
transition to renewables, also chapter 6 concerns itself with the political hurdles entailed by
transitioning to a wholly renewable electricity supply with a strong European perspective,
whereby the following issues are discussed in particular: the new EU energy and
environmental policy competency framework pursuant to the Lisbon Treaty; the future of
EU climate and energy policy; bilateral and multilateral cooperation; the policy conditions
needed nationally to transition to a wholly renewable electricity supply.
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In chapter 7 we argue that energy efficiency is a key precondition for transitioning to an
affordable wholly renewable electricity supply. In chapters 8 and 9, using an analysis of the
relevant regulations we recommend certain legal and political measures that we feel would
help Germany to transition to a wholly renewable electricity supply. This chapter mainly
concerns itself with the following: optimisation and expansion of the emissions trading
framework and of the Renewable Energy Act (EEG); promoting public participation in and
acceptance of a wholly renewable electricity supply; the regulatory aspects of an optimised
electricity transmission grid planning process; and an analysis of economic incentives for
electricity storage facility and grid expansion. An executive summary of this report can be
found in chapter 10.



2 Sustainable electricity —
the technological options

2.1 Introduction

Energy supply that meets future needs must be compatible with the tenets of sustainability
and must at the same time set the stage for achievement main environmental objectives.
This mission is indirectly enunciated in the German Constitution, whose Article 20a states
that “Mindful also of its responsibility toward future generations, the state shall protect the
natural foundations of life...”. Also Article 191 and Article 11 of the Treaty on the
Functioning of the European Union (TFEU), the socalled Lisbon Treaty, contain more
precise requirements to ensure a high level of environmental protection. Under this
framework, the electricity supply system must fulfil its pivotal task of establishing a reliable
supply of quality energy at an affordable price. Among the key references concerning the
sustainability criteria and environmental objectives discussed below are the various
treaties, programs and strategies which, by virtue of their official nature, are generally
accepted and which we shall interpret and flesh out in light of the scholarly and scientific
debate.

The discussion of the various electricity generation technologies is set against the
backdrop of the aforementioned preconditions for sustainable energy development. No
energy generation technology can hope to fulfill equally well all of the criteria and
objectives entailed by sustainable electricity generation. And indeed, some forms of
renewable energy — particularly if their development is unregulated — can also have a
negative impact on the environment. Hence the decision to opt for one or more energy
technologies always involves a process where the various factors are weighed against
each other with the goal of arriving at an energy mix that represents the lesser evil, so to
speak. But at the same time, certain energy technologies are completely incompatible with
the criteria of sustainability, particularly over the long run — one example being new
conventional coal fired power plants, which are incompatible with the government’s
medium term climate protection objectives (SRU 2008, no. 218). The next section of this
report focuses on the key problems that call into the long-term sustainability of such
technologies. The main criterion applied in this regard was whether such problems are
inherent to the technologies in question; or alternatively, whether the undesirable effects of
such technologies can be averted or substantially minimised by altering the relevant
frameworks.

In the following, we argue that particularly in light of this criterion renewable energy is the
only potentially sustainable solution.
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2.2 Objectives and criteria

2.2.1 Sustainability criteria

The concept of sustainable and eco-friendly development mainly stems from the
international debate concerning the concept of sustainable development, as advanced in
1987 by the Brundtland Commission (WCED 1987) and whose definition of sustainability
remains a generally accepted touchstone of the debate in this domain. According to this
definition, development is sustainable if it “meets the needs of the present without
compromising the ability of future generations to meet their own needs” (WCED 1987).
This principle first gained broad international acceptance on being included in the Rio
Declaration of 1992, in a similar formulation, as Principle 3.

Nonetheless, the ecological, economic and social worth and importance of sustainability
are still being hotly debated by policymakers and academics alike, as is the interpretation
of these various principles (Schutz des Menschen und der Umwelt. Ziele und
Rahmenbedingungen einer nachhaltig zukunftsvertraglichen Entwicklung, Enquete-
Kommission 1998; SRU 2008 no. 1 ff; von Egan-Krieger et al. 2007; Ott and Déring 2004).

The federal government’'s second progress report on sustainable-development strategy
(Bundesregierung 2008), which greatly helped to clear the air concerning such issues,
placed particular emphasis on (a) how important it is, in terms of achieving other
objectives, to durably safeguard the natural foundations of life; (b) our responsibility toward
future generations; and (c) the principle of equal and fair resource usage rights. In so
doing, the report addressed the basic elements of the principle of “robust sustainability”
that has long been advocated in the literature (Ott and Déring 2004; von Egan-Krieger et
al. 2007).

Achieving sustainability

The government’s progress report lays down the following principle: “We simply need to
accept that our planet’'s capacity to sustain human activity is finite.” The report then goes
on to say the following: “Achieving sustainability for our planet is the absolute outer limit
that comprises the framework in which we need to realise our various objectives”
(Bundesregierung 2008, p. 21). The report is referring here to the problem of scale —
namely that we need to avoid overuse of what is essentially finite natural capital (Daly
2007). The term “absolute limit” used in the report refers to the theory that owing to the
complex systemic functional context in which it exists, natural capital cannot be replaced to
an infinite extent by technical capital and that natural capital can be irretrievably lost as the
result of overuse or human intervention (Ott and Ddring 2004). According to a recent study
that attempts to define exactly where this limit lies for ten key Earth system processes,
these resource-use limits have already been exceeded to the point where mankind may be



facing sudden, irreversible or catastrophic effects in terms of climate change, biodiversity
loss, and human intervention in the nitrogen cycle (Rockstrém et al. 2009).

By placing economic, ecological and social objectives on the same footing, the classic
German sustainable-development triad fails to take sufficient account of the overarching
nature of the ecological context (for a critical view see SRU 2002; 1994; Rehbinder 2009).
But to achieve a state of ecological sustainability economic and social objectives need to
be regarded as highly desirable icings on the cake of a robust and above all non-
negotiable ecological framework. But while economic and social objectives may take a
back seat to the ecological imperative, they nonetheless remain highly relevant.

Responsibility toward future generations

The government’s progress report also underlines the importance of the principle of
responsibility toward future generations, which has been generally accepted since the Rio
Declaration and is also enunciated in Article 3 (1) of the UN Framework Convention on
Climate Change. The guiding principle of the government’s report is that “insofar as
possible, resources and natural areas should be preserved as a legacy for future
generations” (Bundesregierung 2008, p. 19). One of the key issues that has come up in the
sustainability debate is how to fold the principle and practice of responsibility toward future
generations into today’s decisions. In this context, the economic concept of discounting —
i.e. ascribing a lower value to assets than their current value — has generated controversy.
If we are to achieve robust sustainability, we will need to ascribe the same value to both
current and future environmental damage. Hence natural resources should only be used in
such a way that their potential will be available to future generations. This concept is
clearly expressed by the so called constant natural capital rule (Ott 2009).

Fair and equal usage rights

The government'’s progress report addresses the issue of fair and equal per capita rights to
the use of natural resources by saying the following: “From an ethical standpoint, all human
beings have an equal right to use resources, so long as they are not overused. (...)
Unequal distribution of opportunities, rights, and duties in domains such as access to
natural resources or education violates the sustainability related principle of responsibility
toward future generations” (Bundesregierung 2008 p. 20).

These sustainability criteria are particularly relevant to climate protection and the
preservation of biodiversity, but need further fleshing out in order to render them usable for
assessing the possibility of establishing a sustainable electricity supply. The social justice
aspect of sustainability strategies has far reaching implications for the allowable carbon
emissions of industrial nations. But in light of the aforementioned principles, it is difficult to
see how a strategy involving the long-term storage of power plant carbon and radioactive



waste can be reconciled with the principle of responsibility toward future generations. For
even underground areas used for long term storage can and should be regarded as finite
resources, one should scrupulously avoid burdening future generations with such
hazardous substances (SRU 2009a).

Sustainability and risk avoidance

Sustainability and the precautionary principle are inextricably bound up with each other, as
is clearly enunciated by Principle 15 of the Rio Declaration: “In order to protect the
environment, the precautionary approach shall be widely applied by States according to
their capabilities. Where there are threats of serious or irreversible damage, lack of full
scientific certainty shall not be used as a reason for postponing cost-effective measures to
prevent environmental degradation.” This principle is likewise enunciated in other
international treaties such as the UN Framework Convention on Climate Change, whose
Article 3(3) calls for the treaty signatories to “take precautionary measures to anticipate,
prevent or minimise the causes of climate change and mitigate its adverse effects.” But
unfortunately, the discourse in this regard here in Germany barely makes any connection
between sustainability and risk avoidance, despite the fact that precautionary measures
are absolutely indispensable when it comes to meeting our responsibilities toward future
generations (Birnbacher and Schicha 2001). As time goes on, the nature of future events
will necessarily become freighted with ever growing uncertainty, whereby the decisions we
make today will inevitably have a broad range of consequences. Risk avoidance means
making decisions aimed at safeguarding our security. One of the key tenets of the
precautionary principle is taking actions that mitigate the greatest possible damage, i.e.
adopting a so called minimum-maximum strategy. In the view of one author, this tenet
fleshes out the definition of sustainability advanced by the Brundtland Commission to the
effect that we must not compromise “the ability of future generations to meet their own
needs” (Ott 2009, p. 79). Hence avoidance of major risks, including extremely remote
ones, can be regarded as a need that will be relevant for future generations (as it is in
some cases for today’s) and that falls within the scope of the aforementioned sustainability
principles.

2.2.2 Climate protection objectives

Climate compatibility is one of the most important criteria when it comes to assessing the
sustainability of energy and electricity supply technologies. The myriad and possibly
catastrophic effects of climate change pose a threat to all species and species habitats, the
dynamics of ecosystems, the livelihoods of millions of human beings, and international
peace. One of the key challenges we now face in terms of climate protection is observance
of the three principles of sustainability: usage limits; responsibility toward future
generations; and per capita equality of natural resource use.



Preventing dangerous anthropogenic interference with the climate
(Article 2 of the UN Framework Convention on Climate Change)

According to Article 2 of the 1992 UN Framework Convention on Climate Change, the
Convention’s *“ultimate objective” is as follows: “stabilisation 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.”

This provision of the Convention is to all intents and purposes a legally binding
international-law framework that needs to be fleshed out — a goal that is particularly urgent
in view of the scenarios we may well be facing according to scientific projections on climate
change (IPCC 2007b). The technologies that are the key contributors to greenhouse gas
emissions play a central role in the goal enunciated by Article 2 of the Convention (Ott and
Doring 2004).

Keeping global warming to below 2 degrees Celsius:
a key international goal

Since the mid 1990s, international efforts have been underway to set a quantitative
threshold limit for Article 2 of the UN Framework Convention on Climate Change. Already
in 1995, the German Advisory Council on Global Change (WBGU) recommended that
global warming be limited to a maximum of 2 degrees Celsius in the interest of keeping the
risks and consequences of global warming within reasonable abounds (WBGU 1995; 2003,
chapters 2.1 and 6.1; 2009a). This has also been the official climate protection goal of the
EU since the European Council meeting that was held in Luxembourg in June 1996, has
been strengthened in the interim, and has been widely accepted internationally since 2005
(see for example Council of the European Union 2005, p. 15). Moreover the 2009
Copenhagen Accord, which was signed by the heads of 120 nations (UNFCCC 2010,
p. 5 f), also recognises this goal as the state of the art and a guidepost for each signatory
state’s emissions reductions — albeit without obligating the signatories to take the
measures necessary to achieve this goal. The Copenhagen Accord is based on a so called
pledge and review process, whereby the signatory states set their own mandatory
emissions reduction objectives. Although according to current estimates the 76 binding
obligations that had been announced as at April 2010 will contain the increase of global
temperatures, in the best case scenario global temperatures will still rise by at least 3
degrees Celsius (WBGU 2010; Sterk et al. 2010; Rogelj and Meinshausen 2010).
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Emissions reduction obligations in Germany and Europe

In the interest of adhering to the 2 degrees Celsius limit, in the run-up to the 2009
Copenhagen Conference the heads of the EU member states reached an agreement (by
way of a European Council declaration) to the effect that all industrial nations should
promote halving of greenhouse gas emissions by 2050 by reducing their own emissions by
80 to 95 percent (Council of the European Union 2009). Hence this goal is also relevant for
the EU. In the view of the European Commission, only a minute proportion of the attendant
reductions can be achieved through implementation of flexible mechanisms outside the EU
(European Commission 2010a). Even if the aforementioned European Council declaration
was intended as a supporting instrument for the Copenhagen conference and thus was not
binding upon the EU per se, it is nonetheless a highly significant document for European
climate policy frameworks and should be regarded as a key climate policy benchmark. This
benchmark is also consistent with the reductions that the Intergovernmental Panel on
Climate Change (IPCC) regards as necessary in order to avoid exceeding a 450 ppmv
concentration of carbon equivalent emissions (IPCC 2007a; Barker et al. 2007, p. 39).

However, in the interim the European Commission has stated that the EU goal of cutting
greenhouse gas emissions by 20 percent of 1990 levels is insufficient. As adherence to
this 20 percent target would necessitate considerable acceleration of emissions reduction
rates after 2020, the 2050 goal might not be met (European Commission 2010a).

According to initial European Commission investigations, in order for carbon emissions to
be reduced by 80 to 95 percent the electricity sector would need to be virtually emission
free (Jones 2010); other multi-sector scenario simulations have reached similar
conclusions (Oko-Institut and Prognos AG 2009; Edenhofer et al. 2009 p. 7). This
decarbonisation requirement for the electricity sector is attributable to the fact that for
technical reasons, emissions cannot be reduced sufficiently by 2050 in other sectors such
as agriculture and freight transport, or the costs of such reductions would be prohibitive,
whereas alternative technological solutions are already available in the electricity sector.

European climate objectives are of course also binding for Germany, whose objectives for
2020 exceed the EU’s but have been set at the lower limit of the mandated target range for
2050. By way of supporting an international climate protection treaty after 2012, the
German government plans to cut greenhouse gas emissions by 20 percent of 1990 levels
by 2020. The government has also endorsed the goal of reducing greenhouse gas
emissions in industrial nations by at least 80 percent by 2050 (CDU et al. 2009, p. 26).

Acceptable per capita greenhouse gas emissions

Implementation of the three sustainability-strategy principles would nonetheless entail
considerably greater emissions reductions than those referred to above. A study by the
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German Advisory Council on Global Change (WBGU) calculated the per capita
greenhouse gas emissions that would be compatible with global sustainability limits,
responsibility toward future generations, and equal and fair per capita resource usage
rights (WBGU 2009a).

According to the study, in order to achieve, with 66 percent probability, the goal of keeping
global warming to below 2 degrees Celsius, global carbon emissions would need to be
limited to 750 billion tons between 2010 and 2050 (WBGU 2009a). If these total allowable
emissions (excluding emissions trading) were subject to equable per capita distribution (the
WBGU’s ‘“responsibility toward future generations” option), Germany's current
approximately 11 tons per capita annual emissions would have to be reduced to practically
zero by 2030. If emissions trading is factored into the calculation, real emissions could be
around 1 ton per capita and year in the run-up to 2050. And even if this resulted in an
increase in the allowable amount of carbon emissions, they would still need to be
drastically reduced.

A reduction of this scope would entail curbing emissions by around 95 percent, as opposed
to the “minimum of 80 percent” level advocated by the government. In light of what we
have stated above, achieving such a goal would unavoidably mean that Germany’s
electricity system would have to be almost completely climate neutral.

2.2.3 Preservation of biodiversity

Until recently the goal of EU biodiversity policies was to stop biodiversity loss, while the
UN’s goal was to significantly curb such loss (SCBD 2002, 2004). Neither of these goals
has been reached (EEA 2009; European Commission 2009; Deutscher Bundestag 2009),
and new goals for 2020 have now been set by both the EU and UN. At the tenth meeting of
the Conference of the Parties to the Convention on Biological Diversity (CBD) in October
2010 in Nagoya, the goal of at least halving the loss of natural habitats by 2020 was set as
part of a strategic plan, whose aims at the EU level are to stop the deterioration of
ecosystem services in EU member states by 2020, restore biodiversity and ecosystem
services insofar as possible, and at the same time step up EU efforts to avoid global
biodiversity loss (SCBD 2010; European Commission 2010b).

Germany’s biodiversity strategy calls for the setting of specific objectives aimed at
protecting biodiversity and using it in a sustainable manner, with a view to preserving eco-
balance functionality and durably ensuring the regeneration capacities of natural resources
and the habitats needed by both plants and animals (BMU 2007a, p. 9). To this end, the
strategy calls for the preservation of species, species habitats, and the genetic diversity of
both wild and domesticated animal species. The strategy also stipulates development and
other objectives for forests, coastal areas, wetlands and other habitats, with a view to
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durably stabilizing them at a high quality level through measures such as the conservation
of interconnected and unfragmented habitats. But the strategy goes even further, in that,
based on these habitat objectives, requirements are laid down for the sectors that are
largely responsible for biodiversity loss — in particular agriculture, energy generation, raw

materials extraction, settlements and transport.

