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Brief Summary

The main goal of the German energy transformation is to drastically reduce greenhouse
gas (GHG) emissions. By 2050, Germany is to decrease its GHG emissions by at least
80 %, and wherever possible by 95 %, below 1990 levels. Energy-related carbon
dioxide (CO,) emissions make up the largest share of GHG emissions and account for
about 85 % of the total GHG emissions in Germany today [1]. To achieve its climate
protection targets, the German federal government has declared to fundamentally
transform its energy system, requiring a thorough restructuring of the energy system as
we know it today. This leads to the guiding question of this study: How can a cost-
optimised transformation of the German energy system — with consideration of all
energy carriers and consumer sectors — be achieved in line with meeting the declared
climate targets and ensuring a secure energy supply at all times. We address this
guestion in the present analysis. In this study, we assume that the nuclear phase-out is
successfully achieved by 2022 according to plan and that no large-scale use of carbon
capture and storage (CCS) will be implemented for decarbonizing the electricity
generation from fossil fuel power plants. Besides environmental sustainability and cost-
effectiveness, the model also addresses security of supply, the third aspect of the
energy policy triangle, through time-resolved simulations which ensure the energy
demand is met each hour throughout the entire year.
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Figure 1 summarizes the main results of the analysis. A future energy scenario emitting
85 % less CO, emissions than 1990 levels is compared with a reference scenario, which
assumes that the German energy system operates in 2050 the same way as it does
today. Results show that the primary energy supply for 85 % scenario will drop 42 %
below today's values by 2050. Assuming that no penalty is imposed on CO, emissions
and the price of fossil energy remains constant, calculations show that the cumulative
total costs to maintain and operate today’s energy system will be 27 % less than
transforming the energy system to the targeted minus 85 % scenario. On the other
hand, if the penalty for CO, emissions increases to €100/ton by 2030 and thereafter

Brief Summary

Fig. 1 Overview showing the
main results from the study.
Primary energy
consumption, CO2
emissions and cumulative
total costs for one of the
scenarios investigated

(85 % less energy-related
CO2 emissions in 2050 than
1990 levels) are compared
to the reference case which
assumes that Germany's
energy system continues to
operate in 2050 as it does
today.
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remains constant and given that fossil fuel prices increase annually by 2 %, then the Brief Summary

total cumulative costs of today’s energy system are 8 % higher than the costs required
for the minus 85 % scenario up to 2050.

In the study presented here, potential pathways for the transformation are compared
using various scenarios. The scenarios differ with regard to the mix of drive concepts
used in the future mobility sector, the extent of the energy renovations in the building
sector and the exact time at which coal-fired electricity generation is no longer used. In
addition, various climate targets are considered, namely, reducing CO, emissions by
80 %, 85 % or 90 % below 1990 levels by 2050. Important results from our analyses
are briefly summarised in the following.

The most important results concerning the structure of the future energy system are:

1. Investigations of the various scenarios show that there are a number of
different transformation pathways and system configurations that enable the
targeted reductions in energy-related CO, emissions to be met and at the
same time offer technically feasible boundary conditions for renewable energy
capacity.

2. For all of the investigated scenarios, the use of fluctuating renewable energy
sources (primarily wind and solar PV) to generate electricity plays a key role in
the future energy supply. This holds true even if a massive increase in
opportunities for electricity import and export occurs. Indeed the installed
power required ranges quite widely in the different scenarios: from a total of
290 GW up to nearly 540 GW. The lower value was calculated for the scenario
targeting an 80 % decrease in energy-related CO, emissions and the upper
value was calculated for the scenario with a 90 % decrease in energy-related
CO; emissions, respectively.

3. As the share of fluctuating renewable energy sources continues to grow
strongly, an increasing flexibility in electricity generation becomes just as
necessary as a flexibly reacting electricity demand. Increased flexibility can
become reality only if new applications for electricity use — over and above the
conventional uses known today — are implemented. Such new applications are
particularly important in the building and mobility sectors. At the same time,
increased electricity use in these sectors implies that combustion systems
(boilers, combustion engines) shall be gradually replaced by electric powered
units (electric heat pumps, electric motors). These units convert the final
energy (electricity) more efficiently into useful energy (heat, traction) than the
fossil fuel based combustion processes used today.

4. All of the investigated scenarios foresee a rise in electricity generation and
consumption due to a growing demand across all sectors. Depending on the
scenario, values that are 20 % to 40 % higher than today are to be expected,
despite the assumption made that due to efficiency increases, the electricity
consumption of classical electric powered applications like lighting, mechanical
drives, etc. will be reduced by 25 %.

5. Areduction of energy-related CO, emissions of at least 80 % below 1990
levels requires that fossil fuels, like gas or oil, be replaced more and more by
renewable fuels. Accordingly the targets for CO, emission reductions cannot
be achieved without the installation of large plants for producing synthetic
energy carriers from renewable energy. Such systems would manufacture
hydrogen, methane or liquid fuel using electricity generated from wind or solar
PV. Here also, the total installed capacity of such systems varies widely among
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the different scenarios: from less than 80 GW up to 180 GW. The lower value
is for a scenario which assumes a large expansion in electric mobility. The
upper value was calculated for the scenario targeting a 90 % reduction in CO;
emissions compared to 1990 levels.

6. A dominant feature in the future energy system is the electrification of the
heat supply. In almost all of the investigated scenarios, electric heat pumps are
the main technology used to supply heat for single buildings. The percentage
of electric heat pumps installed in the energy system increases with higher
target values for CO, emission reductions. In all of the scenarios, solar thermal
energy systems are to cover part of the low temperature heat demand in
buildings and in industry.

7. Inthe scenarios that assume the rate of building renovations is much higher
than today, a lower overall capacity of renewable energy converters for
electricity generation is required. As a result, the total costs in these scenarios
are lower than for the scenarios with more moderate renovation rates. In all of
the investigated scenarios (except the scenario with a CO, emission reduction
target of 90 %), the majority of the building stock is renovated to meet
today's standards for new buildings and not to meet passive house standards.

8. An accelerated exit from coal-fired electricity generation by 2040 was shown
to have a significantly positive influence on reaching the emission reduction
targets successfully. In all scenarios with an accelerated exit, the calculated
total costs for the energy transformation were lower than for the same
scenarios with no accelerated exit. If coal-fired power plants are still in
operation in 2050, then it will be very difficult to achieve more than an 80 %
reduction in energy-related CO, emissions.

9. A tipping point is observed between the transformation pathways having
80 % and 90 % CO, emission reduction targets. In scenarios that target CO,
emission reductions of 90 % only a very small amount of fossil fuels is
available. Therefore, the energy systems in these scenarios require an
appropriately large capacity of wind and solar PV to generate electricity, a
large amount of installed storage as well as an appropriately large amount of
plants that produce synthetic energy carriers. At the same time, the 90 %
reduction target requires a more extensive energy renovation within the
building stock. For single buildings that are not connected to a district heating
grid, electric heat pumps will be almost exclusively installed for heat provision
in this scenario.

10. During the occasional periods when the available renewable electricity is not
able to meet the electricity demand, i.e. times of residual load, there must be
enough complementary power plants available to supply power. These
complementary power plants operate on fossil fuel, biogenic and synthetically
manufactured energy carriers. Depending on the scenario, these plants consist
of combined cycle power plants, combined heat and power (CHP) units as well
as gas turbine power plants, in varying ratios.

The most important results concerning the costs of the energy transformation are:

1. For the case of stable fossil fuel prices up to 2050 and long-term low costs for
CO; emissions (e.g. low trading prices for CO; certificates), simulations show
that based on the least expensive scenario, the extra costs for transforming the
energy system are approximately €1100 billion between 2015 and 2050. In
this scenario, the transformation costs about 25 % more than continuing to

Brief Summary
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operate the present energy system as is up to 2050. Per year this is equivalent ~ Brief Summary

to about 0.8 % of Germany's gross domestic product (GDP) today.

2. The cost situation is dependent, of course, on the price development of fossil
fuels and the costs levied on CO, emissions. If one assumes that fossil fuel
prices increase annually by 3 %, then the cumulative total costs for
transforming the energy system and achieving the targeted 85 % reductions in
CO; emissions by 2050 are practically identical to the costs required to operate
today’s system as is up to 2050. A similar effect is achieved when one assumes
constant prices for fossil fuels up to 2050 and a constant charging of costs of
€100 per ton for CO, emissions.

3. After successfully completing the energy transformation scenario in which CO,
emissions have been reduced by 80 to 85 percent, the total annual costs for
the new system are no greater than the costs needed to operate today’s
energy system, i.e. €250 billion distributed over all end customers. This figure
is valid based on today’s prices for fossil fuels and today’s trading costs for CO,
emissions.

All costs stated here are based exclusively on the pure system costs. This means costs
incurred from investments, their financing, the operation and maintenance of the
systems and the purchase of fossil fuels and biogenic energy carriers, i.e. no external
costs were included in the cost calculation.

From the macroeconomic perspective, the transformation of Germany's energy system
demands a significant shift in cash flow, moving the cash spent on energy imports
today to spend it instead on new investments in systems, their operation and
maintenance. In this respect a transformed energy system requires a large expenditure
for local added value, a factor which also does not appear in the shown cost analysis.

Fraunhofer ISE What Will the Energy Transformation Cost? 81|87
Pathways for Transforming the German Energy System by 2050



1 Introduction

In November 2012, we published the study » 100 % Renewable Energies for Power and
Heat in Germany« and in November 2013, the study »Energy System Germany —
Model-based, Overall Investigation for the Long-term Reduction of Energy-related CO,
Emissions through Energy Efficiency and the Use of Renewable Energies Considering All
Sectors and Energy Carriers«. The simulation and optimisation model REMod-D
(Renewable Energy Model — Germany) was the central tool used for the preparation of
the studies. At this point in time, the model enables the cost optimisation of target
systems of a German energy system taking into account a specified, permissible upper
limit of energy-related CO, emissions. In the last two years, we have intensively worked
on the further development of the REMod-D model. The most important modification
is the possibility of mapping complete transformation pathways of system development
from today until 2050 in detail and their optimisation by cost. This new study publishes
the results of analyses carried out with the extended model.

1.1 Concept of the Study

The driving force of the energy transformation in Germany is the political goal of
drastically reduced greenhouse gas emissions in order to limit the anthropogenic
climate change and thus, any drastic influences on nature and the conditions of human
life and economy. The declared political goal of the German Federal Government is to
decrease the greenhouse gas (GHG) emissions by 2050 by at least 80 % [2], and
wherever possible by 95 %, below 1990 levels [3, 4]. This objective is supported by a
wide social consensus. The total amount of GHG emissions in the reference year 1990
amounted to 1,215 million tons of CO, equivalent (for this purpose, all greenhouse-
relevant effects are converted into the climate-changing effect of CO, emissions). This
value considered the CO, lowering in agriculture and forestry. For the years prior to
2050, reduction target values are defined as well: a reduction by 40 % by 2020, by
55 % by 2030, and by 70 % by 2040.
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The value of the GHG emissions in the past is presented together with the mentioned
target values for the period up to 2050 in Fig. 2.

Introduction

Fig. 2 Greenhouse gas (GHG)
emissions in Germany from
1990 until 2013 and target
values for the years up to
2050 (blue dots). The green
bars represent the energy-
related CO2 emissions and
the red bars other GHG
emissions (based on the data
in [1]). The reduction values
in percent refer to the
reference value in 1990.
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The largest share of GHG emissions are energy-related CO, emissions with close to 990
million tons in 1990 and 793 million tons in 2013 (see green bars in Fig. 2). Thus,
energy-related CO, emission may be at maximum 198 million tons in 2050 in order to
achieve the reduction goal of 80 % compared to the reference year 1990. Here it is
assumed that energy-related CO, emissions are reduced to the same extent as all other
greenhouse gas emissions. A reduction by 95 % would mean a target value of 49
million tons. The relative portion of energy-related CO, emissions in the total
greenhouse emissions has increased from around 80 % to 85 % in the period from
1990 to 2013.

On the one hand, the goal of our study is to investigate how a German energy system
in line with the mentioned political goals could look like in 2050. On the other hand,
the current study would like to answer the question, which transformation pathways
would be feasible. The transformation costs should be analysed to identify the
transformation pathways leading to the lowest transformation costs possible. To
answer this question, we modelled the German energy system taking into account all
important energy conversion techniques and considering all consumption sectors. \We
used this modelling to analyse the year-by-year development of the overall system. As
main boundary condition, the target value of permissible CO, emissions must not be
exceeded in any year —in other words, the system transforms itself following the
climate path of virtue. Thus, our approach focuses on a temporally resolved hourly
investigation of the interaction of energy provision and energy use across all sectors as
well as on applying an optimisation to determine cost-optimised systems and/or
transformation pathways.

Chapter 2 discusses the actual state of energy provision and use in Germany and
describes the modelling methodology. In addition, the main assumptions and boundary
conditions are presented. Chapter 3 presents selected results. At first, we analyze the
system composition after transformation for different scenarios, followed by a detailed
cost analysis. Chapter 4 investigates a selected system in detail and analyzes the energy
balance in the investigated target year 2050.

1.2 Review of the 2012 and 2013 Studies

The focus of the study published in 2012 » 100 % Renewable Energies for Power and
Heat in Germany« [5] was on modelling and optimizing the power and heat supply. At
that time, only these two sectors of the overall energy system were included in the
REMod-D model (Regenerative Energy Model — Germany). The model allowed the
optimisation of a target system assuming that no CO, emissions take place for the
provision of power and heat in the target year (usually in 2050).

Next, the model was extended such that all consumption sectors, including mobility
and industry, were considered in the modelling as well. At the same time, fossil energy
carriers were considered in the modelling as well. Here, upper limits for the energy-
related CO, emissions caused by the overall system were specified as boundary
conditions for the optimisation. The optimisation goal was still a target system and not
a transformation pathway. The results of different scenario calculations carried out with
the extended model were included in the study »Energy System Germany — Model-
based, Overall Investigation for the Long-term Reduction of Energy-related CO;
Emissions through Energy Efficiency and the Use of Renewable Energies Considering All
Sectors and Energy Carriers« [6] published in November 2013. A system configuration
leading to an 80 % reduction of energy-related CO, emissions compared to the
reference value in 1990 was presented in detail in the study. On the one hand, the
most important results were data regarding the required quantity structure for the key
components of a future energy system in line with climate protection — hence for wind
turbines, solar panels, energy storage devices, energy renovations of buildings, and

Introduction
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others — and, on the other hand, results regarding the yearly total costs of a future Introduction
energy system. The result shows that, after transformation, a future energy system in
line with climate protection leads to similar yearly total costs as our current system.
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2 Initial situation and methodological approach Inital stuation and

methodological approach

In this chapter, the initial situation of the German energy system is briefly presented
based on the data of 2013 as well as the methodological approach. Here, all key
assumptions and boundary conditions of the calculations are mentioned as well. All
values of power conversion efficiencies, efficiency values, etc. of the used technologies
as well as the specific costs can be found in the appendix.

2.1 Energy Consumption and Energy-related CO, Emissions in Germany

The primary energy supply in 2013 amounted to 3841 TWh [7]. As shown in Fig. 3,
262 TWh of it was used for non-energy-related applications, hence, for the chemical
industry in particular. 3579 TWh were used for energy-related applications. The
composition of energy carriers is shown in Fig. 3 as well. The portion of renewable
energies in the primary energy supply that was used for energy-related applications
was around 12 %, while the portion of fossil energy carriers was around 80 % and the
portion of nuclear energy around 8 %.

B500 oo u Other Fig. 3 Primary energy supply
and usage in Germany in
B000 oo 2013 (own presentation
B Other renewables using the data from [7])
Energy- ® hydro energy, wind,
= related photovltaics
ES ””””””””””””””””” applications  EE— B Nuclear energy
g
2 2000 - 3579 |-
g Natural gas, associated
& 1enn .. U 09090900 I gas
£
a M Soft coal
1000 - " non-energy- [N
related
500 ----------- - consumption ”””””” B Hard coal
0 H Mineral oil

Supply Use

Of the primary energy supply used for energy-related applications, 2575 TWh were
supplied to various consumers as final energy. Own consumption as well as energy
sector losses (including statistic differences) amounted to 1004 TWh (around 28 %).
Final energy distribution to the consumption sectors industry, mobility,
trade/commerce/services and households is shown in Fig. 4. Final energy is supplied to
final consumers in the form of electricity, fuels, and district heat. The percentage of
electricity in the final energy supplied amounts to 20 % (see right bar in Fig. 4). The
final energy usage is distributed almost equally (around 28 % each) to the industry,
mobility, and household sectors and to the trade/commerce/services sector (around 15
%). The relative portion of electricity in the final energy used is the highest in the
industry sector and very small in the mobility sector. Electricity is mainly used in the
area of rail-bound mobility (railway, public transportation), while fuels dominate in the
areas of street-bound mobility, shipping, and aviation.

