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Introduction

1 Introduction

1.1 Background and motivation

The Kyoto Protocol was first concluded in 1997, which commits involved nations, including
Germany, to reduce their greenhouse gas (GHG) emissions. On top of that, the EU defined the
“2020 climate and energy package” in 2007, which targets a 20 % reduction on GHG emissions,
20 % improvement in energy efficiency and 20 % of the total energy consumption to be covered by
renewable energy by 2020. In order to address these commitments as well as to create a climate-
friendly and sustainable energy system in Germany, the so-called energy transformation process, also
known as the “Energiewende”, was initiated and several climate goals were defined. As an example,
by 2050, the share of total electricity supply from renewable energy sources is to be successively
increased to 80 % whereas the primary energy consumption is to be reduced by 50 % compared to
the reference year of 2008. In conjunction with these goals, the Renewable Energy Sources Act was
formed in Germany in order to grant priority to renewable energy sources and to facilitate
sustainable development of energy supply. Based on the development of the GHG-emission in
Germany as illustrated in Figure 1-1, it can be seen that Germany has successfully managed to
reduce the emissions with respect to 1990. However, it can also be seen that a much stronger

reduction of GHG-emission is required if the long terms climate goals are to be achieved in 2050.
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Figure 1-1: Emission of greenhouse gases in Germany as reported by the German Environment Agency in the National
Inventory Reports for the German Greenhouse Gas Inventory 1990 to 2016 (as of 1/2018). The emissions in 2020 until
2050 refers to the targets defined in the Climate Protection Plan 2050 of the Federal Government. The emission target
in 2050 refers to the minimum reduction goal of 80 % compared to the reference values in 1990.



In 2016, the GHG-emissions due to fuel combustion in sectors such as the energy generation,
transport and in the manufacturing and construction industry contributed to 84 % of the total
GHG-emissions in Germany. This means that the transformation of the energy sector plays a vital
role in achieving the long term climate goals in Germany. Due to this reason, the development of
the German energy system has been actively researched in the past years. Studies such as Henning
and Palzer (2015), Achner et al. (2015) and BMWi (2017b) have investigated the technical viability of
a future energy system with a high share of renewables. Although there are many ways of achieving
it, these studies share the common fact that photovoltaic (PV) and wind energy will have the largest
share in the German electricity production in the future. Apart from that, the transport sector is also

set to undergo massive electrification, which would increase the deployment of batteries.

However, the development and production of innovative new products, such as renewable energy
technologies, are expected to increase the utilization of new metals. Zepf et al. (2014) showed that
the number of intensively used metals in energy pathways has massively increased under the
influence of technological development, as specific material properties are essential for a large
number of innovative technologies. Technologies such as PV and batteries, which have been
predominantly based on silicon and lead historically, are currently utilizing new metals such as
gallium and cobalt respectively. Similarly, wind turbines are relying on neodymium and dysprosium
in order to increase reliability when the turbines get larger and are built at extreme distances from
the shore. In fact, companies are already facing the challenge of ensuring the criticality of materials
used in the development and production of energy technologies. For example, the wind turbine
manufacturer, Vestas, decided to overhaul their product portfolio to manufacture wind turbines
without permanent magnets (PMs) since China decided to limit the export of rare earth elements
(REEs) in 2012. If the increasing use of scarce metals is left unchecked, it could lead to inevitable
problems such as supply bottlenecks. This could then cripple the implementation of the proposed

energy transformation process in Germany.

In the field of economics, various studies show that additional demand for a commodity will
generally lead to higher prices (Borensztein and Reinhart 1994; Hamilton 2008). In some cases, an
increase in commodity demand of a single considerably large industrial consumer can lead to higher
prices of all related commodities (Rodrigo Cerda 2005; Klotz et al. 2014). With Germany being one
of the leading actors of renewable energy systems globally, the economic effects of the increase in
metal demand due to the deployment of renewable energies cannot be neglected. On a different
note, increasing metal prices and volatility has been a constant motivation to analyse the behaviour
of metal prices, especially for the economic planning of manufacturers and asset investments for
financial investors. The impact of the price fluctuations of metals related to renewable energy
technologies was apparent when the price of REEs hiked due to the export restriction by China
(Pavel et al. 2017). In terms of the use of strategic metals in batteries in EV, automobile
manufacturers are already trying to secure long-term metal supplies due to fear of increasing prices
and supply restrictions (Simon 2018). One of the ways of how industries could protect themselves
2
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from the economic risks and uncertainties related to metal prices is to have a well-diversified metal
portfolio which can provide a stabilizing effect on price fluctuations. While this is relatively easy to
be achieved by investors or mine operators who have the opportunity to utilize the by-products of a
mine, the manufacturing industry requires a variety of metals that can substitute any critical metals in
the products. However, portfolio diversification only effectively works if the related metals in either
production or consumption do not react similarly to market information (CPA Australia 2012).
These examples emphasize the need for knowledge on the price dependencies and relationship
between various metals to be able to anticipate and be better prepared against price fluctuations and