In terms of the substance inputs stemming from these sectors, the strategy sets a goal of
adherence to critical load and level limits by 2020 for acidification, nutrients and heavy
metals (eutrophication), and ozone, so as to ensure that vulnerable ecosystems can be
durably protected (BMU 2007a, p. 54). Agricultural production methods play a pivotal role
when it comes to reducing overfertilisation (SRU 2009b). As for land use attributable to
settlements and transport, the biodiversity strategy calls for a reduction to a maximum of
30 hectares per day by 2020, via measures such as intensifying cooperation between
municipalities in connection with residential and commercial zoning processes (BMU
2007a, p. 51).

Preserving biodiversity also means building ecologically compatible power generation
facilities, to which end Germany's national biodiversity strategy recommends that
measures be instituted in particular for renewable raw materials, and for renewable energy
in general (2007a, pp. 76—78).

One of the main raisons d’étre for the national biodiversity strategy is the economic
importance of ecosystem services, whose monetary value various authors have attempted
to quantify. For example, the seminal study titled The economy of ecosystems and
biodiversity (Sukhdev 2008) estimates that nature conservation areas of various types
provide humanity with US$4.4-5.2 trillion worth of ecosystem services annually, which
exceeds aggregate annual automobile, steel, and IT industry sales revenues worldwide.
The study estimates that the annual cost of properly preserving nature conservation areas
amounts to around 1 percent per annum of their monetary yield. The ecosystem services
that come into play in this regard include clean water and fertile soil, with one of the most
important being an intake buffer system against environmental change such as global
warming and the consequences thereof (Dister and Henrichfreise 2009; Vohland et al.
2008; SCBD 2007; Epple 2006). The absorption capacity, regeneration rate and response
capacity of natural resources are determined by eco-balance functionality. Against this
backdrop, climate change is making functioning, adaptable ecosystems an increasingly
important commaodity for both the agriculture and forestry sectors; and this in turn means
that sustainability criteria need to factor in nature and environmental conservation
measures. Protecting natural capital is one of the less expensive measures available when
it comes to effective climate protection (McKinsey & Company 2009).
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A sustainable electricity supply needs to build in biodiversity protection considerations from
the get-go. Biodiversity is harmed by just about every aspect of the energy use and supply
chain, including raw materials extraction, emissions resulting from energy conversion,
interventions engendered by infrastructures, and disposal of combustion residues. There is
a potential for major conflicts between renewables on one hand and biodiversity
conservation objectives on the other, by virtue of the fact that renewables involve land use.
However, such conflicts can be mitigated by the following: (a) defining geographic
boundaries, setting priorities, and judicious siting (SRU 2007); (b) landscape and land use
planning; and (c) careful and comprehensive site impact studies concerning environmental
factors, and in particular biodiversity. Site and time related information needs to be
available to all relevant decision makers in order to assess and mitigate any possible
negative effects. This is particularly important in view of the fact that the biological impact
on species and populations, as well as the physicochemical effects on water, soil and air
resources are scale dependent. In this context, the environmental policy goals of the FFH
Directive (92/43/EEC), the Water Framework Directive (2000/60/EC) and the attendant
protection programs such as that promulgated by the Marine Strategy Framework Directive
(2008/57/EC) should also be met.

2.2.4  The energy policy target triangle

In terms of both German and EU energy policy, the current energy policy target “triangle”
(which in our view is outdated) comprising efficiency, security of supply, and environmental
tolerability continues to be relevant (CDU et al. 2009, p. 6; European Commission 2008).
The salient feature of this target triangle comprises the interdependency of three specific
objectives, which according to this model should be given equal weight with a view to
achieving a balance among them. However, in 2002 a parliamentary commission on
sustainable energy stated that “nature’s barriers” should take priority over the other two
objectives (Enquete-Kommission Nachhaltige Energieversorgung unter den Bedingungen
der Globalisierung und Liberalisierung 2002, p. 71). This clearly defined hierarchical take
on sustainability was also folded into the German government’s progress report, and SRU
too endorses this view. But this position resulted in today’s governing parties having only a
minority vote on the commission; and thus the commission failed to become a consensus
building instrument. This partisan disagreement among the commission’s members clearly
shows that safety, cost, and affordability are also key factors that will need to be taken into
account if Germany is to successfully transition to a wholly renewable electricity supply —
even if the main aim of this transition is to protect the environment by achieving the
mandatory ecological and climate protection objectives.
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2.3 Sustainability assessments
of various energy generation options

The lion’s share of Germany’s electricity is currently generated by nuclear power and coal,
whereby renewables usage is on the rise and now accounts for 16 percent of the energy
supply. In the sections that follow, the Council assesses the three most important sources
of electricity — namely coal, nuclear energy, and renewables — in light of the criteria that
previously has been discussed concerning a sustainable energy supply.

2.3.1 Coal

Greenhouse gas emissions

Electricity generated using fossil fuels is a major contributor to global warming. The
greenhouse gas emissions per kilowatt hour of coal are far higher than those of all other
energy resources. Table 2-1 shows the amount of mean greenhouse gas emitted by
various sources of electricity over the entire lifecycle of the attendant installations. The
figures shown in the table take particular account of the relevant upstream processes and
power plant construction materials. Specific greenhouse gas emissions for lignite fired
power plants without waste heat recovery systems amount to 1153 g/kWhe and for hard
coal are 949 g/kWhe. Although combined heating and power (CHP) plants allow for
improved greenhouse gas performance, the specific emissions of these plants are still one
order of magnitude higher than that of renewable energy and nuclear power. Gas power
plants without CHP systems emit 428 g/kWhg of greenhouse gases, while the emissions
for gas fired district heating power plants are only 49 g/kWhg t thanks to the credits
resulting from the heat they use (see the comment below Table 2-1).

The negative climate impact of power plants that use fossil fuel is a particularly important
factor for the sustainability assessments discussed in this report.



15

Table 2-1
Aggregate mean greenhouse gases
emitted by various electricity sources
Emissions in g/kWhy,
Energy source/resource Carbon equivalents |Carbon only
Nuclear power (import-mix uranium) 32 31
Nuclear power (Russian uranium) 65 61
Imported hard coal 949 897
Cogeneration fuelled by imported lignite 622 508
Lignite fired power plants 1.153 1.142
Lignite fired cogeneration plants 729 703
Gas and vapour turbine power 428 398
Gas and vapour turbine cogeneration 148 116
Natural gas district heating 49 5
Biogas district heating — 409 —-414
Onshore wind 24 23
Offshore wind 23 22
Hydropower 40 39
Multi-crystalline solar cells 101 89
Solar energy imported from Spain 27 25
The figures above, which were computed by the organisation known as Oko-Institut using Gemis 4.4
software, take account of upstream processes and power plant construction materials. These calculations
also presuppose that the energy needed for these upstream processes will be provided by a conventional
mix of energy resources — which means that nuclear power plants and renewable energy power stations will
also display a carbon footprint to some extent throughout their lifetimes. The assessments of combined
heating and power (CHP) systems factored in heating generation as a credit. To this end total emissions for
the CHP process (i.e. heating and electricity generation) were computed, and the emissions from a heating
system that would provide the same amount of heating were then subtracted from this amount. Hence
arithmetically negative emissions were obtained for biogas fired district heating power plants since the
credit for CHP heating is higher than the total emissions for district heating power plants, which use carbon
neutral biogas.
Source: Fritsche et al. 2007

Additional health and environmental effects
using fossil fuel to generate electricity

The use of fossil fuel to generate electricity engenders other negative health and
environmental effects apart from those mentioned above (SRU 2000; WBGU 2003). Coal
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mining involves major interventions in the landscape, potentially necessitating the
relocation of whole villages and provoking social conflicts. Moreover, coal mining is
associated with high health and fatality risks for coal miners, depending on the working
conditions in the country of extraction. Coal mining also causes ecological damage owing
to effects such as habitat loss, groundwater quality degradation, and methane emissions.

Fossil fuel combustion results in not only CO, emissions, but also emissions of other air
pollutants that have negative health effects and cause soil and surface water acidification,
eutrophication, and ozone layer damage. Thanks to the use of filter and flue gas cleaning
systems, power station air pollution has been greatly reduced in Germany over the past
two decades (UBA 2009). However, the energy sector still remains one of Germany's
largest emitters of both nitrogen oxide and sulfur dioxide emissions (UBA 2010). The
substantial amount of water needed for condensation power stations constitutes an
ecological disadvantage in many regions owing in large measure to the consequent higher
water temperatures and exacerbation of water scarcity.

Use of non-renewable resources

Fossil fuel combustion for electricity generation purposes entails the use of non-renewable
resources that are irretrievably lost to future generations. The importance of this factor for
sustainability assessments in terms of our responsibility toward future generations depends
on the total available reserves of the fossil fuel in question. Total known hard coal reserves
worldwide (i.e. currently known reserves whose extraction is feasible from a technical and
economic standpoint) amount to around 730 Gt. Assuming that coal reserve mining this
resource remains at its current level of 5.5 Gt per year, these reserves will last for another
130 years (BGR 2009). As for coal resources (coal deposits whose mining is currently not
economically viable and that are thought to exist based on geological indicators, but whose
existence has not yet been proven), according to most estimates the amount is far higher
(15,675 Gt for hard coal). However, some experts feel that these estimates are overblown,
pointing out that coal deposits could begin to grow scarce sooner than expected. This view
is based on (a) the fact that in recent years numerous countries have considerably lowered
their coal reserve estimates but have for the most part yet to reclassify resources as
reserves (Zettel and Schindler 2007); and (b) the current rapid depletion rate of known
reserves (Kavalov and Peteves 2007).

However, coal is relatively abundant compared to energy resources such as natural gas or
uranium. Inasmuch as coal use for power stations will be limited at an earlier point in time
by the atmosphere’s capacity to act as a sink for greenhouse gases from coal, the climatic
effect of coal is the key criterion in assessing its sustainability as an energy resource.
Extraction of less than half of the known oil, gas and coal reserves by 2050 is allowable,
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providing that the admissible amount of greenhouse gas emissions is not exceeded
(Meinhausen et al. 2009).

Carbon capture and storage systems

One of the options being considered for mitigating the greenhouse effects of fossil fuel fired
power stations is carbon capture and storage (CCS) technology, which is currently being
developed and will probably not become commercially available until 2030. However, it
seems doubtful that the use of coal CCS can be regarded as a sustainable form of energy

generation.

CCS would greatly reduce but not completely nullify greenhouse emissions from coal.
Carbon dioxide emissions reduce their efficiency and increase the amount of coal needed
to run them. The greenhouse gas emissions of power stations that are slated to go into
operation in 2020 could be reduced by around 70-90 percent for the process chain as a
whole (Esken et al. 2010), although the attendant ecological risk entailed by long term
carbon storage and the long term safety of carbon storage facilities have yet to be
sufficiently studied (Blohm et al. 2006; BMWi et al. 2007). The use of CCS would not
greatly mitigate the remaining environmental effects of coal mining and use. However,
construction of the requisite CCS infrastructure, and in particular pipelines to transport
carbon from power stations to storage sites, would entail additional interventions in the

landscape and environment.

Another sustainability assessment factor for CCS is the potential impact of long term
underground carbon storage. Here, the overriding consideration is that the use of
underground areas for carbon storage purposes can only be classified as use of a non-
renewable resource, since the available storage space is finite. According to the latest
estimates from the Federal Institute for Geosciences and Natural Resources
(Bundesanstalt fur Geowissenschaften und Rohstoffe (BGR)), German territory
(underground) and the German sector of the North Sea exhibit aggregate storage capacity
for 12 million tons of carbon dioxide, 9.3 billion of which is represented by saline aquifers
and 2.75 billion of which is located in empty natural gas fields (Knopf et al. 2010). This
capacity equates to around 36 times the annual carbon emissions of Germany’s large
combustion plants, whereby plants of this type that are subject to emissions trading
obligations (nominal output exceeding 50 MW) emitted 330 million tons of carbon in 2009
(Olaniyon et al. 2010). However, this figure does not encompass the entirety of German
territory, and the BGR anticipates that additional storage capacity will be identified in
regions that are awaiting investigation.

These figures, which are considerably lower than earlier estimates (May et al. 2005), are
still freighted with considerable uncertainty. According to the Wuppertal Institute, potential
saline aquifer carbon storage capacity may be considerably lower if more conservative



18

water displacement and compressibility assumptions are applied (Esken et al. 2010).
Moreover, it may only be possible to use a portion of the available potential capacity owing
to geological, economic, and/or ecological restrictions. For example, the geomechanical
forces exerted by overlying rock resulting from decades of aquifer-formation water
displacement could limit storage capacity use (Knopf et al. 2010). According to experts, it
will not be possible to determine with certainty the storage capacity of certain geological
formations until they are actually used for storage purposes. But at the same time, it goes
without saying that the lower the actually usable storage capacity, the less cost effective
establishment of a suitable CCS infrastructure in Germany would be. Consideration is also
being given to the possibility of storing carbon from German power stations in neighbouring
countries or in North Sea geological formations, although the issues raised by this option,
particularly in terms of its technical, economic and legal feasibility have yet to be resolved
(Esken et al. 2010). But be all this as it may, establishment of a CCS infrastructure would
undoubtedly entail a high level of economic risk.

Another possible problem with CCS is that it could give rise to competition with other
geological formation uses such as geothermal energy (SRU 2009a). In addition, the use of
coal CCS would conflict with the use of CCS for industrial process emissions (Oko-Institut
and Prognos AG 2009) or the use of CCS in connection with biomass combustion (SRU
2009a). While coal CCS would continue to engender emissions, albeit at a low level,
combining biomass CCS would allow for the removal of carbon dioxide from the
atmosphere — a solution which may become necessary in the latter half of this century in
order to keep global warming below 2 degrees Celsius (IPCC 2007c).

Hence in the interest of leaving a maximum number of greenhouse gas reduction options
open for future generations, it would probably be best to avoid using coal CCS.

Fossil fuel fired power station costs

It is safe to assume that the cost of producing electricity using fossil fuel fired power
stations is set to increase on account of emissions trading and rising worldwide demand for
electricity (Nitsch 2008). The extent of this cost increase will mainly be determined by the
climate policy objectives that are set and the manner in which they are implemented. If
CCS use reduces emissions trading certificate costs, it also ramps up electricity generation
costs owing to the additional technology entailed by it. Presumably the cost of renewable
electricity and coal CCS will be more or less the same at the time CCS becomes
commercially available; whereby renewable electricity is likely to become cheaper
thereafter. Hence from an economic point of view, there is no particular reason to prioritise
CCS over renewables (Esken et al. 2010).
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2.3.2 Nuclear power

Nuclear power has less of an impact on global warming than is the case with coal
(Turkenburg 2004, p. 46), with greenhouse gas emissions per kilowatt hour during the
lifetime of a nuclear power plant more or less equating to that of renewables (see
Table 2-1). Nonetheless, nuclear power cannot be regarded as a sustainable energy
source in view of the problem of nuclear waste disposal and the operational risks it entails.

Final storage of nuclear waste

The as yet unresolved worldwide problem of how to dispose of highly radioactive and heat-
dissipating spent nuclear rods is a key issue when it comes to nuclear energy use (Pistner
et al. 2009, p. 45). The environmental policy goal in this regard should be to find a solution
that allows radioactive waste to be stored for at least several thousand years in a manner
that will reliably seal off such waste from the biosphere. There is as yet no officially
approved ultimate waste disposal site solution worldwide for the highly radioactive waste
engendered by nuclear power plants; nor is a solution in sight in Germany, where such
waste continues to be kept in temporary storage facilities (BMU 2008).

In view of the enormity of the challenge entailed by ultimate nuclear waste disposal, this
problem is likely to persist; nor can it be resolved via scientific acumen or the ordinary
powers of human judgement. High radioactivity and chemical toxicity and lengthy heat
dissipation, as well as gas formation resulting from corrosion and microbial processes,
pose major problems for the retention capacities of the barrier elements that might
potentially be used for nuclear waste storage purposes (SRU 2000, p. 529). Hence
assessments of the long term safety of ultimate waste disposal sites must necessarily be
based on assumptions and simulations. The longer the projection period of such
investigations, the more freighted with uncertainty they become. This in turn means that a
given ultimate waste disposal site for highly radioactive and heat-generating waste will in
fact exhibit the requisite safety attributes for the desired period. Nor is there currently any
way to ensure that it will be possible to indicate to future generations the exact locations of
ultimate waste disposal sites and the hazards attendant upon them. This means that the
livelihoods of future generations could be catastrophically threatened by radioactive waste
that is stored in the present day; and thus nuclear power cannot be regarded as a
sustainable energy source in light of our responsibility toward future generations and the
tenets of risk avoidance.