Figure Fig. 5 shows the final energy composition by application type. The right bar in
the figure represents the respective portion of electricity in the final energy used for the
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different application types. Application types lighting, information and communication  Initial situation and
technologies (ICT), and cooling applications (air conditioning, process cooling) are methodological approach

characterized by a wide use of electricity as final energy. However, in the area of heat
applications (space heating, hot water, process heat), electricity is of secondary
importance. The application as »mechanical energy« is currently dominated by fuels as
well, as the large mobility is included in this application type. Electricity application in

the »mechanical energy« application type mainly refers to pumps, conveying systems,
and drives.

# households Fig. 4 Composition of final
(electricity) energy usage by
= households (other) consumption sectors for
Germany in 2013 (own

presentation using data
= Trade, Commerce, from [7])
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10 ) o Fig. 5 Composition of final
energy by application type
for Germany in 2013 (own
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from [7])
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Fig. 6 shows the final energy used in a modified breakdown. Here, we compiled the
data from [7] in a different form for better comparability of our results (see results in
section 4.4). In this presentation, the final energy amounts were assigned to the
following modified fields of application:
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e Low temperature heat — hence, space heating and hot water —in buildings Initial situation and
(residential buildings as well as commercial and industrial buildings) (in Fig. 6 methodological approach

referred to as »Heat for building«),

e Other process heat, hence, in particular, process heat in trade and industry
(referred to as »Other process heat«),

e Mobility (referred to as »Mobility«), and

e Applications that are currently mainly or completely covered by electricity, i.e.,
lighting, air conditioning and refrigeration, ICT, and electricity-based railway
traffic (referred to as »Classic electricity applications«)

This breakdown highlights that electricity is currently only used to a very small extent as
final energy in the fields of application »Mobility« (round 2 % of the final energy used
in this field of application) and »Heat for building« (4 %). For the field of application
»Other process heat«, the electricity portion amounts to 16 %. In the case of classic
electricity applications, however, electricity is used dominantly (91 %) in this field of
final energy application. Merely a few cooling applications use fuels or heat (e.g., in
absorption cooling systems).

0
& classic electricity applications Fig. 6 Composition of final
(electricity) energy usage by modified
B classic electricity applications fields of application for
(other) Germany in 2013 (own
presentation using data
Mobility (electricity) from [7))
(Electricity: Electricity final
Mobility (other) energy

Others: Other final energy

other process heat (electricity) carrier (fuels, district heat)

Final energy, TWh

other process heat (other)

# heat for building (electricity)

B heat for building (other)

Field of application Total

The energy-related CO, emissions in Germany in 2013 amounted to around 793 million
tons. With that, they represent close to 85 % of the overall GHG emissions [1]. The
composition of the emission origin by different sectors is shown in Fig. 7. Here, the
sector distribution in the data of the German Federal Environmental Agency (UBA) does
not match the distribution used in the energy data of the German Federal Ministry for
Economic Affairs and Energy (BMWi). The largest individual portion of energy-related
CO; emissions with close to 45 % is caused by electricity generation. Although
electricity amounts to around 20 % of the final energy, its portion in CO; emissions is
significantly larger due to high losses and own consumption in the power plant sector.
Mobility is responsible for around 20 % of the energy-related CO, emissions with street
traffic representing the largest portion. Around 18 % are caused by business, public
sector, and households. Here, fuels for space heating and hot water play the largest
role. The CO; emissions caused by electricity requirements of these sectors are included
in this chart in the electricity generation emissions. Additional 16 % are caused by the
manufacturing and construction industry. The CO, emissions of the electricity drawn by
these sectors are also included in the values of electricity generation. Thus, these
emissions are mainly caused by fuels used for industrial processes.
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2.2 Basic Approach: Assumptions and Boundary Conditions

First, we explain the basic methodological approach used to answer the main question
of this study adequately: the question regarding a cost-optimal transformation of the

German energy system taking into account all energy carriers and consumption sectors,
which can be used to meet the entirety of the decided climate protection targets along

the timeline. Briefly explained, we selected the following approach:

e We simulate the overall German energy system hour by hour, taking into
account a variety of energy carriers, converters, and storage, as well as the
electricity (intrinsic electricity applications), heat, mobility, and industrial
process heat consumption sectors. Due to the complexity of the system,
several simplifications and high aggregation of individual consumers are
applied. Modelling starts on January 1%, 2014 and ends on December 31%,

2050. All energy requirements of all consumers must be covered in every hour.

The energy balance must be fulfilled and security of supply must be ensured.

e The system composition can change every year. Here, it is differentiated
between expansion and replacement. For example, wind turbines can be
added so that more wind turbines will be installed at the end of the year than
at the beginning. The same applies to many other system components
(converters, storage). At the same time, old systems that reached their service

life must be replaced. Or they are removed without replacement as this is more

cost-effective from a system point of view. In the case of other system
components, such as heat supply systems and motor vehicles, the number of
systems or units is externally specified. For example, the exact number of

required heating systems must ensure that all buildings are sufficiently supplied

with heat. However, it does not make sense to install more systems. The
composition of technologies used can changed within the scope of system
optimisation. For example, if 800,000 heating systems are removed in a year
due to age reasons, they can be replaced by similar or different systems. This
composition and its chronological development are an optimisation result,

Initial situation and
methodological approach

Fig. 7 Composition of energy-
related CO2 emissions in
Germany in 2013 (own
presentation using data
from [1])
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similar to, e.g., the decision regarding the addition of wind turbines or the Initial situation and
extent of energy-related renovation measures in existing buildings. methodological approach

e We selected the cumulative total costs for the energy supply from 2014 until
2050 as target function for the development optimisation of the overall
system. The following costs items are included in these costs: investments for
expansion, conversion, and replacement of system components, financing
costs for investment financing, operating and maintenance costs for all
systems, and the costs for fossil and biogenic energy resources. However, we
did consider that a system that was not converted also required investments.
Such investments were respectively deducted again. To give an example: if a
gas boiler in a building is replaced due to age reasons, the reference case
would be to install a similar gas boiler. If a heat pump would be installed
instead in our simulation, this would require a higher investment. For this
reason, the difference costs between heat pump and gas boiler were inputted
only during costing in order to record the added costs of the optimised system
in line with climate protection compared to a non-changing reference system.
The same approach was applied to motor vehicles. The respectively added
costs of a novel vehicle concept compared to the reference technology —
combustion engine with fossil fuel — were studied only. In the cost analysis,
this approach means that the determined costs of the system in line with
climate protection can be directly compared to the costs of the reference
system. Here, it must be considered that the reference system also requires
replacement investments, as old systems must be replaced with similar new
systems at the end of their service life.

e To identify cost-effective transformation pathways, many simulation runs are
performed with different system compositions and/or development pathways
of the system compositions. Using an optimizer, the pathways are successively
determined, where the target function, i.e., the cumulative total costs,
assumes minimum values. The result is a cost-minimal variant. Due to the
nonlinearity of the problem, it cannot be ensured that this variant is the
absolute minimum in the high-dimensional parameter space (with up to
2,000 independent variables). The solution space features different solutions —
transformation development pathways — resulting in relatively similar
cumulative total costs.

The detailed functionality of the model, important boundary conditions, and the target
function defined for optimisation are presented in the following chapters.
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2.2.1 Simulation Model and Management

As explained above, the REMod-D-TRANS simulation and optimisation model is used to
calculate the transformation of the current German energy system into a target system
in 2050. It is based on an extended version of the REMod-D model [8].

The basic functionality of the REMod-D model is based on a cost-based optimisation of
a German energy supply system, whose energy-related CO, emissions do not exceed a
specified target value and/or target pathway. The optimisation target is to dimension all
generators, converters, and consumers at minimum costs such that the energy balance
of the overall system is met in every hour.

Initial situation and
methodological approach
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Conventional power plants with lignite and hard coal as fuel, nuclear power plants, oil-
fired power plants, gas turbines, CHP plants, and gas-fired and steam power plants are
implemented as generators. Renewable energy can be generated in the model using
wind turbines onshore and offshore, photovoltaic systems and hydropower plants.
Biomass can be used in different usage pathways either directly or after conversion into
a different energy carrier. For example, wood can be used in boilers in order to provide
process heat for industrial applications and for the generation of low-temperature heat
in the building sector. Biogas systems, gasification systems with subsequent
synthetisation into hydrogen, methane, or liquid fuels and biodiesel systems are
implemented as systems for the conversion of biomass. Electrical energy storage
systems in the form of stationary and mobile (in vehicles) batteries or pumped-storage
power plants are used as storage systems. Hydrogen storage systems and thermal hot
water storage systems in different orders of magnitudes are considered in addition.
With respect to methane storage system, the simplified assumption is made that
currently already existing storage capacities (including grid, approx. 210 TWh [9]) will
also be available to the system in the future. Thus, they are not considered in the
optimisation. [8]

Fig. 8 Scheme of the energy
system as presented in the
REMod-D simulation model.
The illustration shows all
conversion pathways of
fossil primary energy and/or
renewable energies up to
the respective consumption
sector. (Values are examples
for the scenario presented in
detail in chapter 4 with a
reduction of energy-related
COz emissions by 85 %)
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The energy demand side is divided into four groups according to the modified fields of  Initial situation and
application introduced in section 2.1: Mobility, intrinsic electricity applications, heat for ~ methodological approach

buildings (residential buildings, as well as non-residential buildings and industrial
buildings), and process heat in the industry. The mobility sector is mapped in detail
through passenger cars and trucks with seven vehicle concepts each. The energy
demand of aviation, shipping, and fuel-based railway traffic is considered in the
balance, however, not temporally resolved. The basic electricity load is mapped using
load profiles based on the data of European transmission grid operators that was
reduced by the current load for heating systems. This load is calculated model-
endogenously and is not included in the basic load. [8]

The building sector is implemented with 18 possible heat supply technologies. Each of
these heating technologies can be optionally supplemented with a heat storage device
or solar thermal energy system. Fig. 9 shows an example of the »electrical brine heat
pump« system, hence, a brine-water heat pump with ground as heat source. The
possible energy flows between the individual system components are shown. Thermal
storage devices can be charged through solar thermal energy, as well as through heat
from excess power (directly or via the heat pump). The latter option allows the flexible
use of power in the case of a negative residual load. Vice versa, the heat pump can be
switched off and the heat storage discharged in the case of a positive residual load and
simultaneous heat requirement.

Brlne heat pump Fig. 9 Schematic design of
the heating systems on the

example of a ground-
coupled, electrical heat

Solar thermal energy Heat storage

GWth TWh TWh"F |/|<W il pump (red lines = heat,
black line = power).
TWh (HP: heat pump)
A 4
el. HP brine Building
GWy, | TWh | TWh TWh

*

The energy demand of the industry is derived from the statistical data of the German
Federal Ministry of the Economy [7] and refers to the fuel-based energy supply for
process heat. The electricity demand of the industry is included in the basic electricity
load. Fig. 8 shows the schematic presentation of the energy system mapped in the
REMod-D model. The details of the usage side (e.qg., the variety of heating systems,
drive concepts for vehicles) are not included in the presentation. [8]

The REMod-D model is based on simple physical models of all components contained.
The central component is the energy exchange across the electricity system. A load still
to be covered after feed-in of renewable energy is compensated by the generation of
electricity from systems of different sectors. Excess electricity, on the other hand, can
be stored and/or converted into different electricity forms (chemical and thermal) and is
thus accessible for all sectors. The operation of electricity-generating and electricity-
using systems in the case of positive and/or negative residual load follows a defined
management strategy. The component usage sequence in this management strategy
follows the path of highest energy efficiency at simultaneously lowest CO emissions.
Fig. 10 shows the different stages for the generation and usage of electricity in the
case of a positive and/or negative residual load in the system. To cover positive residual
loads, CHP plants are operated first after the use of electrical storage systems and
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Initial situation and
methodological approach

biogas CHP. The generated heat is then used to charge heat storage devices and/or to
cover thermal loads if these are present at the same time. Any additional demand is
covered by the operation of combined cycle gas turbine (CCGT) plants and CHP plants
in »electricity only mode«. The remaining load is covered by highly flexible gas and oil
turbines and with the help of the remaining, flexibly usable power of conventional
lignite and hard coal power plants. In model calculations that also investigated the
electricity import, it can also contribute to covering the electricity demand at the end of
the usage cascade with a previously defined maximum power. [8]

Fig. 10 Management sequence
in the case of positive (left)
and negative (right) residual

Residual load

Positive Negative load. Source: [8]
Discharge stationary batteries y
1 Charge stationary batteries

Discharge vehicle batteries
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) Charge vehicle batteries
Discharge pumped storage plants
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Charge pumped storage plants
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*CHP plants/heat pumps are sorted within this block by their efficiency. Thus, large plants with higher
degree of efficiency are operated first

The weather influence is decisive for the different residual load states during the
simulation. To map this influence adequately, three real data records of 2011-2013 are
used within the scope of calculation. The weather data used in the model for the
calculation of feed-in and load profiles are based on publicly accessible data of the
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German Meteorological Service [10, 11]. The weather data from two different Initial situation and
reference locations in Germany, Braunschweig for North Germany and Wrzburg for methodological approach

South Germany, are processed in the model. Hourly outside temperature values and
emission data are used from both locations. To consider the stochastic effects, the
available weather years of 2011, 2012, and 2013 are randomly distributed to the
period from 2014 to 2050 at the beginning of the calculation for the weather
calculation in the investigated period from 2014 to 2050. Every iterative calculation of
a transformation pathway within an optimisation uses this sequence always in the
same form. This way, a consistent data record was generated for the entire period from
2014 to 2050, which is used as basis for the electricity generation from solar energy
and wind, which is used for calculation of the heating load of the building sector, and
which is used as the basis for the heat generation from solar thermal energy systems.
The real profile of the power consumption data of these years is also used in the same
sequence to ensure an adequate correlation between the profile of the basic electricity
load and the profile of the power provision from renewable sources, which is defined
by the profile of the meteorological variables. [8]

2.2.2 Cost assumptions and target function

The technology specific system costs are obtained from an exogenously specified cost
function depending on the investigated year. When determining this cost function, the
values of every technology given in table 3 in appendix 1 for start year 2015 and target
year 2050 were used as start and end value. Respectively, different data sources were
used for this purpose. These are indicated in table 3 in appendix 1, respectively.

The curve profile of the specific costs of photovoltaic systems is presented in figure 4 as
example. The curve profile is based on studies discussing the cost degression behaviour
of the respective technologies. As result, a specific cost value in €,013/kW is available to
the model for every year.

1400 —---mmmmm e Fig. 11 Cost profile of

S 1o
$ 2015 1,165 €/kwW 2050. Source: [8] Based on
— 2050 571 €/kW [12].
% Exponent 2.5
o]
v
()
&
P ¢ Node years
Q .
v 0 . : : , Degression
2015 2025 2035 2045

Year [-]

In addition to the cost investigations for components, such as converters or storage
devices, where the specific costs are used relative to the thermal or electric power
and/or capacity of the systems, costs for energy saving measures in the building sector
through energy renovations are considered as well in the model. Here, energy-related
additional renovation costs are considered only that result from the difference of the
full costs and the costs incurred for renovations for standard building preservation. This
is based on the so-called coupling principle, which states that an energy renovation of
a component is only performed if the component is to be renovated anyway (see [13];
[14]; [15]). Two energetic standards are assumed for energetically renovated buildings
in the modelling. These are referred to as »fully renovated« and »highly efficient«.
Based on the renovation levels [16] defined in the »Climate-neutral Building Stock
2050« project, »fully renovated« complies with the standards of the Energy Saving
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Regulation (EnEV) 2009, however, tightened by 25 % (EnEV -25 %), and »highly- Initial situation and
efficient« complies with the requirements on a passive house based on [17]. methodological approach

Similar to the approach for energetic building renovations, the coupling principle is also
applied in the mobility and heating technology sectors. Here, passenger cars with
classic combustion engine and heating technologies with gas condensing boiler are
assumed as reference technologies for the costs required for system renovation. Thus,
the financial additional effort of the changed energy system relative to the current
system is considered in the total costs of the investigated climate protection scenario.

The calculation of the total costs required over the investigation period (2015-2050) for
the transformation of the energy system (fuel costs, investments and expenditures for
maintenance and operation, financing) follows the specification of VDI Directive 2067
and annualised for every year'. The reference period for the annualisation is the
respective technical service life of the technologies. Interests are specified per
technology. Here, two interest rates are used consistently: 4 % for investments mainly
by private investors (e.g., house owners and motor vehicle owners) and 7 % for
investments by institutional investors, hence mainly investments in power plants, wind
turbines, and infrastructure facilities.