sudden change in the metal market.

1.2 Objectives and research questions

The aim of this thesis is therefore twofold. Firstly, the thesis aims at determining if the expected
increase in metal demand due to the energy transformation process in Germany will lead to supply
bottlenecks. In order to quantitatively address this question, several development pathways
proposed by existing energy scenarios are evaluated. The total metallic raw material demand for the
development of PV, wind turbines and batteries for stationary storage applications and electric
vehicles in Germany until 2050 is determined. Additional demand due to maintenance and repair
works during the lifespan of a technology as well as premature decommissioning is considered, in
order to realistically estimate the total material requirements. In doing so, possible technological and
market developments, such as material efficiency measures and breakthroughs of new technology
concepts, are discussed. In order to account for the uncertainties in the market, the future
technology mix is assessed for several technological roadmaps. The total demand is then compared
to the global production and reserve levels of each metal in order to identify any possible
bottlenecks in the future. Last but not least, the total recyclable metal demand that can be obtained
from decommissioned technologies are identified, which can, in turn, lower any bottleneck risks by
reducing the virgin metal demand. Overall, the analyses in this thesis provide an opportunity to
ensure that severe bottlenecks in the supply of raw materials can be identified at an early stage and
required measures can be taken beforehand in order to steer the energy transformation process in a

cost-efficient way.

Secondly, this thesis aims at investigating the implications of the increasing metal demand due to the
energy transformation process on the metal market. To this matter, a hypothesis is defined based on
the findings in the literature, which is the basis of constructing the test set-ups. In the first part, the
causality between the metal prices is investigated in terms of their nature of joint production and
joint consumption. Additionally, a cross-technology analysis of the price dependencies among all
relevant metals in PV, wind turbines and batteries is conducted, which, to the best knowledge to the
author, has not been done before in existing literature. In the second part, a vector-autoregressive

(VAR) structural analysis is conducted to analyse the market dynamics of selected critical metals. In

3



doing so, specific implications on metal prices can be investigated, such as a sudden surge in
demand due to a technological breakthrough in renewable energy technologies. The main
contribution of this thesis to the existing literature regarding this discipline is the metal-specific

analyses which are relatively scarce in the literature.
More precisely, this thesis aims at answering the following research questions:

e Does the increasing metal demand due to the energy transformation process in Germany
lead to supply bottlenecks?
e What are the economic implications of the increasing demand due to the energy

transformation process in Germany on the metal market?

1.3 Structure of the thesis

The rest of this thesis is structured as follows. In chapter 2, the energy scenarios that are selected to
be investigated in this thesis are compared and contrasted. Since these scenarios serve as the core of
the subsequent analyses, their differences in terms of methodologies, key assumption and their
proposed pathways are addressed in detail. At the end of this chapter, an overview of the
technologies to be investigated, namely PV, wind turbines and batteries, are provided. The third
chapter provides the theoretical basis of metal prices to provide insights in approaching the second
research question. In particular, the relationships between jointly-produced and jointly-consumed

metals are explained.

A thorough literature review regarding both research questions is provided in chapter 4. Three
streams of literature are reviewed in detail for this purpose. Firstly, studies that have investigated the
material demand for the relevant technologies and the supply bottlenecks ate reviewed. This is
followed by studies that investigated the causality between metal prices and lastly, the general market
dynamics of metals. In doing so, research gaps in the literature are identified. Based on the findings

in chapter 4, suitable methodologies and applied data are chosen and detailed in chapter 5.