Risks entailed by nuclear accidents

Accidents that befall nuclear reactors or other elements of the nuclear fuel cycle can
provoke the release of considerable amounts of radioactivity into the atmosphere, which in
turn can cause severe problems for individuals, populations, economies, and the
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environment. These risks are also heightened by the threat of terrorist attacks on nuclear
power stations or uncontrolled proliferation of nuclear technology and/or radioactive
byproducts, which could potentially be used for attacks of various kinds.

A probability based risk assessment of the type prescribed by law in most EU countries
prior to the construction of a nuclear reactor leads to the following conclusions (Turkenburg
2004, p. 48):

— Catastrophic accidents involving a large number of victims and extremely serious social
consequences over a lengthy period cannot be completely ruled out.

— Safety risk calculations are extremely inexact and freighted with great uncertainty,
particularly in settings involving an accident that is very unlikely to occur but that would
have catastrophic consequences.

— As the greatest risk of catastrophic nuclear accidents with today’s nuclear reactors is
entailed by improper use of this technology resulting from events such as a terrorist
attack or human error, the validity or the attendant risk assessments is dubious.

Nor will this concern be eliminated by fourth generation nuclear reactors, particularly if
safety standards need to meet the exigencies of economic efficiency (Pistner et al. 2009).
Hence characterizing a risk by ascribing to it a determinable and low probability of
occurrence and a determinable and high scope of loss and damage is now a
superannuated approach, since neither the probability of occurrence nor the consequent
loss or damage can be determined with exactitude. Moreover, nuclear power plant risk is
characterised by a high level of persistence, ubiquity and irreversibility (WBGU 1998, p.
73).

The controversy surrounding nuclear risk

The risk structure of nuclear energy risk displays the following attributes: (a) a major
accident is very unlikely to occur; (b) the exact probability of such an accident is extremely
difficult to determine; and (c) spent fuel rods need to be stored for extremely lengthy
periods (Diekmann and Horn 2007, p. 77). Owing to this unusual risk structure, assessing
the risk of operating a nuclear power plant and disposing of its spent fuel rods — and thus
assessing the external costs entailed by this technology — run up against limits that are in
turn reflected by the limits placed on insurance coverage for major nuclear accidents. It is
estimated that a major nuclear disaster could cost up to 5 trillion euros (Ewers and
Rennings 1992, p. 163), subject to a 2.5 billion euro deductible per power plant (BMU
2007b, p. 28). Hence the current premiums for this type of insurance do not reflect the
actual risk costs involved (Diekmann and Horn 2007, p. 77), whereby adequate insurance
coverage for the catastrophic damage entailed by a nuclear accident would appear to be
beyond the realm of possibility.
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According to the principle of sustainability, averting such risks is a priority. If we are in fact
facing the possibility of catastrophic effects arising from such risks, exactly which risks are
involved and their financial cost can be empirically determined to a very limited degree
only, whereby classic economic modelling methods do not provide an adequate basis for
decision making in such cases (see the article by Paul Krugman in The New York Times
Magazine of 7 April 2010). Instead, when it comes to avoiding major risk, the main criterion
should be sustainability; and this in turn means that wherever possible electricity
generation should be based on realizable and affordable technologies whose safety risk
levels are considerably lower than is currently the case.

Environmental damage and health problems from uranium mining

The radioactive, heavy metal and chemical emissions attributable to uranium mining
(virtually all of which occurs outside of Europe) provokes considerable local environmental
damage, as well as health problems for uranium miners and the general public. The most
important problem in this regard is the uncontrolled spread of radioactive dust and
contaminated water (Lindemann 2010; Chareyron 2008). Many uranium mining areas are
located in developing countries or on land inhabited by indigenous peoples. It is very
difficult to determine whether social and environmental standards such as adequate
protection for miners are being adhered to for imported uranium fuel, whose mining poses
the further ecological problem of extensive groundwater use for the mines, as well as local
destruction of plant and animal habitats.

Use of non-renewable resources

In view of the fact that the uranium used for the fuel rods in nuclear power plants is a finite
resource, nuclear energy is at best a solely transitional technology. According to current
estimates, known uranium reserves equate to around 50 years of assured resources for
the world’s nuclear power plants. The world’s nuclear power stations used around 65,000
tons of uranium in 2008, when around 44,000 tons of uranium were mined, with the
remainder of demand being covered by stored and reprocessed uranium. Worldwide
uranium reserves are thought to be around 1.77 Mt, which equates to 40 times the current
annual amount mined. Worldwide uranium resources are put at around 14.2 Mt, which is
more than 300 times the amount currently mined each year.

While the use of new technologies such as fast breeder reactors could greatly reduce
uranium consumption, such solutions would necessitate more uranium reprocessing,
plutonium generation, a higher risk of nuclear proliferation, and the misuse of nuclear
materials for military or terrorist purposes (BMU 2009).

In view of the finite nature of uranium reserves, use of this non-renewable resource is

likewise a criterion that needs to factored into the sustainability assessment for this option.
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Costs

There is no way of predicting exactly how much nuclear energy will cost going forward.
Assuming that Germany stops using nuclear energy (and in so doing perhaps extends the
lifetime of existing nuclear power stations) and builds no new nuclear power plants, the
main cost factor would be the cost of nuclear fuel and disposal thereof.

Although nuclear fuel supply bottlenecks will presumably drive up and heighten the
volatility of uranium fuel prices from 2015-2030 (Deutsch et al. 2009), uranium prices play
a relatively minor role in aggregate nuclear fuel costs. The economic costs of ultimate
waste disposal are difficult to determine as no ultimate waste disposal sites exist as yet.
The extent to which nuclear plant operators will incur additional costs after
decommissioning nuclear power stations will be determined by who pays for maintenance
and refurbishment of ultimate waste disposal sites, and whether claims by the government
will be forthcoming for such activities in cases where operators’ financial provisions do not
cover actual disposal costs (Deutsch et al. 2009).

All in all, the cost of nuclear power is not only difficult to determine but may also entail a
major discrepancy between the social costs on one hand and the costs incurred by nuclear
power plant operators on the other. Moreover, these costs are unlikely to decrease.

2.3.3 Renewable energy

The use of renewable energy also entails interventions in the environment that need to be
taken into account in assessing the sustainability of renewable energy. In chapter 3.3, the
renewable energy potential for Germany and the European-North-African region will be
discussed, which then will be compared with the use of such energy according to the
scenario simulations. In the present section, the environmental impact of the renewable
energy technologies will be assessed that were investigated for this report.

The environmental impact of renewables is mainly attributable to the land use entailed by
the attendant technologies, which all in all use more land than conventional energy
resources since they of course use energy flows whose power density is lower than that of
fossil fuel energy (Mackay 2009). This land use can have a negative impact on biodiversity,
can conflict with other forms of land use, and can engender landscape eyesores. Hence
the extent to which renewables have a negative impact on the environment and landscape
is mainly determined by land use site, scope and quality; and this in turn makes siting a
crucial factor.

Another problem with renewables is that they can potentially involve the use of scarce
resources. Solar thermal energy, for example, may necessitate extensive water use, while
the use of rivers for hydro power competes with other local water usage modalities, as well
as shipping. In addition, the construction of renewable energy facilities involves the use of
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non-renewable resources such as the rare metals and minerals used to make PV
installations; but such resources are also used to realise the requisite electronic
infrastructure (Behrendt et al. 2007; Angerer et al. 2009). However, unlike coal, these
resources are not consumed but instead comprise an infrastructure element that is

normally reclaimable.

Although renewables are not completely climate neutral from the standpoint of their life
cycles, their greenhouse gas emissions are minute compared to those resulting from fossil
fuel electricity (see Table 2-1). However, the carbon emissions from most renewables
could be virtually eliminated (except for their process emissions) if the only energy
resources used to manufacture the attendant installations were renewables. Life cycle
analyses allow renewables to be produced in a more eco-friendly manner that also
optimises resource use (Bauer et al. 2007).

Unlike conventional energy resources, whose environmental impact (apart from the effects
of mining them) is largely unrelated to their location, renewable electricity installations offer
more siting and planning leeway to avoid environmental impacts. Thus the environmental
impact of such installations can be minimised if their siting is judiciously based on suitable
land use and nature conservation criteria, and if the relevant technologies are combined in
an optimised manner. In addition, while (with the exception of biomass plant cultivation)
land use for renewable electricity ends with construction of the relevant installation, the
nuclear power and coal entail ongoing land use owing to raw materials mining. The
interventions in the eco-balance entailed by renewables occur over a finite period that
normally coincides with the lifetime of the relevant installations and do not have the kind of
long term impact, resulting from mining, nuclear waste storage and carbon sequestration,
that is engendered by nuclear power and coal.

Wind power

Wind farms use an extensive amount of land, and in rural areas can have a negative
impact on the quality of life of local populations owing to factors such as noise emissions,
light emissions, and changes in the landscape; in addition, they pose a risk for birds and
bats (Krewitt etal. 2004, p. 12; BUND 2004; Sprotke etal. 2004; Hoker etal. 2004).
Moreover building access roads to the installation sites can potentially damage forest
ecosystems (NRC 2007). Large wind farms whose sites are not judiciously selected can in
particular have a negative impact on biodiversity (Ohlhorst 2009, p. 225).

However, the extent of such impact, which is largely determined by site attributes as well
as installation design and size, can be greatly reduced by applying the relevant standards,
standardised planning procedure, and land use planning regulations, and by taking
account of site specific ecological attributes (Kéck and Bovet 2008; NRC 2007; Mautz et al.
2008, p.117). The negative impact on human populations, birds and bats could be
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mitigated through the use of land use planning concepts, wind energy project installation
configurations, and adherence to the minimum statutory distances between wind farms and
residential areas.

Offshore wind farm construction and operation can have a negative impact on sea and
migratory birds, as well as on marine ecology, a particularly serious problem in this regard
being the impact of construction noise emissions on marine mammals (Siebert et al. 2007;
SRU 2003; Weilgart (undated)). Here too, such risks can be largely mitigated through
judicious siting, as well as the realisation of precautionary measures during the
construction phase (Klinski et al. 2008). Wind farms should never be built in ecologically
vulnerable areas.

Although the bans on fishing that are presumably imposed in wind farm areas have a
negative impact on this activity, such bans also create de facto protected habitats for
threatened fish species and populations, and in particular enable sea floor organisms to
regenerate over the long term out of the reach of fishermen. However, studies concerning
such positive effects are still in their infancy, and the results thus far have proven to be
largely determined by the very specific attributes of the wind farm areas in question (Zettler
and Pollehne (undated); Michel et al. 2007).

It has been shown that carbon emissions, including in light of the overall lifecycle of wind
turbines, are far lower than for coal. The gray energy that goes into today’s wind turbines is
amortised during the first three to nine months of operation, depending on installation
location and size (Jungbluth et al. 2005).

Photovoltaics

The ecological impact of photovoltaics is mainly determined by the amount of space
occupied by the attendant installation and thus by the nature of the installation site, with
solar panels installed on or integrated into buildings constituting the most ecologically
compatible solution. Ground-based PV installations may constitute eyesores or conflict with
other installation site uses, and can potentially have a negative impact on biodiversity
(ARGE Monitoring PV-Anlagen 2007). That said, German ground based PV installations
are very unlikely to be built in key nature conservation areas or on sites that merit statutory
protection, since under the Renewable Energy Act (EEG) the electricity generated by such
installations cannot be sold back to the grid.

PV installation electricity generation results in neither solid, liquid, or gaseous byproducts
nor non-renewable resources use. The amount of time it takes a PV installation to pay for
itself via the energy it generates depends on the amount of annual solar insolation at the
installation site, as well as the amount of energy used to generate the installation’s
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electricity. The amortisation periods of such installations range from 1.7-4.6 years (Wild-
Scholten and Alsema 2006).

Solar thermal energy

Although solar thermal energy likewise involves substantial land use, this technology is
mainly suitable for use in desert areas (particularly in central Spain and the southern
Mediterranean region) that are used for hardly any other purposes. Nonetheless, an
environmental impact study should always be conducted for such installations so as to
avoid undermining nature and biodiversity conservation goals in desert areas (Benabid
2000). Water cooling of solar thermal installations can provoke ecological damage, since
this technology can only be used in high solar insolation and thus mainly arid or semiarid
regions such as southern Europe and North Africa (Hollain 2009). Air cooling, which is also
an option for such installations, can greatly reduce water consumption, but also reduces
installation efficiency (U.S. Department of Energy 2007).

Geothermal energy

Although the possibility that geothermal energy may cause environmental damage cannot
be ruled out, this technology is honetheless one of the most ecologically compatible forms
of renewable electricity generation available today. The environmental impact, water
consumption and heat dissipation of geothermal installations, which is largely determined
by the type of installation used, are particularly low in cases where the heat dissipated by
electricity generation can be captured for use in a combined heating and power (CHP)
system (Kaltschmitt and Mduller 2004, p. 9 f; Paschen et al. 2003, p. 88; BMU 2007c, p. 28
f). The impact of geothermal energy on flora and fauna is limited to the installation site and
is very low since such installations occupy little space (Krewitt et al. 2005, p. 37).
Geothermal energy carbon dioxide and hydrogen sulfide emissions are also very low
compared to classic electricity generation technologies (Hunt 2000).

Seismic activity has been observed recently at geothermal installations. Such events in
connection with deep geothermal installations are not completely avoidable, and can be
triggered by the underground storage facility realisation process, as well as by operation of
the installation. However, according to current knowledge, and compared with other
anthropogenic events such as those provoked by potassium and coal mining, such
geothermal events are of relatively minor scope and can be readily kept under control
(Janczik et al. 2010), as can the input of pollutants in surface waters and aquifers, which
also has been known to occur in connection with geothermal energy (Hunt 2000).

Biomass

Biomass for energy applications can be realised by cultivating renewable raw materials
such as wood, or can be obtained from biogenic residues. The use of cultivated biomass is
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the only fuel based energy technology that differs qualitatively from all other renewable
forms of renewable energy in that while wind and solar energy installation sites can to
some extent be used for other purposes such as food crop cultivation, biomass plant
cultivation on farmland precludes and is in direct competition with other uses of such land.

Biomass cultivation that necessitates prior modification of the land in question via
measures such as moor drainage, forest clearing, or pastureland conversion can impact
the eco-balance in ways that promote climate change (Righelato and Spracklen 2007;
Wegener et al. 2006). Inasmuch as land use related greenhouse gas emissions resulting
from fertiliser use, as well as carbon loss resulting from a change of land use modality, are
often disregarded, it is crucial that life cycle analyses factor in all production processes and
the attendant greenhouse gas emissions (WBGU 2009b, p. 180, 244; SRU 2007; chapter
3).

The growing use of farmland for biomass cultivation in recent years via for the most part
intensive farming has had a negative ecological and landscape impact, particularly in terms
of (a) biodiversity; (b) the water balance; and (c) increased land use competition in
connection with fallow land, land that has been taken out of production, nature
conservation areas, and biotope community planning (Schiimann et al. 2009; SRU 2007,
Doyle et al. 2007; Nitsch et al. 2008; Thran et al. 2009). Increased biomass cultivation has
also resulted in the following: loss of pastureland and fallow land; intensified agricultural
and forestry activities; smaller harvests at the regional level; increased short-rotation
(permaculture) activities at the local level; and weakening of ecosystem resilience — which
in turn complicates the task of adapting to climate change.

Although low conflict modalities — namely the use of landscape management residues,
paludiculture or extensive cultivation of perennial crops (Barthelemes et al. 2005 p. 1,462)
— are available, such methods can make only a limited contribution to the establishment of
a renewable electricity supply (Peters 2010). Furthermore the structure of Renewable
Energy Act (EEG) bonuses sets the wrong priorities and incentives (see chapter 8).

The potentially negative impact of biomass cultivation in third countries should be taken
into account in particular in connection with the importation of raw biomass and biomass
fuels. The 2009 Biomassestrom-Nachhaltigkeitsverordnung (BioSt-NachV; Biomass
electricity sustainability regulation), which fleshes out the Renewable Energy Directive
(2009/28/EC) in Germany, is intended to balance out the positive and negative effects of
increased biomass use (Ekardt and Henning 2009). Nonetheless, biomass producing
states are likely to experience considerable direct and in particular indirect changes in land
use modalities that may result in overcropping of valuable natural resources (SRU 2007,
nos. 39 and 80).
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Biomass use in the waste management sector (within the meaning of the law titled
Kreislaufwirtschafts- und Abfallgesetz (Krw-/AbfG) and in connection with agricultural and
forestry residues, which lies outside the scope of this law, offers significant potential for
biomass use. Fermentation of liquid-manure fertiliser is a particularly effective way to
reduce greenhouse gas emissions from methane and nitrogen monoxide. Another useful
climate protection technique is installing fermentation upstream of composting installations,
as this reduces carbon dioxide emissions during the composting process and at the same
time allows for biogas use (Funda et al. 2009).