The target function Z of the optimisation for the investigation period from 2015 to
2050 with N technologies results, according to the following equation, from the sum
of annualised asset- and operation-bound costs of all technologies and the incurred
total fuel costs for every year [8]:

2050 N qT(q _ 1) T
Z= Z ZAOM+(1 t foam, ) T B,
o= T 1 s
With
Ao, Investments in technology / in year t
At Total annuity of technology j in year t
Ay, , Annuity of asset-bound costs of technology / in year t
Ap;, Annuity of operation-bound costs of technology i in year t
fosm; Factor of maintenance and service costs of technology i
qi Interest factor (corresponds to 1 + interest rate in %) of technology i
T Investigation period
B, Fuel costs in year t
N Total number of all technologies

In contrast to cost calculation according to VDI Directive 2067, reinvestments are
defined by the optimisation in the case of costing for transformation pathways. If the
technical service life of a system ends, it is decided as optimisation result, whether this
system will be replaced in the respective year with a system of the same type or a
system of a different type. An assessment of the future of investments can be specified
exogenously in the form of a discounting rate equal for all technologies. The reference
year is 2013. Based on [18], a real discounting rate of 3 % is assumed consistently in
the optimisation calculations presented here.

T All cost values are converted into €:013. Furthermore, it is simplified and assumed that the price-increase
rate of maintenance and operating costs is identical to the assumed rate of inflation (here: 1.7 %).
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2.2.3 Boundary conditions and general assumptions

Due to the high complexity, mapping the German energy system into a model requires
different assumptions and simplifications. For example, developments not subject to
optimisation are specified for the model exogenously. To the extent possible, the
respectively required assumptions are based on the results of other studies accessible in
scientific publications, respectively. The decisive assumptions are presented in the
following for better interpretability of the results:

e Driving boundary condition for the calculation of the transformation pathways
is the maximum permissible amount of energy-related CO, emissions in every
year.

e The maximum possible addition of implemented technologies is limited
through maximum specified year-by-year expansion quantities. This should
consider that it is not possible to build and install an unlimited number of
systems, e.g. wind turbines, due to production limitations. The assumed
»guidelines« of the respective technologies can be obtained from table 4 in
the appendix. These numbers were based on current market numbers. Market
numbers for technologies that cannot have a significant current market share
were determined as follows: First, the maximum potential limit of the
technology in 2050 was determined in the literature. Next, the year-by-year

upper limits were selected such that the sum of upper limits corresponds to the

determined maximum potential limits in 2050.

e Technical potentials for solar and wind. Based on the GHG-neutral Germany
2050 study [19], it is assumed here that 45 GW, and/or 189 GW, onshore
and/or offshore wind turbines are possible and that approx. 300 GWg
photovoltaic systems (including approx. 25 GW. open spaces) can be installed.

e Itis assumed that the number of buildings in Germany increases from currently

approx. 25.4 million to 26.9 million in 2050 [20]; [21]. It is additionally
assumed that every newly built building corresponds at least to the previously
defined »fully renovated« renovation status.

e The number of passenger cars in the mobility sector decreases slightly from
currently approx. 47.8 million to approx. 45 million in 2050. However, the
number of trucks increases slightly from 5.1 to 5.4 million in 2050 (own
assumptions based on [22]).

e The energy demand of aviation and shipping in Germany is assumed to be
consistent at the current level. It is additionally assumed that liquid fuels only
are considered as energy carriers.

e Itis assumed that the energy demand for industrial processes currently
operated directly with fuels reduced by 10 % from currently close to 458 TWh
[7]1to 414 TWh in 2050. A conversion efficiency of 90 % from final to useful
energy is assumed in the model. Industrial process heat is considered in the
model as constant hourly load.

e The basic electricity load based on the time series of the European transmission

grid operators (see [23]) contains any electricity currently demanded in
Germany minus the electricity for space heating and hot water with hourly
resolution. Electricity for space heating and hot water is calculated model-
endogenously and the basic electricity load corrected, respectively. The
electricity demand contains, e.qg., electricity for electrical railway traffic,

Initial situation and
methodological approach
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households, industrial processes, lighting, air conditioning, cooling, etc. In Initial situation and
total, the result is a yearly electricity demand of the system of approx. methodological approach
500 TWh in start year 2013 [7]. Within the scope of the transformation
calculations, this current electricity demand is reduced by 25 % by 2050 in line
with the goals of the German Federal Government'. The reduction is linear
over the investigation period.

e Conventional lignite and hard coal condensing power plants and oil-fired
power plants are initially recorded with plant-specific age and installed power
using the so-called power plant list [24] for 2015. In the course of the
investigation period, the installed power of these power plants reduces after
expiration of the respective technical service life. Table 5 in the appendix
illustrates the dismantling profile of these power plants. Thus, it is not possible
in the model to replace these power plants with power plants of the same
type. They are not included in the optimisation. Depending on the investigated
scenario, an early exit from coal power plants is investigated (see section 2.3).

e Gas-fired and combined cycle power plants (CCGT) are recorded at the
beginning of the calculation analogously to the power plants mentioned
above. However, within the scope of optimisation, there is the additional
possibility to further expand the installed power of these power plants.

e  Electricity feed-in from hydropower plants is mapped with hourly resolution
based on the data of EEX-Transparency [25]. The installed power of today’s
power plants is assumed to be constant throughout the investigated period.
Thus, the installed power of these power plants is not optimised.

e Pumped storage plants are not included in the optimisation. Bases on current
values of an installed power of approx. 6.3 GW, and storage capacity of
approx. 40 GWh, [26, 27] an increase to 8.6 GW and/or 70 GWh is assumed
until 2050 for the dimensions of these plants (power and electric storage
capacity) (own assumptions based on [28]).

e The import and export capacity of the German energy systems is assumed to
be maximum 5 GW, in most calculations. This corresponds to approx. one
third of the currently available capacity of approx. 17 GWe [29]. We
consciously decided to keep this value comparatively small. The target of this
approach is the investigation of the German energy system as independently as
possible from compensation deliveries of adjacent countries. Section 4.5
investigates the influences of an increased electricity exchange capacity with
adjacent countries on the system development in more detail for a selected
scenario.

e The biomass available to the system, divided by wood and wood-type biomass,
organic waste, and cultivated biomass, is assumed to be a summary target
value of up to 335 TWh. [30]

e Solar process heat can partly cover the process heat for industrial processes.
Assuming that up to 10 % of industrial process heat is covered in 2050 by
using solar thermal plants, a maximum expansion of 0.5 % per year is defined

! http:/Avww.bundesregierung.de/Webs/Breg/DE/Themen/Energiewende/Fragen-
Antworten/1_Allgemeines/1_warum/_node.html
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as upper limit. The optimisation algorithm determines the amount of solar Initial situation and
process heat in the system. methodological approach

e For oil-fired boilers it was assumed that they cannot be replaced with another
oil-fired boiler after expiration of their technical service life. The upper limit of
the optimisation for these technologies is thus set to zero for the investigation
period.

e The portion of buildings with district heat connection is limited in the model to
a maximum value of 25 % in 2050. In comparison: district heat connections
represent currently approx. 14 % of all heat supply installations.

2.2.4 Remark Regarding Result Accuracy

It is obvious that mapping a very complex system (such as the energy system) is only
possible with simplifications. This includes in particular spatial aggregation — the entire
system is summarised in a spatial node — and the aggregation of similar system
components. Due to spatial aggregation, spatial compensation effects are neglected.
Spatial aggregation effects can be of attenuating nature, as extreme results do not
occur everywhere at the same time. Thus, a rather unfavourable situation is mapped
here using the selected approach. However, due to spatial aggregation, it is assumed at
the same time that excess energy at one location can be used at the same time at a
different location. Thus, restrictions caused by limited grid capacities are neglected. It is
difficult to provide a solid estimate of the introduced error compared to reality using
such assumptions. However, for not considering grid restrictions in the physical model:
we have tried to compensate this by making assumptions regarding the required
expansion of electricity grids depending in the expansion of renewable energies. A grid
expansion is assumed, which is very close to the »copperplate« model approach. Costs
are included in total costing, respectively.

With respect to cost information, the largest uncertainty is that cost projections must
be made for all components included in the system to determine the year-by-year costs
for investments. We have tried to provide solid cost development estimates for all
components. For components, for which the cost projections in different sources were
very different, we assumed average values. Should the costs for all elements (decisively
contributing to the total costs) develop significantly differently than assumed, this
would have respective influences on the result. However, statements regarding cross-
comparisons between different investigated scenarios are only affected in second
order, as such errors in the cost projections would affect all scenarios.

Overall, we are not familiar with any analyses that investigated the system and cost
development for all consumption sectors and energy carriers of the energy system
transformation to a similar level of detail, based on a model approach, which studies
the energy flows in the system on an hourly basis so that security of supply is ensured
for all consumers not only arithmetically, but also at any point in time. Based on this
and despite the uncertainties mentioned above, the results seem to provide a plausible
and solid cost analysis for the transformation of the German energy system that goes
beyond any data and statements previously available.
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Initial situation and

23 Investigated Climate Protection Scenarios .
methodological approach

If all sectors and energy carriers are investigated in all of their development possibilities,
a vast variety of options exists in the development of the German energy system in line
with the politically targeted climate projection objectives. However, several central
elements can be identified, which decisively influence the transformation process and,
thus, must be investigated in detail in different scenarios. This concerns the following
elements: pathway and target value for the reduction in CO, emissions, development of
energy renovations of the building sector, development of the mobility sector, and the
usage duration of coal as energy carrier in the sector of thermal power plants. The
investigated developments of these elements are briefly explained in the following
sections. An overview of all investigated scenarios is provided next.

2.3.1 Target Reduction Value for Energy-Related CO, Emissions

According to the presentation in Fig. 2, the higher-priority long-term target of the
climate protection policy of the German Federal Government is the reduction of
greenhouse gas emissions in Germany by at least 80 % by 2050 compared to the
reference value in 1990. We have defined this value as target value for the reduction of
energy-related CO, emissions in most of our scenarios. However, there are studies that
suggest that a reduction of energy-related CO, emissions must be greater than 80 %,
as in other areas, such as agriculture, such a high reduction is not realistically feasible.
In this respect, we have studied additional scenarios, in which energy-related CO,
emissions are reduced by 85 % and 90 % by 2050 compared to the reference value.
The respective trajectories that represent the boundary condition for the respective
scenario calculations are shown in Fig. 12.

] 1 J Fig. 12 Development of
energy-related CO2
emissions in Germany from
1990 to 2013 and the upper
limits used between 2013
and 2050 in the investigated
scenario variants. ([8], [1])

Energy-related CO,-emissions, million tons

1990 2000 2010 2020 2030 2040 2050

For a reduction by 85 %, a higher reduction was merely assumed in the decade of
2040 to 2050 (see, e.qg., [21]). For a reduction by 90 % by 2050, a higher reduction
was already assumed starting from 2020. The result is a reduction by 80 % already in
2040.
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2.3.2 Energy Renovation of the Building Sector Initial situation and
methodological approach

The energy renovation of the building sector is one of the most important elements
within the scope of the climate protection policy of the German Federal Government.
The better the structural thermal insulation of all buildings, the less energy is required
for space heating, and thus, the less energy must be provided by the overall system for
space heating. However, the costs involved with energy renovations must be
considered in the context of transformation optimisation of the overall system.

Within the scope of our modelling, we have investigated two different scenarios:

e Low increase in the renovation rate (referred to as »low«): in this scenario it is
assumed that the renovation rate increases slightly only compared to today
from round 200,000 renovation cases per year to 250,000 renovation cases
per year.

e Ambitious increase in the renovation rate (referred to as »ambitious«): in this
scenario it is assumed that the renovation rate increases significantly to at least
600,000 renovation cases per year.

The number of building renovated to a high (referred to as »fully renovated«) and/or
very high (»highly efficient«) energy standard is the result of the respective
optimisation. It is assumed that new constructions must at least meet the »fully
renovated« energy standard.

2.3.3 Mobility Sector Development

In addition to the currently dominating combustion engines with classic fuel mix
(gasoline, diesel) for operating motor vehicles, different drive concepts are feasible in
the future. These options include vehicles with combustion engine with gaseous fuel,
vehicles with batteries and electric motor, as well as vehicles with fuel cell and electric
motor. In addition, mixed forms such as vehicles with combustion engine and
additional battery with electric motor (plug-in hybrids) are possible as well. As the
development of the vehicle sector depends on many factors and forecasting is difficult,
we have differentiated between five scenarios:

e »Classic«: no significant change in the composition of the vehicle sector: here
it is assumed that combustion engines with classic fuel mix will continue to
dominate the area of motorized individual mobility as well as the area of
freight transportation. (Short name of the scenario: »classic«)

e »CH4«: dominant portion of vehicles on methane (and/or natural gas) basis:
here it is assumed that vehicle with combustion engine dominate, which use
gaseous fuel distributed via the existing natural gas network. This fuel is a mix
of fossil natural gas, refined biogas, and methane gained from renewable
electricity. The composition —i.e., the share of each component in the mix — is
the result of the respective system optimisation. (Short name of the scenario:
»CH4«)

e »H2«: dominant portion of vehicles on hydrogen basis: here it is assumed that
a large portion of the vehicle sector is operated with hydrogen from renewable
electricity, which is converted into electricity in fuel cells to drive an electric
motor. (Short name of the scenario: »H2«)

e »Electric: massive increase in vehicles with electric drive: here it is assumed
that in 2050 passenger cars with purely electric drive are sold only and that
half of the street-bound freight transport is realised with electric drive. (Short
name of the scenario: »electric«)

e »Mix«: In this scenario it is assumed that a mix of all the technologies
mentioned above is used. (Short name of the scenario: »mix«)
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Initial situation and
methodological approach

Fig. 13 Composition of the
passenger car fleet in 2050
for the five investigated
mobility scenarios

The following definitions
apply:

Bat: vehicles with
battery/electric motor

classic CH4

CH4-Bat; 0%

fKM: vehicles with
CH4; 4% fKM-Bat; 3% combustion engine with
liquid fuel mix

H2: vehicles with hydrogen
fuel cell and electric motor

CH4: vehicles with
combustion engine and
gaseous fuel

| ) fKM-Bat, H2-Bat, CH4-Bat:
CH4-Bat; 2% electric hybrid concepts with
battery/electric motor

H2

Mix

Except in the »electric« scenario, it is assumed in all scenarios that there is a significant
increase in vehicles using batteries in connection with electric motors in the area of
motorised individual mobility. However, the portion of battery-based electric vehicles
without additional drive source was limited to maximum 20 % of all passenger cars in
2050. At the same time, it is assumed in these scenarios that a portion of motor
vehicles uses hybrid drive concept consisting of an electric motor with battery and a
combustion engine and/or fuel cell. In the modelling, it is assumed that the batteries of
these vehicles can be charged via grid power (plug-in hybrids).

Fig. 13 shows the composition of the passenger car fleet in 2050 with respect to the
used drive concepts for the five investigated scenarios. The respective market shares
and the resulting development of the vehicle stock along the time axis in the time
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period from 2014 to 2050 for the five investigated scenarios can be found in Appendix  Initial situation and
4: Vehicle development mobility scenarios. methodological approach

2.3.4 Exit from Coal Power Plants by 2040

As already presented in section 2.2.3, the operation of thermal large power plants for
electricity generation is not included in the optimisation. The development follows the
so-called line of death, which indicates, how much power plant capacity is removed
from the grid in which year [24]. To investigate the effect of an accelerated exit from
coal-fired electricity generation on the development of the overall system, we have
assumed in some scenario calculations that coal-fired electricity generation ends in
2040 and that the portion of coal-fired power plants is reduced faster than indicated
by the line of death. This should be understood as direct response to the statements
made by the German Environment Minister Barbara Hendricks in July 2015 [31], which
were investigated in respective model scenarios.
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The installed power of coal-fired power plants by lignite and hard coal power plants is
shown in Fig. 14. According to this, the accelerated reduction of hard coal power
plants starts in 2032, and of lignite power plants in 2035. Both types of power plants
stop their contribution to the power supply in the respective scenario calculations in
2040.