The next three chapters are combinations of technology-specific methodologies and pre-results
required in obtaining the material demand for PV, wind turbines and batteries, respectively. These
include the material compositions, market shares and material efficiency measures, which are
predominantly obtained from the literature. Using this information, the further development of the
technologies is proposed at the end of each chapter. Chapter 9 presents the main results of this
thesis, which are then discussed in detail in the following chapter. Finally, the thesis is concluded in

chapter 11, in which the critical appraisal and prospects of further works are also provided.



Energy transformation pathways

2 Energy transformation pathways

Energy transformation pathways assist, among others, political discussions and provide guidance in
making energy and climate policy decisions. While the pathways are not a prediction of how the
future energy system will be structured, they propose possible scenarios for the evolution of the
energy system in achieving certain climate goals based on fundamental assumptions and current
knowledge. Currently, there are numerous studies proposing energy pathways in Germany
commissioned from various parties including the government, industry associations and non-
governmental organisations. Examples of some of the more recent pathways, but not limited to, are
IRENA (2015), Gerhardt et al. (2015) and Ausfelder et al. (2017). The majority of the energy
pathways share the common fact of proposing ways to reduce the CO, emissions in Germany to at
least 80 % in 2050 compared to the reference emission values in 1990, which aligns with the national
targets. Despite similar goal, the solutions in achieving this differ massively. This can be owed to
two main factors, namely the methodology and key assumptions applied in the models and
calculations. This proves that there are various possibilities in achieving climate goals, given that the
framework conditions are favourable and carefully structured to steer the development in the proper
path. Therefore, it is important to consider a variety of pathways while planning environmental
policies which will shape the framework of the future energy system. Several meta-studies such as
(Behn and Byfield 2016; Hillebrandt et al. 2015; Jilch et al. 2018; Burck et al. 2010) have compared
and contrasted energy pathways to analyse the framework conditions under which the proposed
energy system can be achieved. Although the numbers might vary, the key message is that the
renewable energy technologies and the related infrastructures such as the power grid and storage

systems have to be expanded while energy efficiency should be improved in all enetrgy sectors.

Consequently, three pathways are selected to be investigated in terms of the raw material
requirement in this thesis. The pathways are selected based on criteria such as the topicality,
geographical relevance, target year, goal of reducing CO, emission and lastly the consideration of
sector coupling. The interaction between the electricity, heating and transport sector is widely
known as sector coupling, which plays an important role in coping with high shares of fluctuating
renewable energies. The key idea of such an enetrgy system is the elevated use of electricity from
renewable energy sources in all sectors, thus reducing the need for fossil fuel for space heating,
process heat, and transportation. As this would lead to an increase in electricity demand, and
consequently of the renewable energy technologies, the consideration of sector coupling is therefore
seen as a pivotal criterion in selecting the energy pathways. Upon consideration of these criteria, the
following energy pathways, designated by the abbreviation that will be used henceforth, are selected

to be analysed:



e Long-term: “Long-term scenarios for the transformation of energy System in Germany”,
conducted by Fraunhofer ISI, Consentec GmbH and ifeu (BMWi 2017a)

e Climate protection: “Climate Protection Scenario 2050”, conducted by Oko Institut e.V.
and Fraunhofer ISI (Repenning et al. 20106)

e Transformation: “Pathways for Transforming the German Energy System by 20507,
conducted by Fraunhofer ISE (Henning and Palzer 2015)

The long-term and climate protection pathways, commissioned by the Federal Ministry for
Economic Affairs and Energy (BMWi) and the Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety (BMUB) respectively, are often used as references in political
discussions regarding energy and climate policies. The transformation pathway from the Fraunhofer
Institute for Solar Energy Systems ISE is based on the cross-sectoral energy system model REMod
(Palzer 2016). The differences between the pathways regarding the methodologies, key assumptions

and core results are detailed in the following sections, with the focus on electricity generation.