Hydro power

Eighty percent of Germany’s hydro power stems from run-of-river stations, with the
remainder (14 percent) coming from storage hydroelectric power stations and natural
inflows from pump storage systems. More than 90 percent of the output from Germany’s
roughly 7,000 hydro power stations stems from around 400 hydro power stations with more
than 1 MW of output that are for most part operated by power companies. Renewable
Energy Act (EEG) subsidies have greatly increased the number of small hydro power
plants with output of up to 5 MW. Most such projects have involved the reactivation of
existing installations whose operation the subsidies render economically viable (Nitsch et
al. 2004, p. 25).

Greenhouse gas emissions (carbon dioxide and methane) from dams are mainly
attributable to the following factors: the background concentration of organic carbon; the
age of the dam; vegetation type; season; temperature; and local primary production. Such
emissions decrease considerably after around ten years of operation as a result of the
breakdown of the site’s upstream organic materials. Thereafter, hydro power station
greenhouse gas emissions mainly stem from organic material and are on a par with the

emissions of natural water bodies in the relevant region (Eggleston et al. 2006).

There is an inherent conflict between energy generation and water resource management
on one hand, and nature conservation goals on the other. Hydro power plant construction
inflicts significant and in most cases irreparable ecosystem damage on rivers and their
flora and fauna, since rivers display a type of habitat whose salient characteristics are
dynamism and continuity that many aquatic organisms depend on for their existence. Apart
from the impact of damming and the attendant loss of river continuity, hydro power stations
also affect temperature and oxygen related conditions, as well as sedimentation
processes. The ecological status of floodplains along rivers such as the Danube has been
severely impacted by damming in conjunction with intensive hydro power use (BMU und
BfN 2009).

The ecological modernisation measures promulgated by the Renewable Energy Act (EEG)
allow for higher electricity feed-in tariffs. As a rule, body of water body development
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activities are subject to Water Framework Directive requirements, which must also be
observed in connection with hydro power station construction and operation.

Costs of renewable energy technologies

It is safe to assume that the costs of the currently available non-fuel based renewable
energy technologies — namely wind, solar, geothermal and hydro power — will decrease in
the coming years as the result of improvements in the technologies per se (e.g. better
efficiency, lower materials use), as well as economies of scale resulting from increased
production figures. Although the fact that these cost reductions will occur is undisputed,
estimates as to the scope and rate of these cost reductions differ (see: chapters 3 and 4).

As for biomass however, its price is likely to rise along with the prices of fossil fuels as a
result of increasing competition for land and the fact that the agribusiness and energy raw
materials market are likely to be more closely keyed to each other in the coming years
(SRU 1007, p. 79 ff).

2.4 Overall assessment

Technology related decisions in the energy policy arena need to be consistent with
constitutional principles such as “protecting the natural foundations of life” pursuant to
Article 20a of the German Constitution. Such decisions should also abide by the principles
— which can be inferred from the principle of protecting the natural foundations of life, as
well as international and EU environmental law — of instituting robust sustainability and
averting hazards, which have also become a touchstone of the German government’s
sustainability strategy.

The factors that come into play in this regard are compliance with the absolute
compatibility and input limits of natural systems; and the principles of responsibility toward
future generations and instituting equal per-capita usage levels for global public goods.
The inherent and logical element of the first two of these principles in particular is
mitigating the risk of irreversible or catastrophic events. In terms of climate protection, this
means that we need to apply the three principles of sustainability across the board and
make every possible effort to achieve fully climate neutral electricity generation by 2050 in
a manner that is without prejudice to our national biodiversity strategy goal of preserving
biodiversity. Moreover, transitioning to a renewables based electricity supply needs to be
widely accepted by the general public and consistent with the classic energy policy goal of
assuring a reliable supply of affordable energy.

There is no such thing as a fully environmentally neutral energy supply, for the eco-balance
is bound to be altered in one way or another no matter how electricity is generated. Thus
striving for a sustainable electricity supply must necessarily be a matter of opting for the
lesser of two or more evils after weighing all the available options. Therefore saving energy
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generally is the best option. However, all energy saving and energy efficiency methods that
are instituted must be predicated on the principle that a high basic demand for electricity

must be met at all times.

The SRU has come to the conclusion that, relative to all other available options, renewable
electricity is the only possible approach that is genuinely sustainable.

The main goal in this regard is to completely decarbonise the electricity supply — a goal
that is achievable through neither the use of carbon sequestration nor more efficient
conventional coal technologies. Moreover, the use of coal entails to elaborate raw material
extraction operations, which despite improved air purity efforts result in significant
emissions. As for CCS, its use is limited by the available storage capacity and competition
from other potential uses of this capacity.

Nuclear power is likewise not a sustainable electricity generation option; for despite the fact
that gas emissions from nuclear power are far lower than for coal, the use of nuclear power
entails the risk of accidents — an eventuality that cannot be completely ruled out and that
could have repercussions for large areas and for extended periods of time — and poses the
problem, which has gone unresolved for decades, of ultimate waste disposal for spent fuel
rods. Moreover, nuclear power is unlikely to be a sustainable energy technology solution in
view of the finite nature of uranium reserves.

But renewables have drawbacks as well, particularly biomass, since biomass crop overuse
can result in environmentally harmful land use practices, eco-balance damage, and
considerable environmental damage. Hence biomass use should mainly involve residues,
as well as modalities entailing little or no conflict. Another factor that should be borne in
mind is the resource use entailed by certain renewables, one example being the
substantial amount of water needed for solar thermal power stations in arid regions; or the
rare metals used to make such installations. Other renewables and the transmission and
storage capacity expansion needed for them can also provoke conflicts in terms of onshore
or offshore use.

But all things considered, the ecological problems entailed by renewable energies are far
less serious and are far more amenable to mitigation than is the case with nuclear power
and coal. Moreover, replacing fossil energies with renewables will make a substantial
contribution to the reduction of greenhouse gas emissions. And thus renewables are the
only potentially sustainable solution for electricity generation.

The environmental problems caused by nuclear power and coal are for the most part
inherent to these technologies and are essentially the same no matter where such
installations are sited. These problems will remain unresolved even if the highest possible
environmental and safety standards are applied, and will need to be taken into account if
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political leaders and the energy industry opt to continue using these technologies.
Renewables, on the other hand, offer greater siting and engineering leeway, particularly if
they are used in a setting where the actual demand for them is far lower than their nominal
output potential. Ecological conflicts could be largely mitigated if power plant construction
were supported by regional planning.

Another key factor here is that renewable-energy installations are normally smaller and
easier to dismantle than the counterpart conventional facilities, and thus constitute more
flexible infrastructure components. For example, after being dismantled solar and wind
installations can be re-sited at a relatively low cost and with little risk. Whereas nuclear
power and coal CCS are associated with long term consequential environmental damage
and risk resulting from coal mining, nuclear waste storage, and carbon storage, the
environmental impact of renewable energy is generally confined to the service life of the
installation. Moreover, the environmental impact of solar and wind power is confined to the
installation construction phase, whereas nuclear power and coal necessitate sustained
land and natural resource use to mine the fuel needed. Renewables are sustainable in
keeping with the precautionary principle and in view of the present uncertainties, since they
can be adapted more flexibly to changing conditions and have a greater tolerance for error.
Hence renewables are superior to conventional energy resources in terms of generational
equality and risk avoidance, thus making renewables more sustainable.

Hence the comparative assessment of the various available energy options has led us to
the conclusion that nuclear power and coal are indisputably non-sustainable, and at best
could serve as transitional power sources for a strictly limited period of time. And while
renewables are not without their drawbacks, their undesirable effects can be mitigated for
the most part by giving careful thought to their siting, design, and planning. Hence
renewables are the only modality that is viably sustainable.

According to Article 20a® of the German Constitution, the government is obligated to
safeguard the natural foundations of life — a duty that encompasses not only climate
protection but the environmental situation as a whole. And for all that the wording of Article
20a places the emphasis on whether rather than how the state will fulfil this duty, it can
nonetheless be inferred from this provision that the State is also duty bound to optimise the
foundations of life, rather than just protecting them. It therefore follows that the State is also
obligated to ensure that all human activities can be realised in a manner that is as climate
neutral as possible, by taking precautionary measures aimed at keeping potential risks
from becoming outright hazards. And most important of all, the State’s long term

The relevant detailed legal analysis of the German Constititution has been skipped from the translation. Here, only the conclusion from that

analysis is presented.
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responsibility toward future generations is the objective correlative of the precautionary and
sustainability principles.

It can be inferred from Article 20a of the Constitution that the Constitution prohibits overall
environmental degradation relative to the state of the environment at the time the
Constitution was drafted. Hence the more environmentally compatible path should be
chosen whenever possible, insofar as such a path is available. From the principle of
protecting the natural foundations of life pursuant to Article 20a of the Constitution the
government’s decision and project leeway is limited in terms of climate protection goals;
from which a duty on the part of the government to avert climate change and any
irreversible environmental damage resulting can be inferred. Thus climate protection
measures instituted by the government should not violate Article 20a of the Constitution.
And from this it follows that, for example, in determining the way forward for
implementation of an electricity system that will make a major contribution to the fight
against global warming, the government needs to opt for solutions that are maximally
compatible with the sustainability and precautionary principles laid down in Article 20a of
the Constitution. In light of these considerations, a energy policy that promotes anything
other than renewable energy sources over the long term is at odds with the stipulations of
Article 20a.

In the sections that follow, a number of scenario simulations will be discussed that shed
light on how a wholly renewable electricity supply and the transition thereto might
potentially unfold from a technical standpoint, and on how the performance profile of such
a system would shape up in light of, and meet, the relevant social and economic criteria —
namely competitiveness, affordability, and security of supply.
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3 The objective: a low-carbon, sustainable electricity
supply by 2050

3.1 Introduction

In this chapter we discuss a series of scenarios that the German Advisory Council on the
Environment (Sachverstandigenrat fur Umweltfragen, SRU) elaborated with a view to
shedding light on the possible attributes of a wholly renewable electricity supply in
Germany. In the interest of enabling the reader to see how our approach compares with
similar studies, we first give an overview of the most important long term scenarios for the
electricity sector in Germany and the EU. One purpose of this analysis was to elaborate
plausible assumptions concerning electricity demand in 2050, which we then used as a
basis for our scenarios. Another objective was to determine which technology paths,
emissions reductions, and costs have been presupposed by other studies. This analysis
also reveals how differing methods and assumptions can in some cases lead to strongly
divergent results.

Scenarios describe possible future evolutions that are characterised by different
assumptions and framework conditions. Studies on the future of energy supply often
compare a series of scenarios or scenario variants with each other so as to shed light on
the factors that impinge on these scenarios or on leeway for decisions. This process
involves the elaboration and application of different scenarios the design of which varies
depending on the specific research question. The scenarios developed in this report are
called target scenarios. Target scenarios, as the name suggests, take as their starting
point a specific target — the target here being a wholly renewable electricity supply. The
modeling results then show how and under which conditions the target can be reached.
Alternatively, scenario simulations can also be used to investigate the impact of different
framework conditions, such as energy policy measures, on specific variables relative to a
reference case; this is referred to as an exploratory scenario. In the context of policy
analysis, an exploratory scenario can, for example, address the question as to how the
electricity system in question will evolve if a certain event occurs or if specific framework
conditions change. In contrast, a target scenario investigates the extent to which the
system in question can achieve a defined nominal (target) state, and the circumstances
necessary to achieve this state. Both of these approaches often involve the elaboration of
reference scenarios that are meant to provide a comparative metric for purposes such as
determining additional costs. Reference scenarios normally assume that existing policies
will remain in force and that defined obligations will be met, but that no policy measures
above and beyond this will be carried out.

Scenario elaboration methodologies vary greatly. Computer models are often used to
mathematically simulate the core structures and interactions of the complex real world and
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specific changes in these elements. Widely varying types of models that exhibit specific
advantages and drawbacks are used for these simulations. The main factors in
determining which models are suitable for a specific simulation are the nature of the issue
being investigated, the sectoral and regional focus of the investigation, and the nature and
extent of the available data. Oftentimes it is useful to pair economic models with those that
display a strong technological orientation. There are, on the other hand, also long term
scenarios of a chiefly qualitative nature that define roadmaps for a specific development
path thereby mapping out the economic, technological, and policy measures that need to
be taken. Qualitative analyses are a useful complement to simulations in view of the fact
that socioeconomic factors are not always amenable to modelling and in view of the great
uncertainty surrounding the long-run evolution of certain quantitative variables. The
scenarios discussed in this report fold in both technical and economic approaches,
together with qualitative and quantitative analyses.

Scenarios should always be analysed and interpreted in light of the fact that they serve to
gain insight into system dynamics. Scenarios aim to identify drivers of change,
demonstrate possible development paths, elaborate required framework conditions and
highlight synergies as well as trade-offs. However, scenarios are not a replacement for
political decisions, nor do they aim to forecast future developments. As with all scenarios,
those presented here should not be read as forecasts. Transitioning to a wholly renewable
electricity supply should solely be regarded as one possible option that we consider worth
pursuing. The scenarios described here are intended to demonstrate that such a transition
is technically and economically feasible and to show the form such a system could take
under technological and cost assumptions which appear plausible today. However,
implementation of such a scenarios requires strategic policymaking, elaboration of the
attendant measures, as well as careful planning and considerable cooperative effort.

3.2 German and international scenario studies on the
development of the electricity sector

3.2.1 Introduction

There is a venerable tradition of studies concerning the long run evolution of the electricity
and energy sector. Researchers have also been developing scenarios concerning the
mitigation of energy-related greenhouse gas emissions for many years. More recently,
however, efforts have been made to create models showing how the energy sector could
become fully or nearly decarbonised over the long run with a view to contributing to a
stabilisation of atmospheric greenhouse gas concentrations (Clarke et al. 2009; Fisher et
al. 2006). Various studies have been published that discuss such scenarios at both the
global level and for individual states and regions. They centre around issues such as the
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extent to which the energy sector should institute measures that promote the achievement
of overall greenhouse gas reduction goals; the technologies that could potentially be used
for this purpose and the capital investments and energy costs entailed by such use; and
the policy instruments and price signals that could set the stage for such a decarbonisation
path (Anandarajah et al. 2009; Edenhofer et al. 2009; EREC and Greenpeace International
2010; Knopf et al. 2010; IEA 2009).

The scenarios developed for such studies are normally quantified, partly with the aid of
complex calculation models. There are two basic types of energy models: top-down
models, which are energy sector models that focus on overarching economic contexts; and
bottom-up models, which are highly technically oriented energy system models. The
advantage of bottom-up models is that they provide precisely detailed descriptions of
energy generation and usage technologies, which in turn allows for differentiated analyses
of both costs and potential cost and energy use reductions. The drawback of such models,
however, is that they do not lend themselves to analyses of the feedback mechanisms
arising from market and price adjustments (Clapp et al. 2009, p. 9). Top-down models, on
the other hand, use macroeconomic indicators such as energy prices and elasticities to
analyse the economic impact of policy instruments. Their advantage lies in the fact that
their use does not entail the use of extensive data sets, although this also makes them
unsuitable for detailed simulations of technical evolutions (Kahouli-Brahmi 2008). The fact
that top-down models require little data partly explains why they are mainly used for global
studies, whereas bottom-up models are frequently used in Germany for simulations at the
national level. However, in view of the broad spectrum of differing approaches within each
model group, the advantages and disadvantages of a modelling paradigm should be
evaluated on a case by case basis. That said, more effort has been invested, particularly of
late, in attempts to create hybrid models, i.e. the coupling of technical and macroeconomic
models, with a view to combining the advantages of both approaches (Hourcade et al.
2006). Further methodological distinctions occur between short term and long term
optimisation, between static and dynamic models, and in connection with the issue as to
whether technical progress should be handled endogenously or exogenously (Clapp et al.
20009).

In the following, we summarise the key data and conclusions concerning the most
important German and European studies concerning energy sector decarbonisation. This
analysis centres around studies that investigate the electricity sector separately; discuss
the electricity mix in a detailed and empirical fashion; and take all key electricity generation
technologies into account. In line with the focus of the SRU scenarios, the analysis focuses
on studies that describe the German or European electricity system examine the period
until 2050. Studies that concern themselves with shorter timelines were disregarded.
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In terms of the comparative analysis, it should be borne in mind that individual figures
cannot always be compared head to head because the geographical boundaries of the
regions under consideration vary to some extent (see Table 3-1) and because the
individual variables are defined differently in some cases. For example, some studies
factor line and conversion loss into electricity demand, while others do not. Nonetheless,
as these discrepancies are limited in scope, it was still possible to analyse the approximate
differences between these different studies as well as their commonalities. A comparison
of costs, on the other hand, was possible only to a limited extent due to the large
discrepancies between the indicators used in the various studies.