2.3.5 Summary of the Investigated Climate Protection Scenarios

The results of nine scenario calculations are presented in the following chapter. The
respective scenarios and their assumptions relative to the target value of energy-related
CO; emissions, energy renovations, the vehicle sector composition used, and the exit
from coal-fired electricity generation are summarised in table 1. Every calculation
contains a complete optimisation calculation for the given development of energy-
related CO; emissions, respectively, to identify the transformation pathway leading to a
transformation cost minimum under the given assumptions and definitions (according
to section 2.2).
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In this context, calculations were not performed for all possible combinations of

scenario variants. First, we performed optimisation calculations for the five different

mobility scenarios under the same assumptions for all other boundary conditions
described above. The target value of energy-related CO, emission was here minus

Energy Initial situation and
Target : . s :
seq.no. renovation | Vehicles Coal plants  |Abbreviation methodological approach
value CO, s
buildings
#1 classic not accelerated |80/low/class./n.a. Tab. 1 QverV'ew,Of the
investigated climate
#2 CH4 not accelerated |80/low/CH4/n.a. protection scenarios
#3 low H2 not accelerated |80/low/H2/n.a.
#4 -80 % electric not accelerated |80/low/eletric/n.a.
#5 Mix not accelerated |80/low/mix/n.a.
#6 not accelerated |80/amb/mix/n.a.
ambitious Mix
#7 accelerated 80/amb/mix/acc.
#8 -85 % ambitious Mix accelerated 85/amb/mix/acc.
#9 -90 % ambitious Mix accelerated 90/amb/mix/acc.

80 % relative to the reference value in 1990. Low energy renovations were assumed as
well as the operation of coal-fired power plants until 2050. The “Mix” mobility
scenario was then always defined for all other optimisation calculations. This should
compensate for the uncertainty regarding the development of the vehicle sector.
Furthermore, an ambitious energy renovation of the building sector and an accelerated
exit from coal-fired electricity generation were assumed for calculations with the CO;
reduction targets of 85 % and 90 %, as otherwise these stricter climate protection

targets could not be achieved purely mathematically due to the permitted CO,
quantities.
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3 Results

This chapter presents selected results of calculations to the nine scenarios described
above.

3.1 System Composition for the Investigated Scenarios

First, the system development in the area of the technologies for the investigated
scenarios is shown. The different boundary conditions cause differences in the
development of the system composition. This particularly applies to the expansion of
converters of renewable energies, such as solar converters (photovoltaics, solar thermal
energy) and onshore and offshore wind energy converters, the development of the
composition of supply technologies for heat provision in buildings, the use of the
biomass available to the overall system, the development of the installation of different
energy storage devices, and the installation of power-to-hydrogen, power-to-gas, and
power-to-fuel technologies.

3.1.1 Electricity Generation

The composition of the most important converters of renewable energies for the
electricity generation, i.e., onshore wind energy converters, wind energy converters in
the North and Baltic Sea (offshore), and photovoltaics for electricity generation for the
nine investigated scenarios, is shown in Fig. 15. The installed power in 2050, i.e., the
target year investigated, is shown.
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When looking into the first five scenarios with different mobility concepts, while all
other boundary conditions remain the same, it can be observed that the installed
power of wind turbines and photovoltaic systems is significantly smaller in the scenario
with a high portion of electric vehicles (scenario 80/low/electric/n.a.) than in the other
four scenarios. The total installed power for wind turbines and photovoltaic systems is
here slightly above 350 GW, while the values for the other four scenarios are slightly
above 400 GW. This is explained by the higher efficiency during conversion of final

Results

Fig. 15  Installed power of the
most important converters
of renewable energies (solar,
wind) in 2050 for the
investigated scenarios
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energy (electricity) into useful energy (traction) of battery-electric motor drives
compared to all other drive concepts.

The effect of an ambitious building energy renovation can be seen in the comparison
between otherwise similar scenarios with a CO, reduction of 80 %, drive concept mix
for mobility, and without accelerated exit from coal-fired electricity generation
(80/low/mix/n.a. and 80/amb/mix/n.a.). Respectively, for the scenario with ambitious
building energy renovation, the result is a significantly lower installed power of wind
and solar converters. Here, the installed power is at approx. 365 GW in 2050, while the
value for the scenario with lower building energy renovation is above 400 GW. An
even more significant reduction is possible, if the exit from coal-fired electricity
generation is realised by 2040. In the case of an ambitious building energy renovation
and a drive concept mix for motor vehicles, the installed power of the power converters
from solar and wind energy is at around 292 GW installed power in 2050
(80/amb/mix/acc. scenario).

All scenarios discussed so far lead to a reduction in energy-related CO, emissions by
80 %. A significant increase in the installed power is required, if the CO, emissions
should be reduced further, i.e., by 85 %. In this case, the total installed power for solar
and wind-based electricity generation amounts to 412 GW — or by 90 % with a total
installed power of 536 GW".

Ensuring the supply with electricity at any point in time requires the installation of
generators that will be available if renewable energies cannot provide sufficient power.
The composition of the installed power for the complementary power generators from
different fossil and renewable energy carriers considered in the model is shown in Fig.
16.
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Overall, a high portion of CCGT power plants (between 36 GW and 55 GW) operated
with natural gas and/or a mix of fossil and renewable natural gas can be seen in all

Results

! The energy balance can only be met in this scenario, if higher installed powers are permitted for wind
turbine and photovoltaic systems. Thus, the set limits deviate in this case from the limits in other
calculations.

Fig. 16
complementary power

Installed power of

generators in 2050 for the
investigated scenarios. For
the scenarios with not
accelerated exit from coal-
fired electricity generation,
the power of coal power
plants still installed in 2050
is presented as well.
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scenarios. CHP power plants, either as systems in heating networks or as systems in Results
individual buildings, have an installed power between 15 GW and 26 GW. Various
guantities of gas turbines are required. As optimisation result, gas turbines are installed
as cost-effective, however less efficient power generators compared to CCGT power
plants mainly for peak powers only required infrequently.

Similarly to converters from solar and wind energy into electricity, an ambitious energy
renovation and accelerated exit from coal-fired electricity generation lead in the case of
complementary power generators to a lower required installed power as in the
respective comparison scenarios with moderate energy renovation and/or coal-fired
electricity generation until 2050. The total power for complementary power generators
amounts from barely 90 GW to approx. 130 GW. The maximum values are required for
the scenario with natural gas vehicles dominating the vehicle market (80/low/CH4/n.a.)
and for the 90-% scenario (90/amb/mix/acc.). Among others, the high required
installed power of power plants in the 90-% scenario is caused by that fact that heat is
provided almost exclusively through electric heat pumps (see next section).

3.1.2 Heat Supply and Building

The number of building renovation cases was defined in all nine investigated scenarios
(see section 0). However, the number of buildings renovated to the current new
construction standard (referred to as »fully renovated«) or beyond (referred to as
»highly efficient«) is left open and is determined via optimisation. The result is shown

in Fig. 17.
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the building stock in 2050
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While in the case of a low renovation rate, still 35 % of all buildings remain not
renovated in 2050, an ambitious renovation rate results in all buildings being renovated
in 2050, either in compliance with the »fully renovated« or the »highly efficient«
standard. However, the »highly efficient« standard is only achieved by approx. 10 % to
15 % of the buildings in all scenarios, except the 90-% scenario (90/amb/mix/acc.). In
the case of the 90-%-scenario, the portion of buildings with »highly efficient« standard
dominates and is greater than 60 % of all buildings. In this scenario, the available
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amount of fossil energy carriers is so small that the comparatively expensive, large-scale  Results
energy renovation is advantageous.

The composition of heat supply technologies for the building stock in 2050 is
presented for the investigated scenarios in Fig. 18. Heat pumps (electric and with fuel)
are the dominant heating technology in all scenarios. Their share is between approx.
two thirds up to approx. 90 %. The share of heating systems with district heat
connection is between approx. 15 % and approx. 20 %, respectively. The share of
combustion-based technologies (gas boiler, gas heat pump, small CHP) fluctuates
severely. In the 90-% scenario, combustion-based technologies are of no importance
anymore. Due to the small amount of available fossil energy carriers, the amount of
fuel is so small that demand is fully covered by district heat and electric heat pumps. At
the same time, the ground-coupled and, thus, more efficient heat pump technology
dominates clearly. In contrast, in the comparable scenario with 80 % CO, reduction
(80/amb/mix/acc.), a sufficient amount of fuel is still available so that combustion-based
technologies cover more than 50 % of all heating systems. Biomass is of no importance
for the heat supply in the building sector. In the overall concept, it is obviously more
cost-efficient to use the limited biomass resources for other applications.

Fig. 18  Composition of the

™ heating network biomass " gas boiler heat supply technologies for
M gas heat pump H electrical brine heat pump ® electrical air heat pump the building stock in 2050
100% for the investigated

scenarios.

The following definitions
apply:

el. HP — brine: electric heat
pump with ground heat
source

el. HP — air heat: electric
heat pump with air heat
source

Hybrid HP electric heat
pump combined with gas
boiler
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Share of all heating systems
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Solar thermal energy is a possible direct use of renewable energies in the heating area.
Three applications were investigated here: use in the individual building combined with
other heat supply technologies, use in connection with heating networks, and the
application for low-temperature processes in trade and industry. Fig. 19 shows the
installed power of solar collectors for the nine investigated scenarios.

In almost all scenarios, decentralised systems in individual buildings represent the
largest share. The installed power is in the order of magnitude of 60 GW in all
investigated cases. Application in low-temperature industrial processes assumes second
place. Here, the installed power is between 42 GW and 54 GW. The installed power of
solar thermal energy systems coupled with heat networks is between 25 GW and

45 GW. The total installed power of solar thermal energy systems is between 133 GW
(80/low/H2/n.a. scenario) and 159 GW. This largest installed power corresponds to the
scenario with classic drive concept mix in the mobility sector and low renovation. Based
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on the installed power of solar thermal energy systems, the corresponding collector
area (aperture area) can be calculated. It is the simple result of a conversion factor of
0.7 kW4, per m2 aperture area. Thus, a power of 133 GW corresponds to an area of
190 million m2 and a power of 159 GW to an area of 227 million m2.
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Fig. 19  Installed power of solar
thermal energy systems in
2050 for the investigated
scenarios.

3.1.3

Biomass Usage

The installed power values of converter systems are shown in Fig. 20.
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The results show that only three conversion options are used of the many biomass
usage possibilities (according to the information in section 2.2) regardless of the
investigated scenario: biomass electricity generation in individual systems, the
conversion into natural biogas, which is mixed with fossil natural gas and possibly
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methane from renewable energies and distributed via the gas network, and biomass Results

combustion for high-temperature industrial applications.

The total installed power for all systems of these types is between approx. 27 GW and
approx. 40 GW.

3.1.4 Energy Storage Systems

Within the scope of modelling, pumped-storage power plants and stationary batteries
are investigated as short-term energy storage systems for storing electricity, and
sensible heat storage with water as storage medium in individual buildings and heat
networks for heat storage. Short-term storage devices are storage devices typically used
for temporarily storing energy for a few hours - e.g., from day into the night or from
weekend to mid of the week. The installed capacity of pumped-storage power plants
was not achieved via optimisation. An increase to 70 GWh was assumed in all scenarios
(see section 2.2.3). The calculation results are shown in Fig. 21 for electricity storage
devices and in Fig. 22 for heat storage devices. The installed capacity is presented in
GWh.

The installed capacity for batteries is between approx. 40 GWh and slightly over

120 GWh in the 90-% scenario (90/amb/mix/acc. scenario). The lowest value occurs in
the scenario with a high share of vehicles with battery and electric motor
(80/low/electric/n.a.). This is caused by the high capacity of batteries in electric vehicles,
which are available to the system as short-term storage in this scenario.

H Stationary batteries B Pumped-storage power plant Fig. 21 Installed capacity of

7 Y short-term storage for
electricity in 2050 for the

1o ) IR investigated scenarios.

Installed capacity 2050 in GWh
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The total capacity for decentralised heat storage installed in individual buildings is
between approx. 450 GWh and approx. 600 GWh. On the one hand, the function of
these storage devices is heat storage in connection with solar thermal energy systems
to balance between heat supply and heat demand in the buildings. On the other hand,
their function is heat storage in connection with electric heat pumps for flexible heat
pump operation beneficial to the network.

For heat storage coupled to heat networks, the total installed capacity is between
almost 400 GWh and approx. 750 GWh. These storage devices are responsible for
absorbing heat from large heat network-bound CHP plants and heat from solar
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thermal energy systems. Furthermore, they enable — similar to decentralised heat Results

storage — the absorption of excess electricity in the case of high negative residual loads
(see the remarks regarding operations management in section 0). An analysis of the
medium charging and discharging times shows that large centralised heat storage
devices are on average charged and discharged 2 to 3 times a week. Thus, they do not
function as long-term or seasonal storage.

Fig. 22 Installed capacity of
short-term storage for heat
in 2050 for the investigated
scenarios.
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3.1.5 Power-to-Hydrogen/-Gas/-Fuel Technologies

In the case of limited fossil resources for the provision of storable energy, different
conversion technologies can be considered to produce storable, synthetic energy
carriers from electricity generated using renewable energies. These energy carriers
function in the system as long-term energy storage. They are generally generated from
renewable energy and can be used in the systems in various forms depending on the
type of the generated energy carrier.

On the one hand, we investigated the production of hydrogen (referred to as
»electrolysis«) and its direct use as addition to the natural gas network as well as the
use as fuel in motor vehicles that use hydrogen in connection with fuel cell and electric
motor. On the other hand, we investigated the conversion into synthetic methane in
combined systems of electrolysis and downstream Sabatier process (referred to as
»Sabatier«) (here, the installed power refers to the electric power of the overall system
including electrolysis). Finally, the conversion of hydrogen into liquid fuels was
considered as further option. The last two mentioned technologies use outside air as
CO; source.

The result according to Fig. 23 shows that a significant capacity of such converters is
required in all investigated scenarios to ensure security of supply in the context of the
overall system. The total install power for these converters is between approx. 80 GW
and approx. 130 GW for all scenarios except the 90-% scenario. The 90-% scenario
requires a significantly higher capacity of 180 GW. This is due to the small amount of
fossil energy carriers (mainly fossil natural gas) still available for all energy applications.
Residual electricity generation and in particular the mobility sector require energy
carriers with high energy density. The available biomass is not sufficient.

Fraunhofer ISE What Will the Energy Transformation Cost? 36|87
Pathways for Transforming the German Energy System by 2050



Results

H Electrolysis H Sabatier Power-to-Fuel i
Fig. 23 Installed power of

converters for the
production of fuels from
renewable energy in 2050
for the investigated
scenarios.

Installed power 2050 in GW

3.1.6 System Composition Summary

Summarising, the analysis of the investigated nine scenarios shows that the degree of
electrification of road mobility, the degree of renovation of the building stock, and —
even more decisive — the time of the exit from coal-fired electricity generation have a
central influence on the technical composition of an energy system in line with climate
protection in 2050. With respective implementation, all three factors lead to a
significantly lower required installed power of solar and wind energy systems than in
the case of respective comparison scenarios. Besides the costs that are analysed in the
following section, social acceptance is particular important for the expansion of wind-
based electricity generation plants (and solar-based plants at least in the case of open
space plants) in the implementation of the energy transformation. In this respect,
scenarios should be preferred that require an as small as possible installed power of
these plants.

The target value for the reduction of energy-related CO, emissions has significant
influence on the system composition and the required installed power of all generators
and converters. A reduction of energy-based CO, emissions by 90 % relative to the
initial value in 1990 requires a total installed power of photovoltaic plants and wind
turbines of approx. 536 GW even in the case of ambitious energy renovation and
accelerated exit from coal-fired electricity generation. At the same time, approx. two
third of all buildings would have to be renovated in line with a very high energy
standard. The largest share of the installed power of the compared scenarios is also
required for most of the other technologies, such as complementary electricity
generation, plants for biomass conversion, and plants for the production of synthetic
fuels from renewable energies. At the same time, combustion processes would be
completely displaced from the heat supply and ground-coupled electric heat pumps
become the dominating heating technology.

3.2 Costs for the Investigated Scenarios

The cost discussion is of decisive importance in the social debate regarding the energy
system transformation. For this reason, a solid as possible cost analysis investigating the
entire transformation process is important. A detailed cost analysis is carried out in this
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section. The different cost types (investments, financing costs, operating and Results

maintenance costs, fuel costs) are investigated and compared under different
assumptions and boundary conditions, such as different growth rates for import prices
of energy resources or different scenarios of cost assignment to CO, emissions.

3.2.1 Cumulative Costs without Price Increase and CO, Emission Costs

On the one hand, the transformation of the energy system means that new, additional
plants are installed in the area of energy conversion and storage — e.g., photovoltaic
plants and wind turbines or stationary batteries and hydrogen production plants. On
the other hand, it means that existing plants, e.g., in the area of heat supply for
buildings, are replaced by new and partly different devices — e.g., the replacement of
gas boilers with heat pumps. This requires respective investments, including
replacement investments for old systems that are decommissioned after service life
expiration. These investments are compared to the costs for import and local
generation of fossil energy carriers, which decrease due to the stepwise reduction in
use of fossil fuels.

Fig. 24 shows the cumulative costs for the nine investigated climate protection
scenarios in comparison. They consist of investments, fuel costs (fossil energy carriers,
biomass), operating and maintenance costs, as well as finance costs. In addition to the
values for the nine climate protection scenarios, the respective values of the reference
system are provided as well. Here it is assumed that the energy system remains stable
as in 2014 and is further operated without retrofits. Fig. 24 also applies to flat import
costs for fossil energy carriers. No CO, emission costs (hence, e.g., CO; certificates or
CO; emission taxes) were considered either.