2.1 Methodologies

Being structured - to a certain extent - upon previously published energy studies, the long-term
pathway partly analyses and validates certain aspects of preceding studies. The main focus is not to
present a single possible development of the energy system, but a solution space for the future
energy system. A total of 12 scenarios are planned, in which the cost-optimal transformation path
under different conditions will be derived, such as a decentralized system scenario or the low
biomass potential scenario. Until the first quarter of 2019, 5 scenarios have been published, with the
rest are planned to be released latest by the end of 2019. The central scenario of this study is the
base scenario, which aspires after a cost-minimal pathway, in which the climate policy goals of
reducing the greenhouse gasses (GHG) by 80 % in 2050 compared to the emission in 1990 are
achieved. This scenario is chosen to be applied and investigated further in this dissertation. The
modelling of this scenatio was conducted in various sub-models that were optimized iteratively. One
of the main strengths of this study is that not only is Germany modelled, but 42 other countries
from Europe and the MENA region are also modelled and optimized together. This ensures a more
realistic representation of the interaction between Germany and its neighbouring countries,
especially in terms of the electricity exchange. Regarding the power plant expansion, several limits
were pre-specified according to the German Renewable Energies Act (EEG). For example, a
cumulatively installed PV capacity of 52 GW is set to be achieved in 2020 and to remain as the
minimum level until 2050. In terms of wind turbines, at least 91 TWh of energy generation should
be supplied by onshore turbines while offshore, 6.5 GW and 15 GW cumulatively installed capacity
should be reached by 2020 and 2030, respectively. Expansions beyond these limits can be
undertaken by the model if it sees fit. The feasibility of the expansions is then ensured by simulating

the unit commitment of the power plants and by conducting a load flow analysis of the power grid.
6



Energy transformation pathways

The main goal of the climate protection pathway is to identify the achievable reduction in the GHG
emissions if the current energy policy is carried forward into the future. Furthermore, it serves the
purpose of identifying the required measures and strategies for meeting the climate goals and to
analyse the cost-benefit relationship of achieving these goals for the consumer and ultimately, for
the national economy. Three scenarios were analysed in this study, namely the current-measures-
scenarios, where the current environmental policies are assumed unchanged in the future, and the
KKS80 and KS95, each representing the CO, reduction of 80 % and 95 % respectively compared to
the emissions in 1990. In this thesis, the KS80 is chosen to be analysed further as this represents the
minimum requirement in achieving the environmental goals in Germany, and is comparable in terms
of the CO, reduction with the other selected scenarios. The modelling of the KS80 scenario was also
carried out using several sub-models, such as the FORECAST (Fleiter 2018) and INVERT (Stadler
et al. 2007) models. The investment in new power plants was set exogenously according to current
market situations, planned projects and projections from the available literature. The operations of
the power plants in meeting the hourly demand were optimized in the PowerFlex model (Hacker et
al. 2011), with the total operational cost as the target function. The electricity import and export
from Germany was obtained by modelling the electricity exchange between EU-27 countries and

was provided as an input into the PowerFlex model.

In terms of the transformation pathway by Fraunhofer ISE derived from the REMod model, several
scenarios have been published and discussed before. In this thesis, the “85/amb/Mix/beschl”
scenario published by Henning and Palzer (2015) is chosen to be analysed as it was interpreted as
the most promising scenario due to the results that were described to be more socially acceptable.
The goal of this scenario is to derive a cost minimal target system, where the CO, emissions are
85 % lower compared to the reference emission values in 1990. The target function of the
optimization is the minimization of the total cumulative cost from 2014 until 2050, which includes,
among others, the investment costs, operational costs of power plants and fuel costs for
conventional power plants. The CO, reduction is achieved by setting a constraint in the model so
that the annual emission does not exceed the maximum limit. The merit order of the power plants in
the hourly operations is set exogenously to reduce the optimization time. This means that the unit
commitment of the power plants is not optimized in this pathway. Nevertheless, the model ensures
that enough capacity is available for the demand to be adequately met in every hour. Unlike both
aforementioned pathways, REMod does not consider the spatial distribution of the power plants as
the energy activities are assumed to occur in a single node, i.e. that the energy produced by a
technology at any time would simultaneously be available for the entire region without the need for
electricity transmission in the power grid. Correspondingly, the power plants are aggregated
according to their own type, which completely eliminates the requirements for a detailed power grid.

The overview of some of the important methodologies applied by the studies is listed in Table 2-1.