We reviewed the following nine studies that concern themselves with the EU as a whole:

Energy Technology Perspectives, an International Energy Agency (IEA) report that
discusses long run restructuring of the global energy system (IEA 2010);

— Adaptation and mitigation strategies: Supporting European climate policy (ADAM), a
research project that was coordinated by the UK’s Tyndall Centre for Climate Change
Research and funded by the European Commission (Hulme et al. 2009; Knopf et al.
2010; Eskeland 2010);

— Report on Energy and Climate Policy in Europe (RECIPE), a study that was coordinated
by the Potsdam Institute for Climate Research and funded by the World Wide Fund For
Nature (WWF) and the insurance company Allianz (Edenhofer et al. 2009);

— Roadmap 2050: A practical guide to a prosperous, low-carbon Europe, which was
published by the European Climate Foundation and was elaborated in cooperation with
a consortium of research partners (ECF et al. 2010);

— Power choices: Pathways to carbon-neutral electricity in Europe by 2050, which was
issued by EURELECTRIC (a European umbrella association of the electricity industry)
and realised by the University of Athens (EURELECTRIC 2010);

— Re-thinking 2050: A 100% renewable energy vision for the European Union, which was
issued by the European Renewable Energy Council and is partly based on projections
by various member associations (EREC 2010);

— Energy [R]evolution — A sustainable global energy outlook, which was prepared jointly
by Greenpeace International and the European Renewable Energy Council (EREC and
Greenpeace International 2010);

— Europe's share of the climate challenge. Domestic actions and international obligations
to protect the planet, a report that was prepared by the Stockholm Environment Institute
at the behest of Friends of the Earth Europe (SEI 2009); and
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— An engineering study that investigated the possibility of achieving cost optimised wholly
renewable electricity by combining European and various Eurasian and African regions
into a single so called supergrid (Czisch 2005).

Some of these studies concern themselves with Europe only (ECF et al. 2010;
EURELECTRIC 2010; SEI 2009), while others are global in focus but also posit regional
European scenarios (IEA 2010; Edenhofer etal. 2009; EREC and Greenpeace
International 2010; Knopf et al. 2010). The IEA’'s World Energy Outlook 2009 was only
partly included in our analysis as its timeline extends to only 2030 (IEA 2009).

In addition to the various reference scenarios, we also analysed scenarios involving far
reaching decarbonisation of the energy and electricity sector. For purposes of our
comparative discussion of these studies, representative scenarios were analysed for
studies that contain multiple individual scenarios (Edenhofer et al. 2009; Knopf et al. 2010).

The following studies concern themselves with Germany’s energy and electricity system in
the time frame until to 2050:

— Enquete-Kommission Nachhaltige Energieversorgung unter den Bedingungen der
Globalisierung und Liberalisierung 2002;

— Bundesministerium fur Umwelt, Naturschutz und Reaktorsicherheit: Leitstudie 2008
(Nitsch 2008) as well as a further elaboration of this study, Leitszenario 2009 (Nitsch
and Wenzel 2009);

— Oko-Institut and Prognos AG: Modell Deutschland (Oko-Institut and Prognos AG 2009);
— Forschungsstelle fur Energiewirtschaft e. V. (FfE): Energiezukunft 2050 (FfE 2009);

— ForschungsVerbund Erneuerbare Energien (FVEE): Energiekonzept 2050 (FVEE
2010a); and

— Umweltbundesamt (UBA): Energieziel 2050 (Klaus et al. 2010);

— Prognos AG/Energiewirtschaftliches  Institut an der  Universitdt zu  Koln
(EWI)/Gesellschaft fur Wirtschaftliche Strukturforschung mbH (GWS): Energieszenarien
fur ein Energiekonzept der Bundesregierung (Schlesinger et al. 2010).

The key findings of these studies are briefly described in the next section and are
summarised in Table 3-2. With the exception of the UBA study, the focus of all of the
studies concerning Germany alone encompasses not only electricity but also the entire
energy system including heating and fuel.

The German Parliamentary Study Commission known as Nachhaltige Energieversorgung
unter den Bedingungen der Globalisierung und Liberalisierung (Study Commission on
Sustainable Energy in the Context of Globalisation and Liberalisation issued its final report
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in 2002 (Enquete-Kommission Nachhaltige Energieversorgung unter den Bedingungen der
Globalisierung und Liberalisierung 2002). This study aimed to promote the establishment
of robust, sustainable and future-proof development paths in the energy sector and to lay
out policy measure options in light of the altered circumstances occasioned by
globalisation and market deregulation. It characterised the current energy system as “non-
sustainable”  (Enquete-Kommission  Nachhaltige  Energieversorgung unter den
Bedingungen der Globalisierung und Liberalisierung 2002, p. 43) and modelled a reference
scenario along with the variants of three other scenarios — 14 development paths in all.
The study’s reference scenario comprises the most likely evolution in light of the data
available in 2000, while the other scenarios and variants thereof presuppose an 80 percent
reduction in greenhouse gas emissions by 2050 relative to 1990. These target scenarios
and their key attributes are as follows:

— The Umwandlungseffizienz (UWE; Conversion Efficiency) scenario: a strategy calling for
a rapid increase in energy conversion and use efficiency and an end to nuclear energy

use.

— REG/REN-Offensive (RRO): ending nuclear energy use by 2030; ending most fossil fuel
use by 2050; a massive improvement of energy efficiency and massive development of
renewables. A variant of this scenario called solare Vollversorgung (energy supply
based solely on solar energy) models the manner in which a wholly renewable electricity
supply could be achieved by 2050.

— The Fossil-Nuklearer Energiemix (FNE; Fossil-nuclear Energy Mix) scenario:
continuation and expansion of nuclear energy use as a cornerstone of electricity
generation; commercial use of carbon capture and storage (CCS) technologies.

These target scenarios were elaborated using two different calculation models (one
developed by the Stuttgart University’s Department of Energy Resource Management and
Rational Energy), and a second elaborated by the Wuppertal Institute) that use differing
calculation methods and thus yielded different results. In addition, the baseline parameters
were varied to some extent, resulting in multitudinous scenario variants.

The Leitstudie 2009 secenario (Nitsch and Wenzel 2009), which was carried out in
cooperation with the Department of Technical Thermodynamics at the German Aerospace
Center (DLR), is primarily based on the Leitstudie 2008 study (Nitsch 2008) but takes
account of more recent developments concerning the renewable energy development, as
well as more recent energy policy frameworks. The Leitszenario 2009 study discussed a
development path involving an 80 percent reduction in annual greenhouse gas emissions
by 2050 relative to 1990 levels. The Leitstudie 2008 study also described the following five
variants of the study’s scenarios, based on various interrelated strategies:
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— Variant E1 involves increased efficiency and expansion of combined heating and power
(CHP) capacity.

— Variant E2 calls for further expansion of renewable energy capacity.

— Variante E3 calls for increased use of renewable electricity for electric vehicles.
— Variant D1 involves a further increase in energy productivity.

— Variant D2 calls for substantial use of coal.

The Leitstudie 2008 scenario variants are exploratory in nature, while the
Leitszenario 2009 scenario involves a target scenario that presupposes that the desired
emissions reductions will be achieved by 2050. This scenario was in the process of being
revised while the present report was being prepared.

The Modell Deutschland — Klimaschutz bis 2050 study, which the WWF commissioned
from Oko-Institut and Prognos AG (2009), discusses a reference scenario and a so called
innovation scenario, both of which are based on models. The reference scenario calls for
implementation and optimisation by 2050 of current energy and climate policy instruments
such as the German government’s Integrated Energy and Climate Programme, while the
innovation scenario is a target scenario that calls for annual greenhouse gas emissions
reductions of 95 percent by 2050 relative to 1990 levels, subject to certain restrictions. Two
variants were elaborated for each of these scenarios — one presupposing that CCS
technology will not be commercialised by 2050, and the other premised on the assumption
that this technology will be commercially available by 2020 and put to use.

The FfE’s Energiezukunft 2050 study (FfE 2009) focuses on three energy demand and
production scenarios in Germany in the period up to 2050. The study goes into minute
detail by, for example, considering virtually every relevant major form of energy for each
energy demand sector and the attendant projections. This study discusses the following
scenarios:

— Scenario 1 titled Referenzszenario (Reference Scenario) contains a projection

concerning all relevant frameworks based on long term trends and expectations.

— In the scenario 2 titled Erhohte Technikeffizienz (Increased Technical Efficiency), each
of the available technologies is successively replaced by the best available technology.

— Scenario 3 titled Umweltbewusstes Handeln (Environmental Stewardship) presupposes
the technology replacement called for by scenario 2 as well as a change in consumer
behaviour.

Although the study provides detailed projections concerning final energy consumption
applications such as lighting, building heating, process heating, mechanical energy and the
like, the energy sources needed for these applications are not specified or are described
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only partially. For example, the study indicates the final energy demand that would be
entailed by the three scenarios in the run-up to 2050 but fails to indicate the attendant
electricity demand, which is of course part of the overall energy demand. Hence this study
has been omitted from Table 3-2.

The Energiekonzept 2050 study (FVEE 2010a) is intended as a contribution to the
government’s energy master plan that was adopted on 28 September 2010. The FVEE
study is predicated on institution of a wholly renewable electricity supply in 2050 — whereby
the “dominant role” would be played by higher energy efficiency, as well as wind and solar
power (FVEE 2010a, p. 5) — and is partly based on the aforementioned Leitszenario
studies (Nitsch 2008; Nitsch and Wenzel 2009), the Modell Deutschland study (Oko-Institut
and Prognos AG 2009), and the SRU Statement No. 15 (SRU 2010), most of whose
findings are described in the present chapter and chapter 4 of this report. The FVEE study
(FVEE 2010a) mainly focuses on the functional aspects and costs of the envisaged
system, rather than the quantification of energy demand and production. In addition, two
sections of the study are devoted to research and development policies and activities, and
provide detailed recommended course of actions in this regard. The study also discusses
the potential conflicts between large thermal power plants and the substantial proportion of
intermittent electricity supply.

The Energieziel 2050: 100% Strom aus erneuerbaren Quellen study (Klaus et al. 2010)
concerns itself solely with the electricity sector. It represents a wholly renewable electricity
supply by 2050. It mainly discusses the Regionenverbund (regional grid) scenario that was
elaborated by the Fraunhofer Institut fir Windenergie und Energiesystemtechnik (IWES),
and revolves around the potential offered by regional renewable sources connected at
national level. Other scenarios (albeit not published as yet) are the International-
GrofRtechnik and Lokal-Autark (respectively: international large scale technology; local
autonomy). The former concerns itself with the German energy system within the
European grid, while the latter analyses the option of decentralised electricity systems.

In August 2010, Prognos AG, EWI and GWS issued the Energieszenarien fir ein
Energiekonzept der Bundesregierung (EEB) study (SCHLESINGER et al. 2010), which
was intended to form the basis for the government’s new energy master plan. As issuance
of this study coincided with our own, we were unable to describe the study’s energy
scenarios comprehensively from a quantitative standpoint; and thus our treatment of this
study is limited to a brief account of its main assumptions and findings.

The EEB study discusses nine scenarios which describe the development of the German
energy supply system until 2050, covering electricity as well as transport and heating. In
the reference scenario, which implies a continuation of current policies, gross electricity
output in 2050 amounts to 488 TWh, 54 percent of which (264 TWh) are be provided by
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renewables. Greenhouse gas emissions are reduced by 62.2 percent relative to 1990
levels which implies that the emissions reduction target would not be met. The remaining
scenarios are target scenarios (scenarios I-1V), each of them was run in two variants . All
target scenarios have in common that they achieve a reduction of greenhouse gas
emissions by at least 85 percent in 2050. This conclusion is mainly predicated on the
assumption that the lifetime of existing nuclear power plants will be extended by anywhere
from four (scenario 1) to 28 years (scenario IV). Each of the target scenarios was
computed using two different data sets concerning the requisite nuclear power plant
retrofitting costs. In addition, the scenarios assumed a minimum share of renewables for
2020 and 2050, and in some cases energy efficiency increases. In the target scenarios, by
2050 some 252-289 TWh of electricity, or 77—-81 percent of gross electricity production,
will come from renewables. All nine scenarios presuppose that Germany will be a net
importer of electricity in 2050, whereby the net amount in the reference scenario and the
target scenarios are 67 and 94-143 TWh respectively. However, the results of the
reference scenario and the target scenarios lend themselves to comparison to only a
limited degree as they are based on differing variables in terms of both generation (e.qg.
share of renewable and nuclear energy) and demand (e.g. electricity demand).

3.2.2 Study results

3.2.2.1 Electricity demand

An assessment of the most important German and European scenarios for the
development of electricity demand in the period until 2050 reveals a broad spectrum of
possible demand levels, depending on the choice of assumptions and methodologies.
These differences are in most cases not so much attributable to assumptions on population
and economic growth, which are on a par in most of the scenarios. Rather, they result
mainly from assumptions about the extent to which energy efficiency decouples economic
growth and electricity demand and from the extent to which fossil fuels are replaced by
other energy resources.

The electricity demand projected by the European reference scenarios for 2050 ranges
from around 4,000-7,500 TWh, and in the European decarbonisation scenario from 2,750—
6,900 TWh (see Table 3.1). Relative to today’s electricity demand of around 3,325 TWh,
this level corresponds to a minor reduction for the lowest case, and to more than a
doubling of today’s levels for the highest case. Interestingly, some studies assume that
electricity demand is lower in the decarbonisation scenarios than in the reference scenario
(EREC and Greenpeace International 2010; SEI 2009), whereas the reverse is the case in
other studies (ECF et al. 2010; EURELECTRIC 2010). The first case (lower demand in the
decarbonisation scenario) assumes that efficiency improvements will translate into lower
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electricity consumption. Some studies see very large potentials for efficiency improvement,
particularly in scenarios that presuppose the implementation of ambitious energy efficiency
policies. It is also notable that scenarios based on bottom-up (i.e. technologically oriented)
models tend to yield higher energy efficiency potential (Jochem and Schade 2009). In the
second case (lower demand in the reference scenario) it is typically assumed that the
potential for economically efficient energy saving is limited or that the electrification of other
sectors (particularly transport) would over-compensate this effect, resulting in higher
overall electricity demand.

Another important factor for the long-term development of electricity supply is electricity
demand in North Africa. The global and European studies reviewed in this report do not
provide a breakdown of demand figures for this region. The IEA, however, provides an
estimation of electricity demand in North African countries (i.e. Egypt, Algeria. Libya,
Morocco and Tunisia). The IEA reference scenario projects an annual increase in
electricity demand by 3.2 percent until 2030 — i.e. a 171 to 402 TWh increase between
2003 and 2030 (IEA 2005). This scenario is predicated on population growth during this
period from 145 to 209 million and GDP growth from US$703 billion to US$1.652 billion.

The electricity demand figures indicated in the scenarios for Germany are comparable to a
limited degree only, since some of the scenarios are based not on gross electricity
demand, but instead (e.g. in the case of the Parliamentary Study Commission target
scenarios) on electricity demand in various end-use sectors, or on net electricity demand.
Of the numerous electricity demand scenarios that have been elaborated for Germany,
only the following four are reference scenarios. The reference scenario elaborated by the
German Parliamentary Study Commission “Sustainable Energy in the Context of
Globalization and Liberalization” puts gross electricity demand at 555 TWh in 2050, with
the reference scenarios of Prognos AG, EWI and GWS indicating likewise. Both the Oko-
Institute and Prognos AG reference scenarios set net electricity demand at 530 TWh in
2050 (see Table 3-2). The energy saving scenarios we reviewed posit electricity demand
reductions of up to 380 TWh annually in the various electricity using sectors. On the other
hand, high-demand scenarios that fold in electric vehicles assume an annual electricity
demand of up to 773 TWh, with gross electricity demand being somewhat higher.

The electricity demand posited by most of the 31 scenarios or scenario variants we
reviewed (excluding the four reference scenarios) ranges from around 430 TWh (demand
in the end-use sectors) to 600 TWh (gross demand).