The cumulative total costs are between approx. €5,300 billion and €5,800 billion for all
climate protection scenarios except the 90-% scenario (90/amb/mix/acc.), while the
value for the 90-% scenario is approx. €6,600 million. Of the five scenarios that
compare different developments in the area of drive concepts for road mobility, while
keeping all other boundary conditions the same, the scenario with a dominant
development of drive concepts with battery/electric motor (80/low/electric/n.a.) are the
most cost-effective with cumulative total costs of €5,380 billion. This corresponds to
the results presented in the previous section, according to which this scenario leads to
the smallest installed power of wind turbines and photovoltaic plants and the smallest
investment values in the area of many other system components. The 80-% scenario
with ambitious energy renovation of buildings, a mix of vehicle concepts, and an
accelerated exit from coal-fired electricity generation (80/amb/mix/acc.) achieves similar
values. The respective scenario with a reduction of energy-related CO, emissions by

85 % (85/amb/mix/acc.) leads to slightly higher values. For the first scenario, the value
of cumulative total costs amount to €5,260 billion, and for the second scenario to
€5,340 billion.
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The value of the cumulative total costs in the reference case amounts to approx.
€4,200 billion. It is thus approx. €1,070 billion lower than the lowest value of the
investigated climate protection scenarios. If these additional costs of €1,070 billion are
equally distributed to 2014-2050, the result is yearly additional costs of approx.

€30 billion, which corresponds to approx. 0.8 % of the German gross domestic
product in 2013. The costs for fossil fuels dominate in the reference case. With approx.
€3,300 billion, they correspond to close to 80 % of the cumulative total costs. As this
reference system represents an unchanged continuation of the current system
composition, investments are merely required for the replacement of expiring power
plants and plants to be replaced for the use of renewable energies. They are thus
significantly smaller than in all climate protection scenarios. The operating and
maintenance costs as well as the financing costs are lower as well, respectively.

An important question is why the costs for fossil energy carriers in the investigated
climate protection scenarios do not drop similarly sharply as the CO, emission. This is
justified by the fact that the cost-effective energy carriers lignite and hard coal are
mainly displaced from the system that show high specific CO, emissions at the same
time. In comparison, more expensive — but, with respect to energy content, CO, poorer
— energy carriers, such as natural gas, crude oil, and oil products, that must mainly be
imported, are used in all climate protection scenarios up until 2050.

3.2.2 Consideration of Price Increases for Fossil Energy Carriers

From today’s point of view, the long-term development of the import costs for fossil
energy carriers is difficult to predict. In particular, if climate protection policies become
effective globally, this should generate price pressure towards no or minor price
increases only for fossil energy resources. In the graphs in Fig. 25 to Fig. 27, real price
increases of 2 % (Fig. 25), 3 % (Fig. 26), and 4 % (Fig. 27) were assumed for mainly
imported fossil energy carriers, i.e., natural gas, crude oil, and hard coal. Constant
prices were assumed for all other energy carriers, including biomass resources. The
calculations still do not consider CO, emission costs. Besides that, the graphs are
structured identically as Fig. 24 from previous section 3.2.1.
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Overall, it becomes obvious that with respect to costs, climate protection scenarios
become the more competitive, the higher the price increases for imported fossil energy
resources are — as expected. This is rather obvious. However, the investigations deliver
guantitative values. In the case of an import price increase of fossil energy carriers by

3 % per year, the cumulative total costs for several investigated scenarios is approx.

2 % lower than the reference case. This includes the scenario with a very portion of
electric mobility (80/low/electric/n.a.) and the scenarios with vehicle mix, ambitious
energy renovation, and accelerated exit from coal-fired electricity generation that lead
to a reduction of energy-related CO, emissions by 80 % or 85 % (80/amb/nix/acc. and
85/amb/mix/acc.). Overall, the scenarios with high CO, reduction become the more
cost-effective, the higher the price increase for imported fossil energy carriers is. In the
case of an increase in the import prices for fossil energy carriers by 4 % per year, even
the 90-% scenario leads to slightly higher cumulative total costs than the reference
scenario.

Results

Fig. 25  Cumulative total costs

of the investigated scenarios
and the reference case. The
presentation applies for the
following conditions:

- 2 % yearly price

increase for the

import costs of fossil
energies

- No CO2z emission

costs

Fig. 26 As Fig. 25, however for

the following conditions:
- 3 % yearly price
increase for the

import costs of fossil
energies

- No CO2z emission

costs
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Results

M Investments M Fossil fuels = Biomass B Operation and mantainance ® Financing Fig. 27  As Fig. 25, however for
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3.2.3 Consideration of CO, Emission Costs

Costs for CO, emissions lead to cost increase of systems with high emission values. At
this point, it is not important how such costs are charged (e.g., CO; tax, certificates).
However, it should only be investigated, how such costs influence the cumulative total
costs of the investigated systems.

Initially, we analysed, how high a constant cost value charged for CO, emissions over
the entire period from 2014 to 2050 would have to be so that the scenario with 85 %
CO; reduction results in the same cumulative total costs as the reference system. At the
same time, it was assumed that the import prices for fossil energy resources and all
other energy carriers remain constant. The result is a value of slightly over €100 per
ton. Fig. 28 shows the cumulative total costs for all scenarios at this constant value.

However, a steady development of CO, emission costs is most likely more realistic. To
map this, we used the cost function for CO, emissions presented in Fig. 29 in a next
step. This function assumes a constant increase in costs for CO, emissions until 2030,
followed by constant costs of €100 per ton (see Fig. 29). Here it was also assumed that
the import prices for fossil energy carriers remain constant.
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For this case —i.e., for a development of the costs charged for CO, emissions according
to Fig. 29 and constant import prices for fossil energy carriers— the resulting cumulative
total costs for the compared scenarios can be seen in Fig. 30. In this case, the
80/amb/mix/acc. Scenario leads to almost identical cumulative total costs as the
reference case.

If further price increases in the amount of 2 % per year are assumed for imported fossil
energy resources — this corresponds to close to doubled values by 2050 — the resulting
cumulative total costs for the compared scenarios can be seen in Fig. 31. The scenario
with a reduction in energy-related CO, emissions (85/amb/mix/acc.) is the most cost-
effective scenario under these conditions and leads to cumulative total costs that are
approx. €600 billion (or 8 %) lower than in the reference case.

Results

Fig. 28 Cumulative costs of the
investigated scenarios and
the reference case. The
presentation applies for the
following conditions:

- No price increase

in the import costs

of fossil energies

- CO2 emission costs
constant at €102/ton

over the entire

investigation period

Fig. 29  Profile of the assumed
costs charged for CO:

emissions
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Overall, it can be seen that with respectively increasing prices for imported fossil energy
resources and/or high costs charged for CO, emissions, the cumulative total costs of
the most cost-effective climate protection scenarios are similarly high or lower than the
costs of the investigated reference system, respectively.

3.2.4 Cost Analysis Summary

Summarizing it can be said that the transformation of the energy system is not a self-
propelling economic success. The required significant expansion and retrofit
investments can be compensated in some of the investigated climate protection
scenarios — in particular in the scenarios with ambitious energy renovation of the
building sector and an accelerated exit from coal-fired electricity generation
(80/amb/mix/acc. and 85/amb/mix/acc.) — over the investigated period from 2014 to
2050 through the cost savings for fossil fuels (see Fig. 24) in a macro-economic
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analysis. However, further costs are incurred for investment financing as well as
operation and maintenance of the many hundreds of thousands of individual plants.
Taking into account these costs, the retrofit and additional costs can only be
arithmetically compensated through saved costs for fossil fuels, if either the prices for
imported fossil energy carriers increase by approx. 3 % per year or if high CO, emission
costs are charged (or if a respective mix of price increases and CO, emission costs is
given), respectively.

If the costs for imported fossil energy carriers remain at the current level as well as the
costs charged for CO;, emissions — hence, approx. €5 per ton — the cumulative
additional costs of the 85-% scenario would amount to approx. €1,100 billion in
comparison to the reference scenario. If these additional costs are equally distributed to
the years 2014-2050, the result is yearly additional costs of approx. €30 billion, which
corresponds to approx. 0.8 % of the German gross domestic product in 2013.

When analysing these results, it must be pointed out that our analysis of the energy
system was carried out independently from the economy. However, the guantity
structures resulting from our model calculations can be used as basis for a
comprehensive economic study with complete added value analyses. Here, at this
point, some qualitative statements are possible only. For example, certain portions of
the retrofit and expansion investments will lead to added value in Germany in the
course of the energy system transformation, even if the sub-components are imported
for some technologies. Plant installation will always take place on site, which will
respectively contribute to added value. The same applies to plant operation and
maintenance, which is also carried out on site. In contrast, only a small extent of local
added value is lost due to the continuously decreasing import of fossil energy carriers,
e.g., due to the lower demand for the conversion of crude oil into different oil
products.

Another aspect concerns external energy supply costs. Except in the investigations
regarding the effect of costs charged for CO, emissions, external costs were not
considered in our entire analysis. A detailed quantitative analysis would be possible
based on the quantity structures resulting from our analyses for the investigated
climate protection scenarios. Here, at this point, a qualitative statement is possible only:
considering external costs, e.g., resulting from environmental effects due to the
reduction of fossil fuels (e.g., lignite coal), would very likely increase the costs of the
investigated reference system —i.e., of the unchanged further operation of our energy
system in the current form — significantly more than a retrofitted energy system that is
mainly based on renewable energies.

Results
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4 Analysis of the 85-% Scenario

In the overall analysis, the scenario with 85 % CO, reduction, ambitious energy
renovation of the building stock, a mix of future vehicle drives, and the exit from coal-
fired electricity generation by 2040 (referred to as 85/amb/mix/acc.) seems to be
promising. In addition to the higher reduction in energy-related CO, emissions than in
most other scenarios and the political minimum target for 2050, the costs analysis also
supports this scenario. At the same time, the installed power of the most important
converters of renewable solar and wind energy is in the ranges far below the technical
potential limits and in a range, which can most likely be socially accepted. The installed
power values for this scenario in 2050 are at 168 GW (onshore wind), 33 GW (offshore
wind), 166 GW (photovoltaics), and approx. 159 GW (solar thermal energy for low-
temperature heat). For this reason, the development of the technologies and costs
should be investigated in more detail in the following for this scenario. At the same
time, an energy and CO; analysis is carried out for this system in the 2050
configuration.

11 2015-2050 System Development

First, the system composition development is presented over time from 2015 to 2050
for the most important components. All presentations in this chapter refer to the
scenario with a reduction in energy-related CO, emissions by 85 % in 2050.

4.1.1 Electricity generation

The development of the expansion of wind turbines and photovoltaic plants is shown
in Fig. 32. A mostly constant increase can be recognised over the entire period.
However, it must be observed that we used upper limits for the capacity that can be
net-added per year. The detailed data can be found in table 4 in appendix 2.
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The amount installed per year is partly significantly above these limits, as replacement
installations become necessary, as presented in Fig. 33. Here can be seen that a first
significant amount of replacement installations for onshore wind turbines is required in

Analysis of the 85-% Scenario

Fig. 32 Profile of the total
installed power of wind
turbines and photovoltaic
plants in the 85-% scenario
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the 2020s, and a second amount starting in the mid-2030s, and in the last six years Analysis of the 85-% Scenario
from 2044 to 2050. In the case of photovoltaic plants, a respective phase with high
replacement installations occurs in the late 2030s and 2040s. Here, the many plants
installed in 2010 to 2013 must be replaced.
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The installed electric power of thermal power plants and CHP plants decreases overall
as shown in Fig. 34. It decreases from more than 100 GW to slightly above 80 GW. A
significant shift away from nuclear and coal-fired power plants towards gas turbines
and GGCT power plants can be observed.
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4.1.2 Heat Supply and Building

Fig. 35 shows the profile of energy renovations of buildings. According to this chart,
almost all buildings would be renovated by 2040, while the major share is renovated to
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the standard of current new constructions and a comparably small share to a highly Analysis of the 85-% Scenario
efficient standard.
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The composition of heat supply technologies is shown in Fig. 36.
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The chart highlights that oil boilers expire first, followed by gas boilers. The number of
biomass boilers decreases significantly starting from 2040 after a slight increase in the
2020s. Due to the limited available potential, biomass is preferably used in other
applications. Heat pumps become the dominating heating technology, with the
number of heat pumps with air heat source slightly decreases from the mid-2030s in
favor if ground-coupled heat pumps and gas heat pumps. The number of district heat
connections increases slightly only and is at approx. 20 % at the end of the
investigated period.
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Analysis of the 85-% Scenario

Fig. 37 shows the development of the installed power of solar thermal energy plants
for low-temperature processes over time.
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4.1.3 Energy Storage and Power-to-Hydrogen/-Gas/-Fuel Technologies

Fig. 38 shows the development of the installed capacity of stationary batteries (in GWh)
as well as of converters of renewable energies into synthetic energy carriers (in GW).
Fig. 39 shows the development of installed capacity of decentralised and centralised
heat storage.
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The decreasing availability of fossil fuels on the one hand, and the continuous
expansion of fluctuating renewable energies on the other hand cause an increasing
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demand. Storage enables the chronological adaptation of electricity generation and Analysis of the 85-% Scenario
usage. Converters from renewable energy into synthetic energy carriers enable a
flexible electricity use at times of high solar and/or wind power supply and can
compensate for decreasing fossil energy carriers. The chart shows that, in the context
of the system transformation, short-term storage devices (decentralized heat storage,
stationary batteries) are installed first, followed by large heat storage devices in heating
networks, electrolyzers, and finally converter units of renewable power into methane
(Sabatier systems) that are only required in higher quantities in the last transformation
phase (2040s).
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4.2 2015-2050 Cost Development

The cumulative costs of the investigated scenarios from 2015 to 2050 were presented
in chapter 3.2 and compared to the respective costs of the reference system. Fig. 40
shows the chronological profile for the selected scenario with 85 % CO, reduction (Fig.
40 top). At the same time, the graph shows the costs for the reference system (Fig. 40
center) and the difference in costs with and without CO, emission costs (Fig. 40
bottom). Costs in the amount of €100 per ton CO, were assumed as constant value
over the entire period. In addition, constant import prices for fossil energy resources
were assumed.

As already explained in section 3.2.3, this value — namely € 100 per ton of CO;
emissions — results over the entire period from 2015 to 2050 in almost the same total
costs for the 85-% scenario and the reference case. The difference costs are also close
to the zero line throughout the chronological development. Under these conditions,
lower fuel costs and the costs for CO, emissions compensate for increasing investments
(including financing costs), as well as operating and maintenance costs in the 85-%
scenario.

A similar chart with a price increase for imported fossil energy resources (natural gas,
crude oil, oil products, hard coal) of real 2 % and a CO, cost profile according to Fig.
29 is shown in Fig. 41.
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Here, the result is continuously increasing costs for both scenarios. In the case of the
85-% scenario, these costs tend to stabilize from the beginning of the 2030s, while the
cost increase continuously for the reference scenario due to the increasing costs of
imported fossil energy resources. As already explained in section 3.2.3, this results in
approx. 8 % lower cumulative total costs for the 85-% scenario than for the reference
case for 2015 to 2050 under the given boundary conditions.

Analysis of the 85-% Scenario

Fig. 40  The chronological cost

development for the 85-%
scenario (top), the fuel costs
as well as COz costs for the
reference scenario (center),
and the difference costs
between model system and
reference (bottom) are
shown. The chart applies for
constant costs of €100 per
ton charged for CO;
emissions.

Fig. 41  Same chart as in Fig.