Table 2-1: Overview of the methodologies applied by the energy pathways

Long-term

Climate protection

Transformation

CO; reduction goals

80 %

80 %

85 %

Power plant
expansion

Optimized expansion in
ENERTILE, with
minimum limits for PV and
wind to be fulfilled in a
given time period

Predefined exogenous to the
model

Optimized expansion in
REMod

Unit commitment

Optimised power plant
deployment in OptEK

Optimised power plant
deployment in PowerFlex

Predefined deployment
sequence of power plants

Optimization target
function

Minimal total cost

Minimal total cost

Minimal total cost

Spatial resolution of
modelling

Germany is modelled in 6
regions. Europe and
MENA region are modelled
and optimized together.

Only the electricity sector of
EU-27 countries are
modelled and optimized to
obtain import flows into
Germany.

Germany as a single node,
no neighbouring countries
included in the model.

Power grid
modelling

DC and AC power grids are
modelled.

No power grid modelling,
only the electricity losses in
the grid is considered

No power grid modelling,
only the electricity losses in
the grid is considered

Non-energetic
sectors

Not considered

Partially considered

Not considered

Potential analysis for
expansion

GIS-based analysis for PV
and wind potentials

GIS-based analysis for PV
and wind potentials

Based on literature

2.2 Key assumptions

The CO, emission certificate prices are an important instrument to ensure the reduction of CO,
emissions by imposing a high price on it, which ensures that renewable energies become more
competitive than the conventional power plants in the future. While the long-term pathway expects
the emission certificates to be priced at 100 €/tco. in 2050, the climate protection pathway predicts a
slightly higher price at 130 €/tco.. In contrast to both pathways, which assume a lineatly increasing
price until 2050, the transformation pathway assumes that the maximum price of 100 €/tco. has to

be reached in 2030 and maintained at that level from then onwards.

Besides that, the projection of fossil fuel prices greatly influences the investment decisions and
operating strategies of power plants. High fuel prices indirectly promote the expansion of renewable
energy technologies as the costs of operating a conventional power plant would increase.
Furthermore, this would also promote the implementation of energy efficiency measures in
buildings in order to reduce the energy demand, such as refurbishments or even a technology switch
towards the more cost-efficient renewable technologies. In the long-term pathway, the projections
by the EU are mostly used in setting the prices of fossil fuel. As an example, the oil price in 2050 is
projected to be around 68 €/MWh while the natural gas is slightly lower than 40 €/MWh. In the
climate protection pathway, several studies such as the IEA (2013) and Matthes (2010) are used in
order to obtain the projections of fuel prices. This leads to slightly higher prices than the long-term
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pathway, with oil prices in 2050 about 90 €/MWh and the natural gas price at around 45 €/MWh.

As for the transformation pathway, an annual increase of 2 % is assumed for all types of fossil fuel.

Another key assumption that significantly affects the results of the pathways is the projection of the
energy demand. Two main factors that are essential in determining the development of energy
demand is the demographic and economic growth. In the long-term and the climate protection
pathways, these are modelled precisely for each sector. The transformation pathway uses available
literature and assumptions in order to obtain the demand to feed into the model. In doing so, the
electricity load used in REMod is based on the data from the European transmission system
operators. Additional demand for room heating and hot water demand was calculated exogenously
and included in the electricity load. Besides that, key assumptions regarding energy efficiency are
also made with the goal of reducing the end and the primary energy demand. For example, several
measures such as the reduction of room temperature or the increase of the refurbishment rate are
undertaken to reduce the heating demand in the climate protection scenario. The refurbishment rate
is differentiated in the transformation pathway between two levels of refurbishments; namely a
complete refurbishment according to standards defined in Burger et al. (2017) and an efficient

refurbishment according to Feist (2011).

Assumptions regarding the electricity exchange between Germany and neighbouring countries can
affect the outcome significantly, especially in terms of power plant capacities and electricity
generation. In the long-term pathway, the share of renewable energy in the imported electricity is
assumed to be identical to the average share of renewable energy in the European electricity system.
On top of that, 10 % of the renewable energy share in Germany in 2050 can be provided by
imported electricity. The assumptions differ slightly in the climate protection pathway, where 15 %
of the electricity demand in Germany in 2050 can be fulfilled by imported electricity, which can
consist of electricity from both renewables and conventional power plants. In contrast, the
transformation pathway assumes a limited import and export capacity at 5 GW,,. This significantly
small limit is intentionally selected to analyse the energy system of Germany with minimum

balancing capacity from the neighbouring countries.