Based on the analysis of existing studies, the SRU scenarios assume for Germany in 2050
an annual gross electricity demand between 500 and 700 TWh which will have to be met

from renewable sources.
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We will now discuss in more detail our

scenarios in this regard.
Figure 3-1
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The reference scenarios of the Parliamentary Study Commission, as well as those of Oko-
Institute and Prognos AG, assume an electricity demand ranging from 530-555 TWh
annually in 2050. However, these projections are based on differing reference years
(Enquete: 2000; Oko-Institut and Prognos AG: 2005) and population and economic growth
rates. Inasmuch as the reference scenario assumptions appear plausible in light of current
knowledge, we adjudge the electricity demand levels in the scenarios we reviewed to be
realistic figures in terms of a policy path based on conservative assumptions. These
demand levels represent a decrease relative to current electricity demand. In contrast, the
FfE study’s reference scenario assumes that electricity demand will “increase slightly” until
2050 (FfE 1009, p. 183), but does not attach a figure to this trend. The discrepancies
between the electricity demand figures in the various reference scenarios are ascribable to
their differing assumptions concerning electricity demand in the various consumer sectors.
Growth of economic activity tends to ramp up demand while at the same the
implementation of different energy efficiency measures decreases electricity demand.
Conservative assumptions for both of these factors usually yield virtually constant demand.
Hence a major change in either factor would result in higher or lower electricity demand.
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The target scenarios and scenario variants that we analysed posit a much broader
spectrum of net electricity demand for 2050, ranging from 380 to 773 TWh annually for the
Enquete study’s RRO-WI scenario and FNE-IER scenario variant 1 respectively. However,
the highest figure assumes (among other things) that costs of nuclear power will be very
low and that electricity will in large measure supplant other energy sources in the motor
vehicle fuel and other sectors (Enquete-Kommission Nachhaltige Energieversorgung unter
den Bedingungen der Globalisierung und Liberalisierung 2002, p. 679 f). Hence we treated
both of the Study Commission’s FNE-IER scenarios as outliers for purposes of our
comparative analysis. The highest gross electricity demand in 2050 (699 TWh/a) posited
by the remaining scenarios is found in the E3 scenario of the Leitstudie 2008. Thus
depending on the scenario and the assumptions underlying it, projected electricity demand
in 2050 is put at around one third higher or lower than for the reference scenario.

The Leitszenario 2009 and the scenario variants for the Leitstudie 2008 study posit gross
electricity demand for 2050 ranging from 571-699 TWh/a. This discrepancy is attributable
to differing assumptions concerning efficiency gains, renewable energy development, and
expanded use of electric vehicles. According to FfE scenarios 2 and 3, 2050 electricity
demand will be at roughly 2005 levels. The UBA Energieziel 2050 study puts 2050 gross
electricity demand at 507 TWh. The findings of the scenarios are summarised in Figure 3-
1.

Likewise relevant here is the FVEE energy concept, which assumes 2050 electricity
demand amounting to 764 TWh annually. However, this study is fairly descriptive in nature
and cites our Statement Stellungnahme Nr. 15 (SRU 2010) among other sources.

3.2.2.2 Emissions, technology paths and costs in Europe

There is a broad consensus in the literature that greenhouse gas emissions in the
electricity sector are more amenable to reduction than is the case in other sectors such as
transport, manufacturing, and agriculture. Therefore, studies that model the energy system
as a whole normally assume relatively early-stage and far reaching reduction in electricity
generation emissions (IEA 2009; KNOPF et al. 2010; Edenhofer et al. 2009; ECF 2010). All
of the international studies that we reviewed express the view that far reaching emissions
reductions are achievable by 2050 (see Table 3-1). A number of scenarios in these studies
even go so far as to posit virtually complete carbon neutral electricity generation by 2050.

However, the manner in which these results were arrived at differs greatly, principally as
regards the extent to which energy efficiency can decouple economic growth and electricity
demand. The technology paths that allow for the reduction of specific emissions likewise
vary greatly from one study to another. Nonetheless, there is a general consensus that
renewables will satisfy a major share of energy demand by 2050, with estimates in this
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regard ranging from 34 to 100 percent (see Table 3-1). Noteworthy in this regard is that
international reference scenarios likewise assume an increase in the share of renewable
electricity from around 16 percent today to 20—-42 percent in 2050. Most of the scenarios
reviewed by the SRU also assume that fossil fuel power stations with carbon capture and
storage (CCS) systems, as well as nuclear power plants, will account for a considerable
share of electricity demand. Two of the studies conclude that it will be necessary to
implement all three options, i.e. fossil fuel with CCS, nuclear, and renewables — or at least
two of these — in order to reach ambitious emissions reduction targets (EURELECTRIC
2010). However, this partly refers to global emissions (KNOPF et al. 2010) and thus may
not necessarily apply to each of the regions modelled. On the other hand, the technical and
economic analyses realised for other studies attempt to show that neither nuclear power
nor fossil fuel need be used to any great extent. In so doing they develop scenarios
involving a wholly or nearly wholly renewable electricity supply (ECF et al. 2010; EREC
2010; EREC and Greenpeace International 2010; SEI 2009; Czisch 2005) and assume
either moderate electricity imports from North Africa or other regions (ECF etal. 2010;
EREC 2010; SEI 2009; Czisch 2005) or minor use of fossil sources for grid stabilisation
purposes (EREC and Greenpeace International 2010). Based on extensive calculations,
the European Climate Foundation (ECF) study found that the costs entailed by the various
scenarios involving a 40, 60, 80 and 100 percent share of renewables differ very little from
each other, and that therefore factors such as risk tolerance, technology development, the
existing infrastructure, resource availability, and security of supply are far more important
than costs when it comes to mapping out a technological path to a renewable electricity
supply (ECF et al. 2010, p. 9).

The actual composition of the target energy mix depends not so much on the defined
stabilisation objectives, but rather and above all on the modelling assumptions concerning
technologies, learning curves, and resource prices (Knopf et al. 2010). This is partly
attributable to the fact that the costs of the relevant technologies such as CCS, nuclear
energy and wind energy in some cases differ very little from each other, which means that
divergent assumptions can have a decisive impact on the technology that is ultimately
selected (Anandarajah et al. 2009, undated), particularly in optimisation models.

Assumed aggregate electricity demand differs greatly from one scenario to another, with
the result that in some cases similar absolute renewable energy figures yield widely
divergent shares of renewables. For example, the roughly 3,000 TWh projection for
renewable electricity generation in 2050 equates to 60, 91, or even 100 percent of total
electricity production in various scenarios of studies concerning renewables. The
aggregate amount of renewable electricity in 2050 estimated by the various scenarios we
looked at ranges from around 2,000 to 5,000 TWh.
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The methods used by most of the studies are not well equipped to analysing the extent to
which electricity supply and demand are interrelated, The most commonly used
international energy sector and system models exhibit only very approximate regional and
timeline resolution. Hence these models do not allow for detailed investigations into how
large amounts of wind and solar power can be fed into the grid or how site specific
electricity from offshore wind farms and the like can be transported to demand centres.
Hence while many of the studies we reviewed may mention the classic challenges faced by
renewable energy, they do not analyse these challenges in detail (EURELECTRIC 2010;
Knopf et al. 2010).

Although all of the international studies we reviewed discuss the economic implications of
decarbonisation, the amount of detail such discussions go into varies from one study to
another and some lack comprehensive cost calculations for their scenarios. Moreover, all
of the scenarios cannot readily be compared with each other in a systematic fashion owing
to the fact that they contain differing calculations of various types of costs such as the
following: specific investments per installed capacity; additional investments relative to the
reference scenario; cumulative scenario welfare loss; mean electricity generation costs;
and total electricity generation costs. However, analyses of the various scenarios yield
useful results nonetheless. Their cost estimates vary greatly from one study to another,
and in some cases for the various models used within individual studies (Hulme et al.
2009, p. 17). Compared to general prognostic uncertainties, these differences between
reference and decarbonisation scenarios are rather moderate (ECF et al. 2010; Edenhofer
et al. 2009; EURELECTRIC 2010; EREC and Greenpeace International 2010; Knopf et al.
2010). The scenarios tend to assume an increase in capital expenditure in the
decarbonisation path mainly during the short to medium term. This increase depends on
investments in generation capacity (particularly for renewables, but also in some cases for
nuclear and gas power plants) as well as in mitigation technologies (e.g. CCS) on the one
hand and grid and storage capacity development on the other. But these investment costs
will also result in durably lower operating costs, by virtue of the fact that this new electricity
system will be largely unaffected by fuel and carbon certificate prices. Against the
backdrop of this shift, some studies assume that electricity generation costs will decrease
in the wake of an initial moderate rise. This holds true in particular for studies whose
scenarios assume a high share of energy from renewable sources and lower medium term
aggregate costs than for the reference scenario (ECF et al. 2010; EREC and Greenpeace
International 2010). However, the extent to which these latter two effects will actually
cancel each other out will be determined by long term costs, which cannot be readily
forecast (particularly for fossil fuel and carbon certificates), as well as learning curves in
connection with new technologies.
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Table 3-1
Suppositions and projected outcomes for various European scenarios in the run-up to 2050
Gross Share of | Share of Net
Mean GDP | electricity | Renewable Share of fossil nuclear | electricity | CO2 reduction CCSin
growth (in | generation | electricity (in | renewables | fuels (in | power (in [ imports {(in | (in percent per | electricity
Study Scenario Region percentlyear)| (TWh) TWh) (in percent) | percent) | percent) percent) year) sector

IEA WED Today (2007) EU-27 3.325 529 15.9% 56% 28.1%

IEA WED Reference for 2030 |EU-27 1.5% 3.968 1.330 33% 48% 19%

IEA WEO 450 ppm in 2030 |EU-27 1.5% 3.622 1,677 44% 26% 30%

Reference scenarios for 2050

Greenpeace/ERECReference OECD (Europe) 1.4% 5.351 2,242 42% 46% 12% no

IEA ETP Reference OECD (Europe) 4.819 1,908 40% 44% 17% no

ADAM M1-adaptation EU-27 1.6% 4,300 1,600 38% H% 27%

ECF Reference EU+NOR+CH 1.8% 4.600 1.632 34% 49% 17% no
Eurelectric Reference EU-27 ~1.7% 4,650 1,600 34% 28% 36% yes
ADAM Reference EU+NOR+CH 1.6% 7.000 1.400 27% 55% 18% na
RECIFE Base-IMACLIM EU-27 7.500 2.000 27% 58% 15% no
RECIPE Base-WHICH EU-27 5,800 1.500 25% 45% 30% no

SEl Reference EU-27 1.5% 4.114 834 20% 60% 20% no
Decarbonization scenarios for 2050

EREC Rethinking for 2050 [EU-27 | 4,987 4,987 100% 0% 0% [ves [NAND) no

Czisch Reference scenario |Eurasia + North America 4,319 4.320 100% 0% 0% [yes no

ECF 100% renewables  |EU+NOR+CH 1.8% 4,900 4,900 100% 0% 0% [15% (NA) 95-100% no

SEl Mitigation EU-27 1.2% 3.047 3.047 100% 0% 0%|[7.5% (NA)  |92%/1990 no
Greenpeace/EREdadvanced (re. OECD (Europe) 1.37% 4,118 3,995 97% 2% 0% 99%/2007 no
Greenpeace/EREQ energy (rjevolution |OECD (Europe) 1.37% 3.462 3.167 91% 9% 0% 95%/2007 no

ECF 80% renewables EU+NOR+CH 1.8% 4.900 3,920 80% 10% 10% 95-100%/1990 yes
ADAM 400ppm-EuroMM __ |EU-27 2.750 2050 75% 0% 25%|DE: 50% modest
ADAM 450ppm-EuroMM _ |EU-27 2.800 2050 73% 9% 18%|DE: 35%

ECF 60% renewables EU+NOR+CH 1.8% 4.900 2,940 60% 20% 20% 95-100%/1990 yes
RECIPE 450ppm-REMIND-R |EU-27 6.500 3.600 55% 15% 30% ~50%/1950 no

IEA ETP BLUE Map OECD (Europe) 3.636 2,007 55% 16% 29%[Variants yes
RECIFE 450ppm-IMACLIM_|EU-27 4.900 2.500 51% 28% 21% ~100%/1990 2040 onwards
Eurelectric PowerChoices EU-27 ~1.7% 5.200 2,000 40% 3% 28% 89%/2005 yes

ECF 40% renewables EU+NOR+CH 1.8% 4.900 1,960 40% 30% 30% 95-100%/1990 yes
RECIPE 450ppm-WITCH EU-27 5.500 2,000 36% 14% 50% ~60%/1990 yes

ADAM 400ppm-POLES EU+NOR+CH 1.6% 6.150 2,300 36% 27% 3T% 89-103%/1990 yes

ADAM 450ppm-POLES EU+NOR+CH 1.6% 6.900 2,350 34% 23% 43% yes

Some of the figures in the table above are approximations obtained either from graphics or by rounding off existing figures.

In some cases there are significant differences between the definition of specific indicators and the delineation of the electricity sector.

Key to acronyms: CH: Switzerland; DE: Germany; NO: Middle East; EE: Renewables; CSP: concentrated solar power

Sources: Hulme et al. 2009; EREC and Greenpeace International 2010; IEA 2010; SEI 2009; EURELECTRIC 2010; Edenhofer et al

Czisch 2005; proprietary calculations

. 2009; EREC 2010; ECF et al. 2010;




47

3.2.2.3 Emissions, technology paths and costs in Germany

The posited share of renewables varies greatly across the various German scenarios we
reviewed (see Figure 3-2), in large measure due to the fact that differing reference years
and cost suppositions were applied. The Study Commission and Oko-Institut/Prognos AG
reference scenarios project that by 2050 117 and 190 TWh/a (respectively) of electricity
will be renewable. Already in 2008 the actual figure (93.3 TWh/a) was on a par with the
level which, according to the Study Commission scenario, will not be reached until the mid
2030s. However as the higher figures in this regard posited by the Oko-Institut and
Prognos AG studies are based on a more current database that factors in recent dynamic
developments, these figures would appear to be more plausible in light of the information
available today.

Figure 3-2
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Some of the aforementioned target scenarios and variants thereof project a considerably
higher share of energy from renewable sources for 2050. These include the following: the
Leitszenario 2009 study, which gives a figure of 503 TWh/a of which 379 TWh/a would be
generated in Germany; the Leitstudie 2008 study scenario variants give a figure ranging
from 472 to 621 TWh/a; the Oko-Institut/Prognos AG innovation scenario, which forecasts
243 and 339 TWh/a of renewable electricity with and without CCS respectively; the
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Enquete-Kommission’s RRO-IER variant 2 projects an all-renewables electricity supply for
415 TWh/a of demand in 2050 (Enquete-Kommission Nachhaltige Energieversorgung
unter den Bedingungen der Globalisierung und Liberalisierung 2002, p.659); and
according to the UBA'’s regional grid scenario, all electricity will be renewable by 2050, i.e.
506 TWh/a of renewable electricity, which is on a par with the figure indicated in the
Leitszenario 2009 study.

Save for the Study Commission’s FNE scenarios, all of the scenarios that meet the
mandatory emission objectives posit a massive expansion of renewable electricity
installations. For the most part they assume that wind energy will play a prominent role
(Nitsch and Wenzel 2009, p. 40; Klaus et al. 2010).
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Suppositions and projected electricity sector outcomes for German scenarios in the run-up to 2050Comparison

of national scenarios: Assumptions and projected electricity sector outcomes in 2050

German scenarios Socio-economic Electricity RES Electricity mix Imports of  |Reduction of Cost Technology
in the run-up to 2050 parameters demand production RES GHG emissions
electricity
Study Scenario Referenc |Population |GDP growth |Total Incl. imports RES |Fossils|Nuclear| TWh % (compared to  |GHG prices CCSs?
e year (m) (%/a) (TWh) (TWh) 1990) (€/t CO2e)
Reference scenarios
Enquete Referenz (IER) 2000 67.8 1.37% 555* 117 21% |79% [0% 0 31% No
Prognos/Oko-Institut |Referenz, without CCS [2005 72.2 0.70 % 530** 200 38% [62% |[0% 10 43 % 50 No
Prognos/Oko-Institut |Referenz, with CCS 2005 72.2 0.70 % 530** 200 38% |62% |0% 10 49 % 50 Yes
Target scenarios Yes
Enquete UWE-WI 2000 67.8 1.37% 428*** ~20% 0% 80 % Yes
Enquete UWE-IER 2000 67.8 1.37% 538*** ~20% 0 % 80 % Yes
Enquete UWE-IER Var. 1 2000 67.8 1.37% 380*** ~20% 0% 80 % No
Enquete RRO-WI 2000 67.8 1.37% 380*** >50% 0% 80 % No
Enquete RRO-IER 2000 67.8 1.37% 434*** >50 % 0% 80 % No
Enquete RRO-IER Var. 1 2000 67.8 1.37% 431x** >50% 0% 80 % No
Enquete RRO-IER Var. 2 2000 67.8 1.37 % 415%* 100% [0% |0% 95 % No
Enquete RRO-IER Var. 3 2000 67.8 1.37% 434*** >50 % 0% 80 % No
Enquete RRO-WI Var. 3 2000 67.8 1.37% 380*** >50 % 0% 80 % No
Enquete FNE-WI 2000 67.8 1.37% 498*** >0 % 80 % No
Enquete FNE-IER 2000 67.8 1.37% 730*** >0% 80 % No
Enquete FNE-IER Var. 1 2000 67.8 1.37% 505*** >0% No
Enquete REF-IER Var. 1 2000 67.8 1.37% 574*** 80 % No
Prognos/Oko-Institut |Innovation, without 2005 72.2 0.70 % 453** 339 5% |25% (0% 88 % 50 No
CCSs
Prognos/Oko-Institut | Innovation, with CCS ~ [2005 72.2 0.70 % 420** 243 58% [42% 0% 88 % 50 Yes
Leitszenario 2009 Leitszenario 2009 2008 75.1 1.12% 599* 503 84% [16% [0% 80 % 28-70 No
Leitstudie 2008 Leitszenario 2008 2007 75.1 1.12% 583* 472 82% [18% |0% 79 % 28-70 No
FVEE Energiekonzept 2050 764* 764 100% 0% 0% 100 % No
Exploratory scenarios
Leitstudie 2008 (E1) |E1 2007 75.1 1.12% 571* 472 83% [17% |0% 81 % No
Leitstudie 2008 (E2) |E2 2007 75.1 1.12 % 593* 514 87% [13% |0% 83 % No
Leitstudie 2008 (E3) |E3 2007 75.1 1.12% 699* 621 89% [11% [0% 85 % No
Leitstudie 2008 (D1) |D1 2007 75.1 1.12 % 641* 467 73% |27% |0% 62 % No
Leitstudie 2008 (D2) |D2 2007 75.1 112 % 641* 467 73% |127% |0% 60 % Yes

*) gross electricity demand
**) net electricity demand
*++) electricity demand as final energy

Sources: Enquete-Kommission Nachhaltige Energieversorgung unter den Bedingungen der Globalisierung und Liberalisierung 2002; Nitsch and Wenzel 2009; Nitsch 2008; Oko-Institut
and Prognos AG 2009; UNFCCC 2008; proprietary calculations
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In addition to projecting electricity demand and the structure of electricity generation systems,
some of the scenarios calculate the greenhouse gas emissions for each development path (see
Figure 3-3). They can be used to evaluate the climate compatibility of this path, since these
scenarios allow for an assessment as to whether emissions reduction goals will be reached. The
data concerning greenhouse gas emissions are incomplete in some of the scenarios — for example
in some cases methane (CH,4) and nitrogen monoxide (N,O) emissions data are missing. In view of
the fact that in Germany carbon dioxide (CO,) accounts for the largest share (88 percent) of
greenhouse gas emissions (UBA 2009a) and that some of the studies we reviewed do not provide
a breakdown of the various sources for the emissions indicated, the discussion that follows
confines itself to carbon dioxide (CO,). The reference values used here come from the 1990 United
Nations Framework Convention on Climate Change (UNFCCC).