40, however for the
following conditions:
- 2 % yearly price
increase for the
import costs of fossil
energies

- COz2 emission costs
according to Fig. 29
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4.2.1 Remark Regarding Discounting Analysis of the 85-% Scenario

The question of discounting of future goods and/or measures at the level of economies
is of a dimension far beyond the questions of purely financial-mathematical calculation
methods. This is particularly the case when significant effects on the living conditions of
future generations must be expected. For example, Dieter Birnbacher writes: »lt is
increasingly realized that discounting cannot be discussed without reference to ethical
questions« [32]. In the same work »Can discounting of the future be justified?«, he
presents the various discussions regarding the pros and cons of discounting of future
investments in connection with important developments of societies as well as their
monetary analysis. The German Federal Environmental Agency suggested in its
publication regarding methodological questions for environmental cost estimates [18]
the following approach regarding the discount rate selection: »Summarizing, this
results in the following convention for the selection of the social discount rate: For
short-term periods (up to 20 years), a discount rate of 3 % should be used. For damage
extending further into the future, the discount rate is set to a default of 1.5 %.
Furthermore, in the case of investigations across generations, a sensitivity calculation
with a discount rate in the amount of 0 % is to be carried out.«

For this reason, a discount rate of 3 % was consistently used in the optimisation
calculations. This means that there was a tendency to prefer investments taking place
further in the future. However, the result presentation has not yet considered any
discounting of future costs. Thus, the real costs incurred year by year were used for the
calculations. In addition to the above-mentioned general discussion regarding the
appropriate discounting rate, this approach is mainly justified by the fact that we have
considered the cost development of technologies as well as the influence of cost
changes for fossil fuel caused by increasing import prices or costs charged for CO,-
emissions explicitly in our analysis and discussion in chapters 3.2 and 4.2. Nevertheless,
the influence of different discounting rates is presented here using the 85-% scenario

as example.
B -
200 Overall cost development withoutdiscounting F|g 42 Total cost deve|opment
T — 85-%-
S0 e e scenario for the 85-% scenario and
00— —_— the reference case without
T discounting (top) and with
— Reference . . .
oL discounting at a discount
ARAGGEEIRREAERR R e RS rate of 3 % (bottom). The
following conditions apply:
T T
ap | Overdllcostdevelopmentwithskdiscounting - No price increase
—85%- for fossil energy carriers
I - N, s D e - L scenario o
- No COz emission
100 ammme
costs
e — Reference
0O+ 71— — — — T T —
TS5 32 RANARAILRANRIARE IR RRBERAIITII I IR EST SR
RRERRRRRRRRRARRRERRRERRRRERRRRERRREESERERRERRERRRRR
Fig. 42 shows the cost development for the 85-% scenario and the reference case in
comparison at a discount rate of 0 % (top) and 3 % (bottom). The profile clearly shows
the discounting influence. The result is that the further payments are in the future, the
less important they become. In the specific case, discounting at a discount rate of 3 %
results in increasing costs turning into decreasing costs. Table 2 shows the cumulative
total costs of both scenarios for different discount rates in comparison. The higher the
discount rate, the lower the cumulative total costs and the smaller the differences
between the compared scenarios.
Having consistent comparability in mind, all further informations in this study are based
on an investigation without discounting.
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Discount rate Reference 85-% scenario .

5 — — Tab. 2 Cumulative total costs
0 % 4,212 billion € 5,342 billion € for the period from 2014 to
1% 3,509 billion € 4,401 billion € 2050 for the 85-% scenario
2 % 2,961 billion € 3,671 billion € and the reference case for

_— - different di t rates.
3% 2,529 billion € 3,100 billion € rierent dhcotint rates
4.3 Total Costs for Operation and Maintenance after Completed

Transformation

Until now, the cumulative total costs for the transformation of the energy system until
2050 were investigated starting from the configuration in 2013. If the transformation is
considered completed in 2050, no further expansion or retrofit investments are
necessary anymore. However, the system must be maintained and operated at the
achieved state. Thus, replacement investments, financing costs for these replacement
investments, operating and maintenance costs, as well as costs for further used fossil
energy carriers and energy carriers from biomass are incurred.

Fig. 43 Composition of the
yearly costs of the 85-%
system in “steady state”,
hence after completed
system transformation.

0 50 100 150 200 250
Bn.€/a
H Wind offshore ® Wind onshore ¥ Photovoltaics
u Electrolysis m H2-storage ® Methanation
® Pumped-storage power plant  m Run-of-river power station u Stationary batteries
m Decentralized solarthermics m Decentralized thermal storage m Dec. heating technologies
m Solarthermics grid m Thermal storage grid u Heating technologies grid
® Heating network u Energetic renovation u CCGT power plant
u Gas turbine power plant u Fossil fuels u Biogenic fuels
u Cars = Trucks = Biomass-converter

u Solar process heat

Fig. 43 shows the total costs for the 85-% scenario in “steady state”. Here, the costs
for replacement investments, financing, and operation and maintenance are
summarised for all technical components. The costs for fossil fuels are based on the
assumption that no real price increase occurs in the period until 2050. The main cost
portions result from wind turbines and solar plants for electricity generation, the
(additional) costs for decentralised heating technologies (additional costs relative to the
gas condensing boiler reference technology), costs for energy renovation of buildings,
(additional) costs for the changed composition of the passenger car fleet, and the costs
for fossil and biogenic fuels.

A comparison of the yearly total costs for all end consumers for the 85-% system and
our current energy system is shown in Fig. 44. Data for the current system was
available for 2008 and 2011 [33, 34]. In the presentation of the current system, the
costs consist of the costs for domestic and imported primary energy and all other costs
included in the end consumer prices. To ensure comparability, a flat amount of 30 %
was assumed for taxes and profits for the 85-% system, which is added to the system
costs and fuel costs. Different from the presentation for the current system, the system
costs also include operating and maintenance costs.
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300 Fig. 44  Comparison of the
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The result shows that the yearly end consumer costs in the case of the presented
system with a reduction in energy-related CO, emissions are in a very similar range as
the respective values of the current system. It can thus be assumed that a future energy
system with significantly reduced CO, emissions can also be economically beneficial
from a macro-economic point of view after the completed transformation, in particular,
if the costs for fossil energy carriers are increasing.

4.4 Energy Balance after Completed Transformation

If the transformation of the energy system considered as completed in 2050, the
system is then maintained and operated in the achieved state. This results for this year
in the values specified in Fig. 45 for all energy flows and installed powers and/or
capacities.

The total primary energy used in the system amounts to approx. 2,050 TWh for the 85-
% scenario after transformation completion. It thus amounts to 57 % of today’s
primary energy supply (without primary energy for non-energetic use). As can be seen
in Fig. 46, 67 % originates from renewable sources. Here it must be noted that
electricity and heat (including environmental heat) from renewable energies were
defined as primary energy (and not the energy arriving at the respective plants, i.e., the
energy of wind flow and incident solar radiation). The lower primary energy
requirement has two main reasons. On the one hand, the energy renovation of
buildings and the assumed reduction in electricity requirements for classic electricity
applications and the assumed reduction in the process heat requirement of the industry
due to increased efficiency lead to reductions in the consumption. On the other hand,
main losses in the conversion chains are omitted. In particular, the losses in the current
power plant sector are omitted to a large extent, as only a small portion of electricity is
generated in thermal power plants. The changed mix of drive concepts in the area of
road mobility also leads to an increase of the portion of concepts with high conversion
efficiency and a reduction of the portion of pure combustion engines.
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The absolute portions of renewable energies in the primary energy in the 85-% system
amount to: photovoltaics 9 %, onshore wind 18 %, offshore wind 6 %, run-of-river
1 %, solar thermal energy 4 %, environmental hear 13 %, raw biomass 16 %.
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The use of final energy by modified fields of application (definition, see section 2.1) is
shown in Fig. 47.

Analysis of the 85-% Scenario

Fig. 45  Energy flows and
installed powers of the
components of the energy
system in 2050 (85-%
scenario).

Fig. 46  Primary energy supply
and composition in 2050 for
the 85-% scenario (center
and right bar) in comparison
to today’s primary energy
supply (left bar).
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Here it becomes clear that the final energy consumption decreases (from today

2,575 TWh to approx. 1,790 TWh, and thus by approx. 30 %). On the one hand, this is
due to the reduction in electricity consumption in classic electricity applications, the
assumed reduction in the process heat requirement in trade and industry, and the
reduction in the space heating requirement due to energy renovation of buildings. On
the other hand, this is due to the more efficient use of final energy electricity in the
heating area due to the high portion of heat pumps and in electric vehicles in the
mobility sector. The relative portion of electricity as final energy increases. However, the
absolute amount remains almost the same with approx. 510 TWh.

Fig. 48  Distribution of final
energy carriers to the fields
of application defined in
section 2.1 for the 85-%
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Fig. 48 presents the distribution of final energy carriers to the different fields of
application defined in section 2.1 for the 85-% system in more detail. It becomes clear
that the mobility sector is still dominated by liquid fuels. This is due to the selected
mobility scenario for road mobility (»Mix« mobility scenario) and the additional
assumption that shipping and aviation are based completely on liquid fuels. In the
building sector, directly used heat is of central importance. This includes district heat
supplied from different sources, as well as solar heat used in individual buildings. The
majority of electricity directly used for heat applications is efficiently converted into
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useful heat in electric heat pumps. Gaseous fuels are respectively converted in gas heat ~ Analysis of the 85-% Scenario
pumps.

The composition of electricity generation in the 85-% system is shown in Fig. 49 and
the composition of the electricity use in Fig. 50. It becomes clear that electricity
generation as well as electricity use is higher than today. In 2013, the electricity
generation amounted to 633 TWh and the use to 515 TWh. The difference consists of
losses and own consumption in the power plant sector (a total of 71 TWh) and net
electricity export (around 34 TWh).

QO oo Fig. 49  Composition of
m CHP electricity generation in the
85-% system.

B Gas turbine
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TWh

H Run-of-river

= Photovoltaics

B Wind offshore

H Wind onshore
Electricity generation

In the 85-% system, the electricity generation amounts to close to 800 TWh. Of that,
approx. 85 % are fluctuating renewable energies (onshore wind 47 %, offshore wind
16 %, and photovoltaics 22 %).
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Approx., half of the used electricity in the 85-% system is for classic electricity Analysis of the 85-% Scenario
applications. The other half is distributed to hydrogen production (20 %), electricity for
electric heat pumps (13 %), electric mobility with battery-electric motor vehicles (7 %),
methanation (7 %), electricity conversion into heat by resistance heaters (3 %), and
export (1 %). Excess electricity that cannot be used in the amount of 2 % must be
curtailed and 6 % of the generated electricity is lost during transport.

Overall, 733 GWh electricity are used in the system (this value is distributed to the
portions shown in Fig. 50 with the exception of transport losses, export, and
curtailment). This is approx. 43 % more than today (515 TWh in 2013). The
significantly smaller difference between electricity supply and used electricity in 2050
compared to today is mainly caused by the significantly smaller own consumption in
the power plant sector.

Fig. 51  Composition of the
origin of network-bound
gases (left bar) and liquid

= biodiesel fuels (right bar) in the 85-%

system.
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In the 85-% system, 587 TWh network-bound gaseous energy carriers are used. They
consist to 76 % of natural gas and to 24 % of different gaseous energy carriers that
originate from renewable sources. These are biogas refined to natural gas quality

(17 %), methane from Sabatier systems (5 %), and hydrogen that is added to natural
gas (1 %). The composition of the network-bound gaseous energy carriers is indicated
by the left bar in Fig. 51.

The amount of liquid fuels used in the 85-% system amounts to 303 TWh. The
composition is shown by the right bar in Fig. 51. The quantity is distributed to 73 % to
oil products, 18 % to biodiesel, and 9 % to synthetic liquid fuels produced with
electricity from renewable energies (power-to-liquid).

4.5 Importance of Electricity Import and Electricity Export

Potentially, electricity import and export possibilities can be of significantly higher
importance in the future energy system than today. For example, if not enough
renewable electricity is available from solar energy and wind, electricity could be
imported from neighboring countries. In times of negative residual loads, electricity
could be exported. This way, storage capacities in Alpine countries and in Scandinavia
could be developed as well. However, the development of the possible scope of
electricity import and export depends decisively form the development of the electricity
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supply of neighboring countries and Europe. In the case of a strong expansion of Analysis of the 85-% Scenario
renewable energies for electricity generation based on solar energy and wind, the
result will be similar chronological profiles in directly neighboring countries for
regenerative electricity generation, as general weather situations decisively influence
the profile. In this respect, the long-term development of the chronological profile of
the electricity price for sales and purchasing also depends decisively on the expansion
of the electricity supply in Europe.

Due to the uncertainty in the development of electricity generation in Europe, we have
assumed in the calculations presented so far that import and export are of no
significant importance and that the capacity for electricity import and export is limited
to 5 GW, as described in section 2.2.3. However, in order to gain some understanding
regarding the influence of a large-area electricity exchange with neighboring countries
on the system development despite the problem described above, we have carried out
a respective optimisation calculation for the 85-% scenario. Here, electricity import and
export are of high priority as a total coupling power of 56 GW was assumed [19].
Today'’s total coupling power amounts to 15 GW. With respect to the development of
the exchange power, we have assumed a linear increase from 15 GW today to 56 GW
in 2050. Furthermore, the following was assumed for electricity import and export:

e  Purchase price for electricity import remains constant from 2015 to 2050:
80 €MWh.

e Revenue for electricity export remains constant from 2015 to 2050: 0 € MWh.

e Specific CO, emissions for imported electricity: 0 g/kWh. This value is obviously
incorrect and unrealistic for 2050. However, we selected this value to
investigate an extreme scenario.

Fig. 52 Electricity import and
electricity export and the
difference in the modified
85-% scenario (source: [8]).

Im-/Export

TWh

5 2015 2020 2025 2030 2035 2040 2045 2050

mmmport mmExport —Difference

Fig. 52 shows the profile of electricity import and export for the investigated period in
this modified 85-% scenario. At the same time, the net import is presented, i.e., the
difference of both values. While the result is an export excess in the first few years, this
changes into an import excess after a short time. At the beginning of the 2020s, this
excess amounts to values between approx. 75 TWh per year and 125 TWh per year. In
2050, the electricity import value is approx. 125 TWh and thus at approx. 16 % of the
overall electricity supply. Approx. 18 TWh or 2 % of the used electricity is exported in
this year. The chronological profile of the installed power of wind energy systems and
photovoltaics in the modified 85-% scenario is shown in Fig. 53. This figure can be

Fraunhofer ISE What Will the Energy Transformation Cost? 58|87
Pathways for Transforming the German Energy System by 2050



directly compared with Fig. 32 in section 4.1.1. It can be seen that the expansion is Analysis of the 85-% Scenario
largely identical, despite the high possible import power for electricity from abroad.

H Wind offshore H Wind onshore = Photovoltaics Fig.53  Development of the
A0 - installed power of electricity
supply systems based on
350

solar energy and wind for
the modified 85-% scenario.
The chart can be compared
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development for the 85-%
scenario without high
capacity for electricity import
and export (Fig. 32).
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However, due to the possible electricity import and export, the result is fewer
installations of energy storage and converters of renewable electricity into synthetic
energy carriers (see Fig. 54) as in the respective 85-% scenario without increased
capacity for electricity import and export. A respective chart is presented for the 85-%
scenario without increased electricity import and export for comparison purposes. The
values for decentralised and centralised heat storage were combined into a total value
for this purpose.

At the same time, it can be seen that the increased electricity import and export
capacity does not only lead to an overall lower value, but also to a later storage
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expansion (stationary batteries, heat storage). Merely the profile of electrolysis system Analysis of the 85-% Scenario
expansions is more or less similar. Here, the demand is caused by the increasing portion
of motor vehicles that use fuel cells with electric motors as drive concept. This
development was defined through the »Mix« mobility scenario specified for the 85-%
scenario. The expansion of plants for the generation of liquid fuels (power-to-fuel) and
gaseous energy carriers (Sabatier) cannot be completely omitted either in the scenario
with increased electricity import and expert, as respective fuels are required for the
mobility and heat sectors.

Under the assumptions made here, the modified 85-% scenario would lead to lower
cumulative total costs than the previously investigated scenario without increased
capacity for electricity import and export. Assuming that the prices for fossil energy
carriers remained the same and without costs charged for CO, emissions, the
cumulative total costs for the latter were approx. €5,350 billion. The respective value
for the modified 85-% scenario amounts to approx. €4,800 billion. With a constant
price for imported electricity of real 80 € MWh, the import costs for electricity are
lower than the total costs for a greater expansion of energy storage and conversion of
renewable energies into synthetic energy carriers. However, it must be considered that
we assumed the extreme investigation that imported electricity does not contribute to
CO; emissions.

On the one hand, the analysis of the modified 85-% scenario shows that the expansion
of solar- and wind-based electricity generation plants — even under very optimistic
assumptions for the CO, content of imported electricity and assuming that this
electricity is always available in the required amount — is required regardless of the
possible capacity of electricity imports and exports to not exceed the specified
maximum quantities of permissible CO, emissions. On the other hand, the analysis
shows that the expansion of storage and converters of renewable electricity into
synthetic energy carriers can be smaller if a larger option for electricity import and
exports is given.