Table 2-2: Brief overview of selected key assumptions in the energy pathways

Long-term

Climate protection

Transformation

CO; certificate
prices

Continuous increment of
the price, 100 €/ ktco. in
2050

Continuous increment of
the price, 130 €/ktco. in
2050

Price increases to 100 €/ktco.
in 2030 and remains
constant until 2050

Fossil fuel prices

Moderate increase, e.g.
68 €/MWh oil price in 2050

Strong increase, e.g.
90 €/MWh oil price in 2050

2% increment per annum of
all fossil fuel prices

Demographic
growth

-0.2 % in average between
2015-2050

-0.2 % in average between
2015-2050

Economic growth

0.8 % in average between
2015-2050

0.8 % in average between
2015-2050

Refurbishment
rate of households

Depending on the building
type, between 1.6 and 3 %

Depending on the year,
between 1.3 and 2.2 %

600,000 refurbishments
yearly




2.3 Proposed future energy pathways

In this subchapter, selected results from the energy pathways are presented in two segments. Firstly,
the achieved GHG emission and energy reductions are compared to the national energy and climate
policy targets. This provides an insight on how the methodology and key assumptions from the
pathways affect the results with regards to the national goals. This is followed by the electricity
generation and the expansion of generation capacity, which is used as an input for in determining

the total material requirements.

To begin with, the minimum reduction of GHG emissions of at least 80 % in 2050 compared to
1990 is achieved in all pathways. The share of renewable energies in the electricity generation is
successfully increased to more than 80 % whereas the reduction of the electricity demand for
classical applications is reduced by 25 % in all scenarios. While the long-term and the climate
protection pathways met the target of reducing the primary energy consumption by at least 50 %,
the transformation pathway barely missed this by 1 %. On the one hand, these reductions are largely
owed to the reduction of heating demand in the building sector and of the energy demand in the
industry due to refurbishment and energy efficiency measures. On the other hand, the replacement
of conventional power plants by renewable energies reduces energy losses due to the high

efficiencies of renewable energy technologies.

Furthermore, a significant reduction is also achieved in terms of the end energy demand in all
pathways. In terms of the gross electricity demand, the long-term and climate protection pathways
have an almost unchanged demand (including electricity import) in 2010 and 2050 at around
600 TWh. The transformation pathway, however, exhibits an increase of 26 % in 2050 at 800 TWh.
As mentioned eatrlier, the electricity demand due to classical application actually reduces by 25 % in
2050 compared to 2015, which is in concordance with the climate protection goals. Almost half of
the electricity demand in 2050 in the transformation pathway is contributed by new electricity
applications such as the strong electrification of the heating and transportation sector, production of
hydrogen as well as methanisation as patt of the power-to-X applications. Although the long-term
and climate protection pathways also considered new electricity applications, their demand is not as
high compatred to that of the transformation pathway and is therefore compensated by the demand

reduction in the classical application.

Besides that, the more aggtressive energy efficiency measures, such as demographic degrowth and
higher refurbishment rates implemented by the pathways in compatison to the transformation
pathway also contributes further to the compensation of the demand from new applications, thus
maintaining the gross electricity demand as a relatively lower level. Another important detail to
mention is that the nature of the long-term and the climate protection pathway which model each
sector in detail in separate sub-models enables them to define sector-specific restrictions.
Nonetheless, to a certain extent, this actually limits the optimization model to finding more

favourable results. For example, coal is still used for heating demand in 2050 but only limited to
10
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sectors that are difficult to be electrified, such as the steel industry. On this basis, complete
electrification of the steel industry is not possible. On the contrary, the transformation pathway only
applies cross-sectoral restrictions such as the complete phase-out of coal in 2040. This leads to a

deeper decarbonisation and electrification of all sectors in the transformation pathway.