Figure 3-3
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UNFCCC 2008; proprietary calculations

The reference scenarios in the studies we reviewed fall far short of the annual greenhouse gas
reduction target. Parliamentary Study Commission reference scenario: just under 31 percent (to
701 Mt/a); Oko-Institut and Prognos AG reference scenarios: 42 percent (580 Mt/a) and around
49% (521 Mt/a) with and without CCS respectively. Hence it is evident that the mandated
emissions reduction objectives cannot be reached unless further energy policy measures are
implemented.
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On the other hand, the Leitstudie 2008 study’s scenario variants assume CO, emissions ranging
from 150-404 Mt/a in 2050, an 85 and 60 percent reduction respectively. Although these lower
values leave other greenhouse gas emissions such as CH; and N,O out of account, it can
nonetheless be concluded from them that if the necessary energy policy measures were
implemented total greenhouse gas emissions could be reduced by more than 80 percent until
2050. The same conclusion can be drawn from the Parliamentary Commission study’s target
scenarios, whose parameters are identical to those of the Leitstudie 2008 scenarios. The regional
grid scenario presented by the UBA study even goes so far as to project that all electricity will be
renewable (i.e. emission neutral) by 2050. It should also be added here that the FVEE study
reaches this same conclusion for the energy sector as a whole, referring to, intera alia, the
Stellungnahme Nr. 15 (SRU 2010).

3.2.2.4 Costs

Most of the scenarios we reviewed contain cost calculations concerning the envisaged
development paths, thus allowing for an economic assessment of these scenarios. The attributes
of particular interest in this regard are (a) the manner in which aggregate costs shape up in the
scenarios relative to a reference path; and (b) future electricity generation costs. Costs in these
scenarios comprise power station and storage facility investment costs (capital costs), fuel costs
(e.g. price of coal per tonne), operating costs (e.g. for maintenance), and CO, certificate costs, and
are determined by other factors as well such as anticipated service life and capacity use. However,
the costs indicated in the scenarios we reviewed should be regarded as an indication of order only,
since even slight changes in the input figures could greatly alter the overall cost calculation
outcome. All of the studies assume that renewable energy prices will decrease considerably in the
coming years owing to the economies of scale resulting from robust expansion in Germany and

elsewhere, which is expected to continue apace.

Although the 2002 Parliamentary Study Commission report contains no CO, certificate price
estimates, the report attempted to fold these costs into its calculations and assessments since in
the final analysis gas, nuclear power and coal will result in further external costs in the guise of
investment, fuel, operating, and economic costs. However, differing assumptions were applied to
these external costs owing to partisan disagreement among the Parliamentary Study Commission
members resulting from a lack of valid figures.

In comparing the pros and cons of a renewable energy expansion versus continued use of fossil
fuel for electricity generation, the Leitstudie 2009 report came to the conclusion that if all of the
external costs arising from fossil fuel electricity generation are factored in, already today a
renewable electricity expansion would save €1.1 billion annually in loss and damage costs (Nitsch
and Wenzel 2009, p. 65). In light of the fact that in this context the difference between renewable
electricity and fossil fuel generation costs is chiefly determined by fossil fuel generation-related
presumptions concerning fossil energy resource and CO, certificate prices and the anticipated cost
decreases for renewable technologies, the Leitstudie 2009 study investigated two price paths for
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fossil energy sources. In so doing it concluded that (a) the envisaged renewable energy expansion
would result in slightly higher short term energy costs relative to fossil fuels; (b) in the long term the
“actual advantage” (Nitsch and Wenzel 2009, p. 67) of the renewables expansion path would
become readily apparent; (c) this expansion would yield cost savings between 2022 and 2032 that
would increase still further toward mid century relative to fossil fuels and that would outweigh in the
long run the earlier additional costs of the renewables build-out; and (d) in the absence of a
strategy that calls for an intensified expansion of renewables, in the period after 2030 (at the latest)
Germany would be heading toward economic collapse.

The Oko-Institut and Prognos AG likewise conclude that the innovation path involving a high share
of energy from renewable sources will involve lower long term costs than the reference path. Net
additional costs will reach their maximum in 2024 (a cumulative total of €15 billion relative to 2007
(Oko-Institut and Prognos AG 2009, p. 368)), and by 2044 the savings will outweigh these
additional costs.

Using cost calculations broken down by sector, the FVEE study reaches a kindred conclusion:
Transitioning to a wholly renewable electricity supply will engender additional costs that would
peak at €17 billion in 2015, savings amounting to €730 billion would nonetheless be realised by
2050 (FVEE 2010a).

The FfE study contains no development path cost estimate. This also holds true for the UBA study,
as it concerns itself solely with the technical aspects (Klaus et al. 2010).

3.2.3 The problem of systematic underestimation of renewables

International organisations such as the European Commission and the International Energy
Agency (IEA) have often been criticised for giving the economic potential of renewable energy
short shrift in a manner that has a dampening effect on capacity expansion in this sector (Pieprzyk
and Hilje 2009; Rechsteiner 2008). This underestimation contrasts with (a) the nhumerous analyses
showing that this expansion has been far greater than anticipated by most studies not only for
Germany and the rest of Europe but also worldwide; and (b) the fact that in some cases the
renewables expansion projections made around a decade ago for 2020 have already been far
exceeded (see Figure 3-4). For example, wind power growth was regularly underestimated during
this period (see Figure 3-5).



Figure 3-4

Projected versus actual growth in the German renewable energy sector
(expressed as final energy demand provisioning in TWh)
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Figure 3-5

International Energy Agency (IEA) scenario versus
actual annual expansion of worldwide wind power capacity (in MW)
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It is also noteworthy in this regard that renewable energy development assumptions have been
steadily revised upward in recent years. One example of this is the World Energy Outlook’s
reference scenario’s projection that renewables will account for 20 percent of European electricity
output in 2030 (IEA 2002), which has since revised upward to 33 percent (IEA 2009; see Figure 3-
6), by virtue of the fact that the 20 percent mark was already reached in 2009 (see Figure 3-7).
According to a projection by the European Commission’s Joint Research Center, if this trend
continues, up to 1,600 TWh of Europe’s electricity will be renewable by 2020 (Bloem et al. 2010).
This figure represents between 45 and 50 percent of total demand. However, according to five of
the European scenarios we reviewed the 50 percent mark would not even be reached by 2050.



Figure 3-6

Share of renewable energy relative to gross electricity demand
in the EU in 2030, as projected by the World Energy Outlook reference
scenarios of the International Energy Agency (IEA)
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Figure 3-7

Share of renewable energy relative to EU electricity generation:
actual development; objective; results if trend continues

%
50 ~
45
40
35
30
25
[ ] Actual changes
20 H
B— EU member slate target
15 M
—m— Outcome if trend continues
10 -
5 -
0_ T T T T T T T T T T 1
I~ @0 @ O — NN 0 = W O K~ 0 O O «~ N O = 0 O ~ o0 O O
(o H = B = v (R = T = Y e E e S e T == SR O = M o= B o= B et ool el B o o o o o R o . 5 |
D O 0O Q9O O o R on I o DN o= B o= E os BN o | o Qo o QO o Q O o o o O
- - N N N N N NN NN NN NN NN NN NN NN N NN N NN NN

Source: Bloem et al. 2010; EuroStat 2010



56

The numerous reasons for the fact that the economic potential of renewable energy is constantly
underestimated cannot be discussed here in detail. One thing, however, is clear: energy scenarios
tend to very strongly reflect the situation that prevails at the time of their elaboration. This can be
seen, for example, in the realm of fossil fuel cost projections, which have a major impact on the
economic competitiveness of renewables. During the era of moderate oil prices that extended from
around the mid 1980s to around 2004, it seemed reasonable to assume that fossil fuel prices
would remain stable. But such projections have been revised substantially upward in recent years,
during which prices have risen sharply (see Figure 3-8), whereby only a minute proportion of this
increase is attributable to inflation.

Figure 3-8
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Underestimates of the scope of renewable development are also partly attributable to the
methodology used. Most modelling studies in this domain — a somewhat broader reach in some
cases notwithstanding — mainly focus on ways to optimise greenhouse gas reductions from an
economic standpoint. Other decision-making criteria such as job creation or secondary

environmental benefits are referred to only in a marginal way (e.g. in the context of sensitivity
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analyses), if at all. Although renewable energies also pose problems in terms of ecological impact
and public acceptance, they offer multiple ancillary advantages over other emissions reduction
technologies. Hence the narrow focus of many economic studies on CO; reduction costs can make
it seem as though renewables are in fact less advantageous than other technological options. This
focus on the economic optimisation of greenhouse gas reductions also results in technology paths
being deemed economically optimal whose implementation may seem to be not a realistic prospect
in political terms. This may hold true for scenarios that assume evolutions such as the mining of
new lignite deposits, extending the lifetime of existing nuclear power plants and building new ones,
and widespread use of CCS technologies (Edenhofer et al. 2009).

In addition, macroeconomic studies tend to posit development paths with a relatively conservative
structure, in that such studies are based on existing technologies and are not very open to radical
and systemic innovation. For example, some solar and wind power cost studies figure in extensive
backup capacity costs that are intended to compensate for fluctuating input levels (IER et al. 2010).
While this assumption seems reasonable in light of the relevant technologies in their present state,
it leads to renewable energy cost projections that are unduly high in light of the fact that such
technologies may well become less cost intensive over the long run. Technological breakthroughs
such as the establishment of smart grids and the load balancing options that such grids could
potentially open up are difficult to model.

And finally, the political climate has also changed, as the latest scientific findings clearly indicate
how urgently needed are measures against global warming. As a result, many states have begun
investing heavily in renewables; the EU has also set ambitious goals aimed at increasing the share
of European energy from renewable sources. Incentives aimed at promoting renewable electricity
development, particularly in terms of selling electricity back to the grid, are on the rise outside of
the EU as well. Ambitious infrastructure projects involving large companies are in the works, e.g.
developing the electricity grid in the North Sea and North African solar energy with a view to
interconnect it with Europe. Such developments are only just beginning to be reflected in recent
studies, which increasingly focus on cost efficient grid integration of wind and solar energy since in
such scenarios the level of intermittent sources would exceed the integration capabilities of existing
grid systems.

3.24 Conclusions

The review of the most important energy and electricity scenarios for both Germany and Europe
shows that numerous development path options are available in terms of electricity demand and
expansion of renewable capacity for electricity generation. The most relevant findings for the
present report are as follows:

— For the Europe-North Africa (EUNA) region covered by the SRU scenarios, it seems realistic to
assume that electricity demand in 2050 will amount to around 5,400 TWh (with 500 TWh
demand in Germany) or around 7,450 TWh (with 700 TWh demand in Germany).
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— It likewise appears realistic to assume that annual gross electricity demand in Germany will be
around 500 TWh in 2050, which would necessitate stringent energy saving and efficiency
optimisation measures for traditional uses of electricity, while still allowing enough capacity for
electrifying private transport (in the order of half of today’s transport volume). Higher demand
amounting to around 700 TWh/a would also be realistic in the event ambitious energy efficiency
strategies are not implemented and electricity is substituted for some or all fossil fuel use in
sectors such as transport, heating energy, and process heating.

— The baseline thesis of this report — namely that the electricity sector needs to be completely or
almost completely decarbonised by 2050 in order for the German and European climate
protection objectives to be reached — is overwhelmingly supported by the multi-sector studies
we reviewed as well as the fact that greenhouse gas reductions in the electricity sector would
be far less cost intensive than in other domains.

— The studies we reviewed show that this objective could be reached via manifold technical and
economic options, whereby the possible technology paths include those based on fossil fuels
with CCS technology, nuclear energy and renewables, as well as paths involving a completely
or largely renewable electricity supply. Which technologies a given scenario favours is also
largely determined by the methodology and suppositions that form the basis for the scenario.
However, more recent studies tend to presuppose a higher share of energy from renewable
sources than older studies.

— Most of the studies we reviewed fail to take load management sufficiently into account, which is
a problem in that a long-term electricity supply scenario can only be viable if it also addresses
the challenges posed by the oftentimes fluctuating levels of wind and solar power generation.
An issue closely related to that of load management and that is likewise given short shrift in
most studies is the economic and technical compatibility of such intermittent energy sources on
one hand, and base load electricity generation technologies on the other. It is also noteworthy in
this regard that the path we advocate — the use of Norwegian pump storage systems — is not
mentioned by any of the studies, despite the evident economic and technical advantages of this
solution.

— The studies we reviewed likewise fail to sufficiently address the legal, political, and social
factors that would (or would not) allow for the implementation of various technological options.
Any given decarbonisation scenario is bound to contain elements whose implementation can
potentially run up against insurmountable obstacles that have nothing whatever to do with their
technical or economic feasibility. This applies in particular to large scale power plants, carbon
storage facilities, and electricity grids, but also to smaller installations and efficiency measures.

— Although the cost calculations in the studies we reviewed are freighted with extreme
uncertainty, one thing is clear. a more heavily renewables based technology path will entail
higher short to medium term investments, but will cost less in the long run. The differences in
aggregate cost between a renewable and non-renewable energy supply path in the run-up to



59

2050 appear to be relatively small, but cannot be reliably forecast owing to the inherent difficulty
of predicting costs. The studies also show that energy efficiency and energy saving can help to
significantly reduce costs.

3.3 Options for an electricity
based upon 100% renewable Sources

3.31 Introduction

The scenarios in the following sections describe the dynamics of a wholly renewable electricity
supply in Germany and in Europe and the steps that would need to be taken to implement it.

Scenarios are not intended to be a substitute for hard decisions concerning priorities and goals; all
scenarios can hope to do is identify the conditions that would allow specific evolutions to occur and
render the impact of the relevant factors more transparent.

The scenarios presented here posit a possible future state of the German electricity supply system
based on a predefined level of electricity demand in the year 2050, and in so doing demonstrate
the following:

that a wholly renewable electricity supply (a) is achievable in Germany on its own, or via an

inter-regional electricity supply network encompassing North African and neighbouring
European states, based on technical potential; and (b) would provide a fully reliable electricity
supply round the clock year round,

— the specific elements and their composition that such a system would comprise, assuming that
(a) the attendant costs were optimised by 2050; and (b) these costs evolve in a manner that
appears to be plausible based on today’s knowledge,

— the probable order of magnitude of the costs of such a system,

— how the makeup of the system components, as well as system costs, would vary according to
the design of the different scenarios.