4.6 Summary of the Investigation of the 85-% Scenario

The detailed analysis of the 85-% scenario and of the system achieved with this
scenario in 2050 delivers the following findings:

e Compared to today (reference year 2013), the primary energy supply reduced
by approx. 43 % to approx. 2,050 TWh. Of that, 57 % are renewable energy
carriers. Here, electricity and heat from renewable energies were defined as
primary energy.

e The installed power of plants for the use of fluctuating renewable energies for
electricity generation amounts to a total of 367 GW. Of that, 166 GW are
photovoltaics, 168 GW onshore wind, and 33 GW offshore wind.

e The final energy requirement reduces by 30 % relative to the current value and
amounts to 1,790 TWh. On the one hand, the reduced requirement is due to
the reduction in electricity consumption in classic electricity applications and
the reduction in requirements for space heating due to energy renovation of
buildings. On the other hand, it is due to the more efficient use of final energy
electricity in the heating sector due to the high portion of heat pumps and in
the mobility sector in the electric vehicles.

e The cumulative additional costs for the transformation compared to the
investigation of the reference case with unchanged further operation of the
system in today’s configuration amounts to approx. €1,140 billion or 27 %
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relative to the reference case. This value assumes no price increases for fossil Analysis of the 85-% Scenario

energy carriers and no costs charged for CO, emissions.

e The cost situation changes to the degree by which price increases occur for
fossil energy carriers and/or costs are charged for CO, emissions. For example,
if we assume a price increase for imported fossil energy carriers of 20 % per
year and a linear increase of the costs charged for CO, emissions to 100 € in
2030, which then remain at this value until 2050, the cumulative total costs of
the 85-% scenario are approx. 600 billion € (or 8 %) below the comparable
costs of the reference case.

e If the system present in 2050 investigated as »steady-state« system, i.e., the
transformation is considered completed, the result is total costs in a very
similar range as the respective values today, namely approx. €250 billion per
year. This statement applies under the assumption that the prices for fossil
energy carriers remain unchanged until 2050 and that no costs are charged for
CO; emissions.
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Summary

5 Summary

From today's perspective, the efficient conversion and use of energy as well as the use
of renewable energies are the central components of the transformation of current
energy systems that are mainly based on the use of fossil energy resources towards
energy systems with significantly lower CO, emissions. Quantitative values for required
powers and capacities of important energy converters and storage as well as of plant
on the usage side can be derived from our analysis, which lead to such system solutions
in line with climate protection. It becomes clear that the required quantities for all
important converters of renewable energies, in particular from wind and solar energy,
are significantly below the technical potential limits. The scenario investigated in detail
with a reduction in energy-related CO, emissions by 85 % requires installed power
values of 33 GW for offshore wind turbines, 168 GW for onshore wind turbines, as
well as 166 GW for photovoltaic systems and approx. 160 GW for solar thermal energy
systems. At the same time, this scenario implies an ambitious energy renovation of the
building stock and a high portion of heat pumps for building heating. Due to a
significantly higher conversion efficiency in the overall system — in particular also due to
the displacement of today’s thermal power plants by renewable energies, and due to
the partial displacement of combustion processes by electric or partly electric converters
on the usage side — connected with a reduction in consumption mainly in the building
sector and in intrinsic (classic) electricity applications, the primary energy supply for
energy applications decreases significantly to approx. 60 % of today’s value. Approx.
60 % of this supply is covered by renewable energies.

The comparison of the investigated scenarios shows that an electrification of road
mobility, an accelerated energy renovation (however, not to the passive house level),
and, in particular, an accelerated exit from the use of coal for electricity generation lead
to lower installed powers of solar energy systems and wind turbines and more cost-
effective transformation pathways than respective transformation pathways without
these measures. As, in today’s point of view, the implementation of these measures is
particularly in the mobility sector still highly uncertain, we decided to investigate a
scenario with a mix of different mobility concepts in more detail. This scenario implies a
reduction in energy-related CO, emissions by 85 %. If a reduction of energy-related
CO; emissions by 90 % instead, a tipping point is observed in the system expansion
when comparing these two systems. The 90-% target requires a significantly higher
guantity of wind turbines and solar energy systems and a significantly more extensive
renovation of the building sector. At the same time, the heat supply sector for
individual building uses almost exclusively electric heat pumps. This scenario also
requires significantly more plants for the production of synthetic fuels from renewable
energies. The comparison of these two systems highlights the importance of defining
target values to start the new construction and/or expansion of respective
infrastructures on time and to achieve a respectively high efficiency standard during
energy renovation of buildings with a long life.

Another import result concerns the question of economic implementation of the
energy system transformation. Decarbonising the German energy supply is not a self-
propelling economic success. Significant investments in the transformation are required
to achieve the political climate protection targets overall and along the timeline. This
transformation comprises energy sector and — more or less — all consumption sectors. In
this context, investments are required from different parties involved, from the public
sector as well as from commercial, institutional, and private investors. These
investments in plants and other measures, such as energy renovation measures, also
cause operating and maintenance costs. Financing costs are incurred as well. All these
additional financial expenditures are offset by continuously increasing savings resulting
from the continuous decrease in the quantity of imported fossil energy resources.
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Summary

The investigation of nine different climate protection scenarios shows that the
cumulative total costs for transformation and operation of the overall energy supply
system over the investigated period from 2015 to 2050 of the most cost-effective
climate protection scenarios are higher than the costs of a reference scenario, where
the energy system remains unchanged at the 2014 status until 2050. This statement is
correct if the prices for imported fossil energy resources remain constant and no costs
are charged for CO, emissions. Under these conditions, the cumulative additional costs
of the investigated 85-% scenario amount to approx. €1,100 billion compared to the
reference scenario. If these additional costs are equally distributed from 2014 - 2050,
the result is yearly additional costs of approx. €30 billion, which corresponds to approx.
0.8 % of the German gross domestic product in 2013.

The situation regarding the cumulative total costs changes to the degree by which the
costs for fossil energy carriers increase. This may be caused by increasing world market
prices or by costs charged for CO, emissions, such as emission certificates or CO, taxes.
The cumulative total costs of the 85-% scenario that achieves in 2050 a reduction of
energy-related CO; emissions of 85 % (compared to 1990), are approx. 8 % lower
than the costs for the reference scenario. This assumes a yearly increase of real 2 % of
the prices for fossil energy carriers and a continuously increasing CO; fee that increases
to 100 € per ton CO, by 2030 and remains at this value until 2050. This value of 100 €
per ton would increase the price of natural gas by approx. 2.1 € Cent per kWh and of
hard coal by approx. 3.4 € Cent per kWh.

Another aspect concerns external energy supply costs. Except in the investigations
regarding the effect of costs charged for CO, emissions, external costs were not
considered in our entire analysis. A detailed quantitative analysis would be possible
based on the quantity structures resulting from our analyses for the investigated
climate protection scenarios. Here, at this point, a qualitative statement is possible only:
considering external costs, e.g., resulting from environmental effects due to the
reduction of fossil fuels (e.g., lignite coal), would very likely increase the costs of the
investigated reference system —i.e., of an unchanged further operation of our energy
system in the current form — significantly more than a retrofitted energy system that is
mainly based on renewable energies.

The new calculations confirm our results of the study published in November 2013.
According to that study, the yearly costs of an overall system in line with climate
protection after completed energy system transformation are not higher than the
respective costs of our current energy system. These costs comprise replacement
investments, financing costs, operating and maintenance costs, and consumption costs
for fossil and biogenic energy resources, as well as taxes and profits.

When analysing the results of our study, it must be pointed out that the analysis of the
energy system was carried out independently from the economy. A comprehensive
economic investigation with complete added value analyses would provide insight
regarding economic effects that would be triggered by the transformation of the
energy system. The following qualitative statement can be made here: depending on
the technology and/or measure, certain portions of the retrofit and expansion
investments will lead to added value in Germany in the course of the energy system
transformation, even if the basic components are imported for some technologies.
Plant installation will always take place on site, which will contribute to added value,
respectively. The same applies to plant operation and maintenance, which is also
carried out on site. In contrast, only a small extent of local added value is lost due to
the continuously decreasing import of fossil energy carriers, e.g., due to the lower
demand for the conversion of crude oil into different oil products.
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Appendix 1: Data assumptions

Table 3: Indicators used for components (the K-exponent describes the curve profile)

Appendix 1: Data assumptions

Electricity generation (without biomass)

Component Variable Unit Value Sources
Offshore Wind Costs 2013 €/kW 3978 135]; [36]
Offshore Wind Costs 2050 €/kW 2251 (35]: [36, 37]
K-exponent - 1.5 Based on [38]
Service life a 20 35]: [36]
Full load hours h 4000 Own assumptions based on [38]
0 % i
o e - o M/O costs % investment 3.03 35]; [36]
@  Reference  ems= Function Calc. interest % 7 Own assumptions
Onshore Wind Costs 2013 €/kW 1400 [39]
2500 - ———— ,o,n,sher,e,v\!l,n,d _________ Costs 2050 €/kW 1167 [35][36] [39]
2000 === === mmmmmmm e m e
g 1500 = o — o oo o SepaEt . © Based on [40]
= . . o
¥ 1000 €--@----- ----- > - * Service life a 22.5 135]; [37][36), [36]
500 === === mmmmmmmmmmmm e
o . . . Full load hours h 2500-2000 Own assumptions based on [39]
2015 2025 2035 2045 ;
M/O costs % investment 3.4 .
¢  Reference — s Function ° [35], [36]
Calc. interest % 7 Own assumptions
Photovoltaics Costs 2013 €/kW 1254 135]: [12]
Costs 2050 €/kW 571 [12]
K-exponent - 2.5 Based on [12]
Service life a 30 [35][371[36][12]:
0. i i i Full load hours h JIEs Own assumptions based on [41]
2015 2025 2035 2045 M/O costs % investment 1.96 35]
& Reference — esss Function
Calc. interest % 7 Own assumptions
Hydropower Costs 2013 €/kW 1,600 [42]
2000 - .. Run-of-theriver PP Costs 2050 €/kW 1,600 42]
;E L ¢ K-exponent - 1 Own assumptions
§ 1000 ---m-m-moomm oo oo Service life a 50 [43]
500 — - - —mm e m e
e
. . . . M/O costs % investment 2 [42]142][42]
2015 2025 2035 2045 Cale. [miamEsi % 7 .
®  Reference e Function Own assumptions
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Component
Gas turbine
Gas turbine
500 —====- -~ —mmmmmm———
Lo R —— >
= Yl J
=
W 200 mm-mmmmmmmm e m e e —
100 === == mmm e mmm e m——m
0
2015 2025 2035 2045
®  Reference e Function

Combined cycle power plant

2015 2025 2035 2045

¢  Reference e Function

Biomass

Variable
Costs 2013

Costs 2050
K-exponent
Service life
M/O costs
Degree of efficiency
Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life
M/O costs
Degree of efficiency

Calc. interest

Unit
€/kW
€/kW

a
% investment
%

%
€/kwW
€/kW

a
% investment
%

%

Value
385

385

50

42

700
700

40

63.5

Appendix 1: Data assumptions

Sources
[35]

[35]
Own assumptions
Own assumptions
(35]
[35]

Own assumptions

[40]; expert survey
[40]; expert survey
Own assumptions
[44]; expert survey
[44]

[45]; expert survey

Own assumptions

Component

Raw biogas electricity generation (biogas CHP)

800 - - - - - Biogas-CHP
5 600 oo ’
E 400 == === -=—mmmmmmmmmm e —— -
w
200 —=—==-=—mm—mmmmmmm e —— -
0 r . . .
2015 2025 2035 2045
¢  Reference Function
Bio natural gas upgrading
2000 — - - - Bio gas preparation
L1500 === mmmmm e e m oo
g
1000 —--omomm oo
w 500 & ——————————————
0
2015 2025 2035 2045
@  Reference  emsm Function
Solid biomass to CH4
5000 ——— - Biomass-to-CH4
£4000 ——---=--=—=-—=—————————--
23000 —---mmmmmmmmm e
3
W 2000 ™emgo - - ----------------
1000 —==-====——————--mmm = ¢
0
2015 2025 2035 2045
@ Reference e Function

Variable

Costs 2013
Costs 2050
K-exponent
Service life
M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life
M/O costs

Degree of efficiency

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life
M/O costs

Full load hours

Degree of efficiency

Calc. interest

Unit
€/kW
€/kW

a
% investment
%
€/kWh
€/kWh

a
% investment
%

%
€/kW

€/kW

a
% investment
H
%

%

Value
560

500
1.7
20
2.5

750

240

25

88

2426
1244

20

8000
61

Sources
[46]

[46]

Own assumptions
[47, 48] expert survey
Expert survey
Own assumptions
[49]; expert survey
[49]; expert survey
Own assumptions
[50]

[51]; expert survey
[511:[52]; [53]

[50]

[54]; [55]

[54]; [55]

Own assumptions

[56]
[51]
Based on [55]
[51]

Own assumptions
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Appendix 1: Data assumptions

Component Variable Unit Value Sources
Solid biomass to H2 Costs 2013 €/kW 3670 [51]; [54]; [55]
o BotoM, Costs 2050 ey 1882 [59)54); [55]
6000 - - . SepipnE ) . Own assumptions
z Service life a 20
@ 4000 - - - —mmmm e mmm e [56]
\
2000 — - — ‘ M/O costs % 6
. investment [51]
2015 2025 2035 2045 Full load hours h 8000 Corresponding solid biomass to CH4
@  Reference e Function Degree of % 48
efficiency (51]
Calc. interest % 7 Own assumptions
Solid biomass to fuel Costs 2013 €/kw 3315 [54]; [55]
Costs 2050 €/kw 1700 [54]; [55]; degression according to biomass
gasification
K-exponent ) 2 Own assumptions
Service life a 20 [56]
0 M/O costs % 6
2015 2025 2035 2045 investment [51
¢ Reference  ====Function Full load hours H 8000 [55]
Degree of % 46 )
efficiency (571, [56L;(51]
Calc. interest % 7 Own assumptions
Solid biomass combustion, industry Costs 2013 €/kW 468 [58]
600 —---- Biomass boiler industry __ Costs 2050 €/kW 405 [58]; degression according to biomass
boiler/wood boiler
z Ty g L 2 ¢ K-exponent - 5 Own assumptions
w 200 — = mm R 2
Service life € 20 Assumption: same service life as other boilers
0 . . .
2015 2025 2035 2045 HHE) s B . Own assumptions
. investment
¢  Reference e FUNCtiON
Calc. interest % 7 Own assumptions
Biodiesel plant (from rape bio cultivation) Costs 2013 €/kW 150 [55]
o BioDiesel Costs 2050 €/kW 150 [55]
L 150 > K-exponent i ! Own assumptions
;'E 100 == m Service life a 20 (47]
® 50 coooooooooooooooooooee M/O costs % 5
0 investment (511
2015 2025 2035 2045 Full load hours h 5500 [55]
@  Reference e Function
Degree of % 60
efficiency [(59]
Calc. interest % 7 Own assumptions
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Component
Biogas plant
Bio gas
2000 == ===~ 9 L.
B 1500 —- - mmm e m oo
z
V 1000 ™mmgeg - ---——=—————————— .
500 —======mmmmmmmmm e mm—m o ’
0 r r r .
2015 2025 2035 2045
®  Reference e Function

Variable
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Full load hours
El. WG.
Th. WG.

CO2 factor

Calc. interest

Unit
€/kW
€/kW

a

%
investment
h

%
%

0.12
%

Value
1105
697

20

8400
25
40

t CO2-
eg/MWh

Appendix 1: Data assumptions

Sources

[55];[49]; expert survey
Expert survey

Own assumptions
[47]; expert survey
[51]; expert survey
Expert survey

[46]

[46]

[55]

Own assumptions

Heating networks

Component

Heat pumps, heating networks

Air HP el. central

2015 2025 2035 2045
¢  Reference

e FUNCtiON

Heat storage, heating networks (centralized)

200 ——=mmmmmmmmmm oo

€/MWh,,
S
o
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2015 2025 2035 2045

¢ Reference s Function

Solar thermal energy systems, heating
networks

Solar heat central

600 ----- comarheatcentral _____.
T 400 mmmmmmmmmmmm oo
s @
200 e ----- ®----- *
0 r T T T
2015 2025 2035 2045

®  Reference  emsmmm Function

Variable
Costs 2013

Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Unit
€/kW
€/kW

a

%
investment

%
€/m3

€/m3

a

%
investment
%

€/m?