With regard to the electricity generation capacity, wind energy and PV have the largest net installed
capacity. In the long-term and transformation pathways, wind energy has the largest installed
capacity in 2050, followed by PV. The share of these technologies is switched in the climate
protection pathway, as PV was pre-defined to have the larger installed capacity than wind energy.
While the climate protection pathway only proposed 500 MW of biomass and biogas power plants,
the other pathways have a similar installed capacity of 6 GW. The capacity of hydro power plants
remains constant in all pathways. Among conventional power plants, gas-fired plants have the
largest share in the long-term and the transformation pathways, with 21 and 67 GW installed
respectively. In contrast, only 4 GW of gas-fired power plants are installed in the climate protection
pathway, with an additional 70 GW of back-up capacity. This capacity may consist of gas turbines,
oil-fired power plants or even measures of demand-side-management (DSM), with no specification
provided by the pathway. The transformation pathway completely phases out coal-fired power
plants, while these are still to be seen in the remaining pathways. However, these are the remaining
power blocks from existing power plants today. No new plants are built in both pathways as most of
the capacities have been decommissioned once the maximum lifespan is reached. Only hard coal is
still in use in 2050 with very low full load hours. Brown coal power plants have been completely
displaced by the very high CO, emission certificate prices'. The complete installed capacities of

electricity generating capacities in 2050 are displayed in Figure 2-1.

In terms of the electricity generation, all pathways share the common fact that wind turbines provide
the largest share of electricity generation in 2050, as illustrated in Figure 2-2. PV provides the second
largest share among electricity generation. A very contrasting result is reported in terms of the
electricity exchange with the neighbouring countries. In total, more electricity was exported to
neighbouring countries until 2030 in the climate protection pathway and until 2040 in the long-term
pathway. This however changed beyond that as Germany becomes a net electricity importer. In the
long-term pathway, the net electricity import in 2050 is even greater than what is generated by PV or
onshore wind turbines in Germany. In the climate protection pathway, almost 10 % of the total
electricity demand is imported. It is explained in the pathways that the reason for this is the cheaper
generation of renewable energies in other countries due to more favourable weather conditions. In
contrast, the transformation pathway exports a total of 5 TWh of electricity in 2050 and does not

allow for any import from the neighbouring countries.

!n January 2019, the Commission on Growth, Structural Change and Employment has agreed to phase out all coal-
fired power stations in Germany by 2038 at the latest.
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Figure 2-1: Cumulative installed electricity generation capacity in 2050. The “Backup” in the Climate Protection scenario
refers to a generic backup power plant that offers a multitude of possible options, such as gas turbines or agreements on
load shifting. The “Others” in the long-term scenario refers to other types of conventional and renewable power plants
such as the waste-fired power stations or plant-oil-fired power plants.
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Figure 2-2: Total electricity generation in 2050 in all scenarios. The description of “Others” and “Backup” power plant
types can be found in the description of Figure 2-1. The huge difference between the electricity generation in the
transformation and the rest of the scenario is contributed by the new electricity applications such as the strong
clectrification of the heating and transportation sector.

One of the main requitements of achieving an energy system with a large share of renewable
energies is electricity storages to compensate for the intermittent nature of the PV and wind energy.
Interestingly though, the long-term pathway does not propose any installation of stationary
electricity storage. Only the existing 7.4 GW of pump storage capacity is available until 2050. The
reason for this is that enough flexibility is provided to the system by the power-to-heat applications,
preventing stationary storages to reach economically viable full load hours. In the climate protection

pathway, where the installed capacity of power plants and infrastructure are exogenously specified, a
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total capacity of 15.7 GW of hydro pump storage and 13.5 GW of power-to-heat plants is set for
2050, with no additional stationary storages. In the transformation pathway however, additional
electricity storages in the form of stationary batteries are built. In 2050, 74 GWh of battery capacity
is available to the system. This may be attributed to the larger installed capacities of wind and PV to
accommodate much higher electricity demand as well as the inability to import electricity from

neighbouring countries.

Although stationary batteries are not built in the long-term and climate protection pathway, electric
vehicles (EVs) that contain batteries are expanded massively. The electric vehicles considered in this
thesis also contain fuel cell powered vehicles due to the application of batteries. In the long-term
pathway, 30 million EVs are available in 2050 whereas 32.3 million are reported in the climate
protection pathway. The transformation pathway reported around 34 million EVs in 2050.
However, not all of the battery capacity is available as a flexibility option for the energy system in
the transformation pathway, as this is only limited to 81 GWh (corresponding to 30 % of the total
capacity of the ful