These findings were then used to determine how the available electricity generation, transmission
and storage capacities would need to evolve in order to achieve the defined target state by 2050.
Based on the characteristics of the existing power plant fleet, we show how conventional
generation capacity could be replaced incrementally by renewable energy. Here we made a
conscious decision to forego a putative optimisation of the generation mix for each individual year,
since the exact costs entailed by the various renewable and conventional electricity generation
options will vary greatly over time and even a relatively minor change in the relative costs could
greatly alter the results of any such optimisation.

As with all scenarios, those presented here should not be read as projections that may or may not
come true. Transitioning to a wholly renewable electricity supply, as is proposed here, should
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instead be regarded as an option — one we feel is well worth pursuing — whose implementation will
necessitate targeted policymaking, strategic measures, careful planning, and considerable effort.

The scenarios presented here show (a) that such a transition is well within the realm of possibility;
and (b) the form such a system would take, based on what currently appear to be plausible
assumptions concerning technological and cost evolutions.

3.3.2 The German Aerospace Center’'s REMix model

Various wholly renewable electricity supply scenarios were simulated mathematically, at our
behest, by the DLR’s Department of Technical Thermodynamics using the REMix energy model.
The DLR has extensive experience in the field of research into technology development and cost
trends in the realm of renewable energy and thus participates regularly in studies concerning the
future of Germany’s energy supply system (see Nitsch 2008; Nitsch and Wenzel 2009). Although
the REMix model can be regarded as the best available German model for simulations of hour-
based optimised electricity supply scenarios for Germany and Europe, it should be borne in mind
that the results presented here are based on a series of assumptions. We feel, however, that all of
these assumptions are plausible and reasonably represent the best available knowledge, even if,
for example, our cost and price estimates concerning conventional energy resources and
technologies for the use of renewable energy resources extending over a four decade period are
subject to significant uncertainty.

The basic characteristics and principles of the REMix model will now be described. Further
information concerning this model and the attendant assumptions will be published separately
(DLR 2010a).

Having first analysed the potential of renewable energy resources, the REMix model uses the
results of this analysis to determine a cost optimised (i.e. lowest cost) constellation of energy
resources for the defined conditions.

The potential analysis is based on a GIS database, which provides detailed information concerning
the electricity generation potential for renewable energy resources in Germany, Europe and North
Africa, via a high resolution grid (grid cell size 10 km x 10 km) (see Figure 2-1).

The REMix model takes account of the following ten renewable electricity options:

— Photovoltaic solar energy,

— Onshore wind,

— Offshore wind in the German portion of the North Sea and Baltic Sea,

— Gaseous biomass with and without combined heat and power generation (cogeneration, CHP),
— Solid biomass with and without cogeneration,

— Geothermal energy with and without CHP,
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Run-of-river hydro power,

Storage hydroelectric power stations,

Pump storage systems,

Compressed air energy storage.

The REMix model also takes account of concentrated solar power (CSP) potential. However this
energy resource is available solely in regions with a greater amount of solar radiation such as
North Africa and thus was only factored into the scenarios that included Southern European and
North African states.

The REMix model’'s potential data for intermittent wind and solar energy resources were broken
down by hours (DLR 2010a).

The analysis of potential was based on coverage types for areas available as GIS maps. Various
assumptions were made in this regard as to which areas are suitable for use of a specific
technology and which portion of these areas are available for such use in light of the main area use
restrictions such as inhabited areas, ecological considerations, or competing land use forms.

Table 3-3- summarises, for the various energy resources, the underlying data and assumptions, as
well as the areas that were excluded from consideration. Such exclusions were based on the
presence of specific ecological or technical conditions that ruled out the area in question for use in
connection with a specific energy technology. Thus for example all nature reserves are excluded,
and solar energy (photovoltaic and concentrated solar power (CSP)) can only be used in gently
sloping areas. Some areas are characterised by competing forms of use whose geographic
boundaries cannot be clearly defined. Hence a maximum area utilisation rate was defined for the
area in which each technology can mainly be used. These rates, which are based on the
sustainability criteria defined by Germany’'s Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety (BMU) (BMU 2004) and Quaschning (2000), normally yield
conservative estimates of potential. The area utilisation rates were set in such a way that
aggregate potential could be determined, including in the presence of competing use forms (i.e. not
subject to multiple uses) (see Table 3-3). For example, non-cultivated desert areas could
potentially be used for concentrated solar power (CSP), wind energy and photovoltaic energy, to
each of which the REMix model allocated 33 percent of the available area as the maximum
useable area.



62

Figure 3-9
REMix model countries
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No. (region) Abbreviation | Area coverage No. Country (region) Abbreviation coverage
1 Albania 17 Slovakia EC 1
1 Serbia AL_CS_MK 1 18 Luxembourg LU 1
1 Macedonia 19 Malta MT 1
2 Bosnia 20 The Netherlands NL 1
2 Croatia BA_HR_SI 1 21 Norway NO 1
2 Slovenia 22 Poland PL 1
3 | Austria AT 1 23 Portugal PT 1
4 Belgium BE 1 24 Romania RO 1
5 Bulgaria BG 1 25 Spain ES 1

6 Cyprus CY 1 26 Sweden SE 1

7 Czech Republic Ccz 1 27 Switzerland CH LI 1
8 Denmark DK 1 27 Liechtenstein -

9 Ireland IE 28 Turkey* TR 0.80
10 | Estonia 29 Great Britain UK 1
10 | Lithuania EE_LT LV 1 30 Ukraine

10 | Latvia 30 Moldavia UMb !
11 | Finland Fl 1 31 Belarus BY 1
12 | France FR 1 32 Algeria Dz 0.31
13 | Germany DE 1 33 Morocco* MA 0.73
14 | Greece GR 1 34 Tunisia* TN 0.99
15 | Hungary HU 1 35 Libya* LY 0.18
16 | Italy IT 1 36 Egypt* EG 0.13

*A portion of this country/region is located outside of the area under investigation. Note: area coverage indicates the
percentage of the region’s surface area that lies within the area under investigation.

Source: SRU 2010; based on DLR 2010a, pp. 2-3

The utilisation rates indicate the maximum potential for each area, whereby the REMix model
simulations indicate the amount of each such area that is usable in the various scenarios.
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Based on the cost assumptions for the various technologies, the REMix model was used to
determine the share that these technologies would have in a generation mix and which
transmission and storage capacities would have to be installed. The estimated electricity
generation costs for the various technologies are based on installable capacity and electricity
generation potential in conjunction with specific investment costs, fixed and variable operating
costs, and the lifecycles of the reference power plants. Future costs were estimated by projecting
current costs into the future via learning curves. The DLR’s assumptions concerning the timelines
for specific electricity generation costs were based on Nitsch et al. (2004) and Krewitt et al. (2005)
and have been subject to continuous updating ever since in light of new findings. These putative
costs, which are consistent with those posited by a 2009 Federal Environment Ministry (BMU)
study (Nitsch and Wenzel 2009), are based on a presumed 6 percent interest rate and are
summarised in Figure 3-10. These costs are also based on so called learning rates, according to
which doubling the production of a given technology (e.g. the number of wind turbines
manufactured annually) will yield a cost reduction amounting to X percent. Such cost curves, which
can be observed for numerous technologies, are primarily based on improvements in the
technology per se (e.g. higher efficiency for a facility, reduced material use) and cost reductions
resulting from higher production (efficiencies of scale). Although the existence of such effects has
been scientifically proven and is undisputed, experts often disagree on the extent to which costs
can be reduced in the future. The cost reduction potential posited by the DLR is subject to
significant uncertainty since the attendant calculations relate to the next four decades. However,
technology based cost reduction potential is subject to less uncertainty than are the prices of oll,
coal, or natural gas over the same period.
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Table 3-3

Regions and renewable energy source potential in German, Europe and North

Africa taken into account by the German Aerospace Center’'s REMix model

Resource data Excluded Area distribution Area utilisation Comments
areas parameter rate
Photovoltaic Global horizontal Inhabited areas™* Roofs: 0.775%; Orientation distribution in
energy in incidence solar radiation building facades: accordance with*
inhabited and direct normal 0.48%;
areas incidence (DNI) solar miscellaneous:
radiation 1.17%"
Photovoltaic | Global horizontal Protected Farmland®* 0.03%" Southern orientation
energy in non- | incidence solar areas with a 3,4 ol without solar tracking
inhabited area | radiationand DNI? slope Pastureland 0.03%
exceeding Uncultivated and 33% (NA)/ 0.03%
2.1% sparsely covered (EV)
areas™
Concentrated | DNI? Protected Uncultivated and 33% North-south orientation
solar power areas with a | sparsely covered with east-west solar
(CSP) slope areas®’ tracking and DNI
exceeding exceeding
2.1% 1,800 kwh/(m?*a)
Onshore wind | Wind velocity 116 meters | Protected Uncultivated and 33%
above sea level® areas’ sparsely covered
areas®
Pastureland® * 3%
Bush®* 3%
Mosaic areas (grass, | 3%
bush, trees)
Farmland®* 3%
Forests®* 0%
Offshore wind | Wind velocity 116 meters | Protected Entire exclusive 16%
above sea level® areas® economic zone, 5 km
from the coast at a
depth of less than
300 meters
Geothermal Temperatures at a depth | Protected All areas 100%, minus
energy, only | of2,3,4,and5km"?® areas’ geothermal and
for electricity CHP potential
generation
Geothermal Temperatures at a depth | Protected Required heat Limited by absolute | European heat demand
power-CHP of 2,3,4,and 5 km”® areas’ demand more than 0- | heat demand map; proprietary source
4 GWh/square km
Run-of-river Installed capacity;® annual Installed capacity;’ 100% Top down approach
hydro electricity generation hypothetical hydro
potential; full load hours™ power potential™
Hydro Installed capacity;® annual Installed capacity® 100% Top down approach
reservoirs electricity generation
potential; full load hours™®
Biomass National biomass Protected Forest, farmland, Top down approach
potentials™® ** areas® with a | pastureland,
slope inhabited areas®*;
exceeding population density*®
60%
1 Quaschning, V., Systemtechnik einer umweltvertraglichen Elektrizitatsversorgung in Deutschland
fur das 21. Jahrhundert. 2000. Disseldorf: VDI Verlag GmbH. 0-188.
2 DLR, Direct Normal Irradiance and Global Horizontal Irradiance. 2007,
Deutsches Zentrum fir Luft- und Raumfahrt.
3 EEA, Corine Land Cover 2000. E.E. Agency, Editor. 2005.
4 JRC, Global Land Cover 2000. 2003, European Commission, Joint Research Center.
5 WDPA, World Database on Protected Areas, http://www.wdpa.org/ 2006.
6 DWD, Windgeschwindigkeiten und Bodenrauhigkeit aus dem Lokalmodell Europa, D. Wetterdienst, Editor.

2007, Deutscher Wetterdienst: Offenbach.

7 Hurter, S.H., R., Atlas of Geothermal Resources in Europe. 2002, Office for Official Publications
of the European Communities: Luxemburg.

8 Hurtig, E., Cermak, V., Haenel, R.; Zui, V., Geothermal Atlas of Europe. 1992,
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Hermann Haak Verlagsgesellschaft mbH, Geographisch-Kartographische Anstalt: Gotha.

PLATTS, PowerVision, datacut hydropower Europe. 2008, PLATTS (McGraw-Hill Companies): London.
WEC, 2007 Survey of Energy Resources, in Survey of Energy Resources, W.E. Council (ed.) 2007,
World Energy Council: London.

Lehner, B.C., G.; Vassolo, S., Europe's Hydropower Potential Today and in the Future. EuroWasser.
IE, Nachhaltige Biomassenutzungsstrategien im européischen Kontext — Analyse im Spannungsfeld
nationaler Vorgaben und der Konkurrenz zwischen festen, flissigen und gasférmigen Bioenergietragern,
N.u.R.-c. Bundesministerium fur Umwelt, BMU (ed.) 2005, Institut fir Energetik und

Umwelt.

EUROSTAT, epp.eurostat.ec.europa.eu.

FAOSTAT, faostat.fao.org.

Dobson, J.E., E. A. Bright, P. R. Coleman, R.C. Durfree; B. A. Worley, LandScan: A Global Population
Database for Estimating Populations at Risk. Photogrammetric Engineering & Remote Sensing 2000.
Vol. 66 (No. 7): pp. 849-857.

Source: DLR 20104, p. 6
Figure 3-10

Projected cost curve for the various renewable electricity generation

technologies until 2050

Assumed cost curve for various renewable electricity technologies, 2010-2050
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Source: SRU 2010, based on DLR 20104, p. 41 ff.

Changes in the costs of renewable and conventional electricity technologies may have a

substantial effect on the portion of each technology simulated in the model, as well as on overall

system costs. In our view, the DLR’s assumptions are plausible and not unduly optimistic in light of

other studies involving similar timelines, particularly in view of the interim results of the

Intergovernmental Panel on Climate Change (IPCC) concerning the potential role of renewable

electricity in fighting climate change. This study reviewed the results of all key international studies

to date concerning the use of renewables. The learning rates indicated in the literature range from
4 to 32 percent, whereby Lemming et al. (2009, p. 35) cite Neij (1997; 1999; 2008) as the most
reliable source for wind energy learning rates, which according to Lemming et al. (2009, p. 35)
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range from 9 to 17 percent based on the aforementioned publications by Neij. Neij's latest findings
(Neij 2008, p. 2209) prognosticate a range of 10 to 20 percent. Based on the renewable electricity
expansion defined for Germany in our scenarios, a backward projection of the presumed costs
indicates that the DLR learning rates are 11.5 percent for onshore wind farms and 18.6 percent for
offshore wind farms. According to one author, the historical learning rate for photovoltaic energy is
20 percent (Surek 2005, p. 294). However this author also assumes that such high learning rates
for crystalline silicon photovoltaic modules cannot be maintained over the long term (Surek 2005,
p. 303). Neij (2008, p. 2209) predicts that photovoltaic costs will decrease by 15 to 25 percent by
2050. Backward projection of the costs indicated by the DLR reveals a putative learning rate of 26
percent, which would appear to be highly optimistic. The putative learning rate of 2.2 percent for
biomass can be regarded as relatively conservative in view of the O to 10 percent range for this
parameter indicated by Neij (2008, p. 2209). Geothermal energy may be a special case in this
context. The latest DLR figures (not included in the present findings) indicate that geothermal
energy costs could be subject to a far greater decrease than that prognosticated by the DLR
calculations. If this is the case, geothermal energy could potentially play a larger role than that
indicated in the scenarios presented here.

Even if the cost reduction potential posited in the present report would prove to be unduly
optimistic, this would not alter the results of our calculations indicating that wholly renewable
electricity supply is achievable; but it would equate to higher climate protection costs than those
indicated by the scenarios.

The REMix model includes Europe and North Africa, where our scenarios allow for electricity
interchange across specific national borders as well as for specific maximum interchange levels.
This approach allowed for the analysis of country groups of varying sizes, as well as individual

countries.

The REMix model calculated total system costs as well as mean per kWh cost for each scenario,
and in so doing determined the necessary transmission capacities between the states concerned
and the attendant total transmission costs. However, the incidental costs arising from electricity
transmission via a grid expansion within an individual country were handled differently. Although
technical potential was determined using a high spatial resolution during the simulations, some
geographical information was lost in this process since it was necessary to aggregate technical
potential for specific regions for reasons of limited computing capacity. Hence the total renewable
electricity potential of each country was treated as aggregated. The REMix model did not take
account of the grid expansion needed in Germany and elsewhere, particularly in terms of
integrating offshore wind farm capacity and transporting it to the consumption centres — a process
that also drives up electricity supply system costs. In view of this fact, we estimated the costs of the
grid expansion within Germany separately.

Inasmuch as the model uses one hour time intervals, it can correlate annual electricity generation
with electricity demand down to the hour. A condition was defined whereby each scenario must
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allow for a completely reliable and secure electricity supply, which means that the technologies
deployed must have the capacity to satisfy fluctuating electricity demand at all times via concurrent
generation of renewable electricity or the use of stored electricity. The optimal makeup of a
electricity generation mix was determined by extrapolating the load curve for a past year to the
posited target year (2050) demand level of 509 or 700 TWh/a, whereby it was presumed that the
demand curve during that year will be similar to the annual curve in Germany to date. We are well
aware of the fact that, in the absence of a better estimate of electricity demand in 2050, the
prognostication arrived at here is only an initial rough estimate. However this method very probably
posits higher requirements for installed capacity and speed of changes in generation than what will
actually be the case in 2050. Moreover, many of the efficiency optimisation technologies such as
dispatchable loads and smart devices that may well be implemented between now and 2050 for
climate protection reasons will allow for grid load balancing and reduced demand peaks.

Inasmuch as the model also takes account of fluctuating availability over time down to one hour
intervals, it was also possible to determine the hourly requirements for production capacity and
equalisation solutions using storage systems. This in turn allowed fo