€/m2

a

%
investment
%

Value
781

625

20
3.5

171

120

40

265
106
3.5
30
1.4

Sources
[60]; [61]

[60]; [61]
Own assumptions
[43]
Own assumptions
Own assumptions
Own calculations based on [62]
Own calculations based on [62]
Own assumptions
Own assumptions

Own assumptions

Own assumptions
[40, 63]

[40, 63]

Own assumptions
[64]

[65]

Own assumptions
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Appendix 1: Data assumptions

Component Variable Unit Value Sources
Deep geothermal energy, heating networks Costs 2013 €/kW 3936 [66]); [67]; expert survey
10000 ~ - - - - Deep geothermal heat ___ Costs 2050 €W 3146 [66]) [67]: expert survey
G800 momm s [68-75][67], [68], [69], [70], [71], [72], [73], [74]
g 0000 mom g K-exponent - 5
S 4000 e ® Y P [76]
2000 ----------‘---------‘--- Service life a 22 Expert survey
0« . . :
2015 2025 2035 2045 M/O costs % 3.65 Expert
@ Reference — emss Function investment Xpert survey
Calc. interest % 7 Own assumptions
CHP, heating networks Costs 2013 €/kW 839 [40], [77]: [461:[42], [78], [79]
. CHPcentral Costs 2050 w 736 L40); (77); 1461142 [78); [79]
K-exponent - 3 Own assumptions
£1000 —==-=-=-=====-==——=———————-
E > Service life a 22 [42]
W o500 m-mm e e
o)
i) i ) o E Own assumptions
0 investment
2015 2025 2035 2045 g :
¢  Reference e Function CapaCIty MW 125 Own assumptions

Calc. interest % 7 Own assumptions

Storage technologies and others

Component Variable Unit Value Sources
Stationary batteries Costs 2013 €/kWh 1260 [80]:[81]
o Batterystat. Costs 2050 €/kWh 304 [80]; expert survey
K-exponent - 6 Own assumptions
Service life a 25 [45]; expert survey
0,
O eSS : & [ Own assumptions
0 « r r r investment
2015 2025 2035 2045 Degree of % o5 _—
¢ Reference e Function efficiency
Calc. interest % 4 Own assumptions
Pumped storage plants Yearly fixed 8.6 GW [19]
storage power
1000 - Pumped hydro power Yearly flxed' 51.6 GWh [19] [82]
_______________________ * storage capacity
s 800 850 €/kW Assumption: no cost degression, thus value from
E igg """""""""""" Costs 2013 [83, 84] expert survey
% 400 -
200 —m—m e Costs 2050 850 €/kw Expert survey
0 r T T T o,
2015 2025 2035 2045 Costs, O&M ! el Expert survey
®  Reference e Function Degree of 80% %
efficiency e
Serviea [ 80 d Expert survey
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Appendix 1: Data assumptions

Component Variable Unit Value Sources
E-H2 storage Costs 2013 €/kWh 1.17 Own assumptions
25 ——--- Hy-Stor (capacity) Costs 2050 €/kWh 045 G assumptions
20 ==
'E; 15 e e K-exponent - 2.5 Own assumptions
SOt~ Service life a 40
e mmm— Expert survey
0.0 M/O costs % 1.6 E
2015 2025 2035 2045 investment Xpert survey
@  Reference  emsmmm Function Calc. interest % 7 own assumptions
P-H2 storage (gas power) Costs 2013 €/kW 1500 Cost degression from 2013 to 20150 acc. to E-H2
3000 H,-Stor (power) storage
""""""" Costs 2050 €/kW 575 Expert survey
$2000 —==-==========—————————
E K-exponent - 2.5 Expert survey
v Service life a 25 180]
0 : . .
2015 2025 2035 2045 M/O costs . % 149 Expert survey
. investment
¢ Reference e Function
Calc. interest % 7 Own assumptions
Sabatier Costs 2013 €/kW 3000 Expert survey
o Methanation Costs 2050 €/kW 800 [85]; expert survey
L6000 — = mm oo K-exponent - 3 Own assumptions
E 4000 ———-- - - - - m———— = Service life a 25 [85]' expert survey
w
2000 g M/O costs % 2.5
0 * investment [250F Gt Sy
2015 2025 2035 2045 g ®
@  Reference — e Function Sac?fa:feﬁrc?een%?e % &l [85]; exper“t survey
Electrolysis % 80 [84]; expert survey
degree of
efficiency
Uln. gzl i % o Own assumptions
efficiency
Calc. interest % 7 Own assumptions
Power-to-fuel Costs 2013 €/kW 800 Own calculations based on [86]
oy Power-to-fuel Costs 2050 €/kW 532 Own calculations based on [86]
K-exponent - 3 Own assumptions
F1000 —============——————————-
H — Service life a 30 187]
T ——— > .
HO esits : - . Own assumptions
0 . . . investment
2015 2325 2035 2045 Degree of % 66.5
¢  Reference e Function efficiency [88]
Calc. interest % 7 Own assumptions
Electrolysis Costs 2013 €/kW 840 Expert survey
o Elektrolysis Costs 2050 €/kW 200 Expert survey
1800 K-exponent = 3 Expert survey
E 1000 — === —mm e Service life a 18.5 Expert survey
w
500 \‘c """""" ‘ M/O costs % 4 Expert survey
0 investment
2015 2025 2035 2045 Degree of % 80 [19]
¢  Reference e Function efficiency
Calc. interest % 7 Own assumptions
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Appendix 1: Data assumptions

Component Variable Unit Value Sources
P-H2 reforming fossil Costs 2013 €/kW 955 [89]; [90]
. Costs 2050 €/kW 955 [89]; [90]
1200 _Natural gas reforming
1000 mm oo e * K-exponent = 1 Own assumptions
§ 800 —mmmmmmmmmmm e — -
E 600 - Service life a 15 [91];[92] [89]
w
400 —=mmmmmm o s oo o e M/O costs % 2.5 [89]
200 ---mmmmmmmmmmmmm oo oo investment
0 : . .
2015 2025 2035 2045 Degree of % 80 [93]; [89]
@  Reference  emmmm Function efflaency
Calc. interest % 7 Own assumptions

Building and heating technologies

Component Variable Unit Value Sources
Building, fully renovated Costs 2013 €/m2 102 [94]; [15]: [14]: [13]; [95]
2
. Retrofit "vollsaniert” Costs 2050 &/m 102 (94, 15); [14]; [13]; [95]
SoppaEt : ! Own assumptions
Tt 100 > —
w Service life a 50 Own assumptions
50 ——mmmmmmmmmmm e
0,
WO @esEs . & ! Own assumptions
0 . . . investment
2015 2025 2035 2_045 Calc. interest % 4 )
@  Reference s Function Own assumptions
Building, fully renovated plus Costs 2013 €/m?2 180 [94]:[15]:[14]; [13]; [95]
2
o Retrofit "vollsanierts” Costs 2050 &/m 180 joaynisy14) (13] [95]
150 e ¢ SoppaEt : ! Own assumptions
E S
W 100 ———————mmmmmmmmmmmm—— - Service life a 50 Oown assump‘tions
Co O eSS % L Own assumptions
0 investment P
2015 2025 2035 2045 Calc. interest % 4 )
@  Reference s Function Own assumptions
Underfloor heating Costs 2013 €/kW 60 [96]
80 - Panelheating ________. Costs 2050 €KW 60 [og]
60
E 40 ¢ K-exponent - 0 Own assumptions
S 40 ——m e
20— . Service life g 50 Own assumptions
0 M/O costs % 1.5 0 i
2015 2025 2035 2045 investment W EESLIMIeIE
@  Reference  emsmmm= Function Calc. interest % 4 o —
Qil boiler Costs 2013 €/kW 175 [40]; [97]
200 —- - Oilboiler .. Costs 2050 €/kW 140 L0 107]
o 150 mmmmmm e » -
£ K-exponent 1.1 [40]
T 100 mmmmmmmmmm oo —
Y . Service life d 20 According to gas boiler
0 M/O costs % 2
2015 2025 2035 2045 investment (98]
®  Reference e Function Calc. interest % 4

Own assumptions
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Component

Gas boiler

Gas boiler

2015 2025 2035 2045

®  Reference  emsm Function

Biomass boiler/wood boiler

2015 2025 2035 2045
@  Reference

Function

Electrical heat pump, outside air

®  Reference  emsm Function

1500 - - - - - AirHPel.
£1000 ---g------==
z *
W 500 m-mm e e e
0
2015 2025 2035 2045

El/gas hybrid heat pump air

Air HP hybrid

2015 2025 2035 2045

®  Reference e Function

Micro CHP

CHP decentral

2015 2025 2035 2045

¢  Reference e Function

Variable
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Costs 2013

Costs 2050

K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Unit Value
€/kW 175
€/kW 175
- 1.1
a 20
% 2
investment
% 4
€/kW 788
€/kW 631
- 0.95
a 20
% 3
investment
% 4
€/kW 1195
€/kW 956
- 1.2
a 20
% 3.5
investment
% 4
€/kW 1215
€/kW 972
- 2
a 20
% 3
investment
% 4
€/kW 1780
€/kW 1424
- 3
a 20
% 3
investment
% 4

Appendix 1: Data assumptions

Sources

[40]

(40]

[40]

[99]

(98]

Own assumptions
[100]; [40]; [65];[58]
[100]; [40]; [65];[58]
[40]

According to gas boiler

Own assumptions

Own assumptions

[615;[101]; [102]; [103]

[615;[101]; [102]; [103]
[104]
[43]

Own assumptions

Own assumptions

Assumption: (Costs heat pump-air+costs gas-
BWK)*0.9

Assumption: Costs 2013*0.8 (WP degression
acc. to [61]

Own assumptions
[43]

Own assumptions

Own assumptions
[42, 46]

[42, 46]

Own assumptions

[42]

Own assumptions

Own assumptions
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Component

Gas-driven heat pump

Air HP gas

2015 2025 2035 2045

& Reference — ems Function

Electrical heat pump, ground

Brine HP el.

2015 2025 2035 2045

® Reference e Function

Solar thermal energy, decentralized

Solar heat decentral

2015 2025 2035 2045

¢ Reference e Function

Decentralized heat storage

€/

2015 2025 2035 2045
&  Reference

em— FUNCtiON

Solar thermal energy, industrial process

Solar heat industry

2015 2025 2035 2045

¢  Reference e Function

Variable
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs
Calc. interest

Costs 2013
Costs 2050
K-exponent
Service life

M/O costs
Calc. interest

Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050

K-exponent
Service life

M/O costs

Calc. interest

Unit
€/kW
€/kW

a

%
investment
%
€/kW

€/kW

a

%
investment
%
€/m?2

€/m2

a

%
investment
%

€/l
€/l

a

%
investment

%
€/kWh
€/kWh

a

%
investment

%

Value
2081
800

20
1.5

1540
1232
1.2
20
3.5

405
162

30
1.3

1.74
1.04

20
1.3

0.1

0.05

30
1.3

Appendix 1: Data assumptions

Sources

[60]; [105]

[60]; [105]

Own assumptions
[43]

Own assumptions
Own assumptions

[61]; [1013;[102]; [103]
[61]; [101];[102]; [103]
[104]

[43]

Own assumptions

Own assumptions

[106];{40]
[106]); [40]
[106)); [40]
[64]
(65]
Own assumptions
[98];
[98J;
Own assumptions
[99]
Own assumptions

Own assumptions

[107]

[108]; [76]; [108] calculates with a heat price of
slightly over 50 €/MWh for specific projects; in
[76], a reduction of the heat price from solar
thermal energy of 8 - 25 ct/kWh to 4 - 9 ct/kWh
is expected until 2050 (drinking water pipeline
(hot) and space heating, no prices specified for
industry)

Own assumptions
[64]
[65]

Own assumptions
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Appendix 1: Data assumptions

Mobility

Component Variable Unit Value Sources
Passenger cars ICE liquid fuel Costs 2013 €/car 22429 1109
oo CarICEFuel Costs 2050 €/car 21100 [1 09]
20,000 = --% -~ —— = J K-exponent - 1.4 Own assumptions
8 15000 ——---mmmmmmmm oo —
£ Service life a 15
$ 10,000 — - - - oo e [109]
5000 —-------mo-oooooooooo M/O costs % 1.6 [109]
0 investment
2015 2025 205 2045 Calc. interest % 7 .
@  Reference e Function Own assumptions
Passenger cars ICE gas Costs 2013 €/car 24729 [109]
Costs 2050 €/car 23400 [1 09]
30,000 _ CarlCEGas
—_—— — K-exponent - 1.4 Own assumptions
Z 20000 —--------------------=
£ Service life a 15 [109]
W 10,000 - - - e m e /
M/O costs % 1.4
0 . . : investment 182
2015 2025 2035 2045 Calc. interest % 7 .
@  Reference s Function Own assumptions
Passenger cars H2 fuel cell Costs 2013 €/car 77600 [109]
Costs 2050 €/car 24800 [109]
100,000 - car Fc ______________
80,000 == == === === mmm o K-exponent - 7.5 Own assumptions
2
£ Service life a 15 [109]
w
M/O costs % 0.9 [109]
0 . . : investment
2015 2025 2035 _2045 Calc. interest % 7 .
¢  Reference — emss= Function Own assumptlons
Passenger car hybrid H2 fuel cell/battery Costs 2013 €/car 110857  own assumptions
Car FCBat Costs 2050 €/car 35429 Own assumptions
200,000 —== o emmm o
o 150000 oo K-exponent - 7.4 Own assumptions
§ 100,000 — == - = - mmmmmm e e e Service life a 15 Assumption: Same as other drive concepts
50,000 = - M/O costs % 1 .
' Own assumptions
0 : : . investment
2015 2025 2035 _2045 Calc. interest % 7
®  Reference — emmm Function o assumptions
Passenger car hybrid ICE liquid fuel/battery Costs 2013 €/car 31275 [109]
Car ICEFuelBat Costs 2050 €/car 24900 [109]
40,000 ——--- ~ 0 T R oo
K-exponent - 2.65 Own assumptions
E
£ Service life a 15 [109]
w
M/O costs % 1.3 [109]
0 - : : : investment
2015 2025 2035 ?045 Calc. interest % 7 .
¢  Reference  esss= Function Own assumptlons
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Component

Passenger car hybrid ICE gas/battery

_ Car ICEGasBat

€/PKW

0 r T T T
2015 2025 2035 2045

¢  Reference

Function

Passenger car battery-electric motor

€/PKW

2015 2025 2035 2045

®  Reference  ems Function

Truck ICE liquid fuel

_ Truck ICEFuel

150,000 - -

L S ¢

€/LKW

2015 2025 2035 2045

@  Reference e Function

Truck ICE gas

_Truck ICEGas

150,000 - -

€/LKW

0 r T T T
2015 2025 2035 2045

@  Reference

e FUNCtioN

100,000 =l >

Truck H2 fuel cell

_ Truck FC

400,000 - -
300,000

200,000

€/LKW

100,000

0
2015 2025 2035 2045

@  Reference

e FUNCtION

Variable
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Degree of
efficiency

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Unit
€/car
€/car

a

%
investment
%
€/car

€/car

a
%
investment
%

%
€/truck
€/truck

a

%
investment
%

€/truck

€/truck

a

%
investment
%

€/truck
€/truck
a

%
investment
%

Value

33463

27200
2.57

1.3

57450
26000
8.09

0.9

68

97502
91605
1.6
15

1.6

7
106681
100783

1.6
15
1.4

7
319925
106310

7.7
15
0.9

7

Appendix 1: Data assumptions

Sources

[109]
[109]
Own assumptions

[109]
[109]
Own assumptions

[109]
[109]
Own assumptions

[109]

[109]

[109]

Own assumptions

Own assumptions and calculations
Own assumptions and calculations*
Own assumptions

Assumption: Same as passenger car [109]
Assumption: Same as passenger car [109]

Own assumptions

Own assumptions and calculations*

Own assumptions and calculations*

Own assumptions

Assumption: Same as passenger car [109]
Assumption: Same as passenger car [109]
Own assumptions

Own assumptions and calculations*

Own assumptions and calculations*

Own assumptions

Assumption: Same as passenger car [109]
Assumption: Same as passenger car [109]

Own assumptions

* Based on the costs for truck ICE liquid fuel, the costs of other drive concepts were calculated acc. to the

cost differences for passenger cars.
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Component

Truck hybrid H2 fuel cell/battery
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®  Reference e Function

Truck hybrid ICE gas/battery
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Truck battery-electric motor
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Variable
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest
Costs 2013
Costs 2050
K-exponent
Service life

M/O costs

Calc. interest

Unit
€/truck
€/truck

a

%
investment
%

€/truck
€/truck

a

%
investment
%

€/truck

€/truck

a

%
investment
%

€/truck
€/truck

a

%
investment

%

Value
497430
165294

7.7
15
1

7
134022
105722

2.65

15

1.3

7
142702
114901

2.6

15

1.3

7
246437
106822

8.08

15

0.9

7

Appendix 1: Data assumptions

Sources

Own assumptions and calculations*

Own assumptions and calculations*

Own assumptions

Assumption: Same as passenger car

Own assumptions

Own assumptions

Own assumptions and calculations*

Own assumptions and calculations*

Own assumptions

Assumption: Same as passenger car [109]
Assumption: Same as passenger car [109]
Own assumptions

Own assumptions and calculations*

Own assumptions and calculations*

Own assumptions

Assumption: Same as passenger car [109]

Assumption: Same as passenger car [109]

Own assumptions

Own assumptions and calculations*

Own assumptions and calculations*

Own assumptions

Assumption: Same as passenger car [109]

Assumption: Same as passenger car [109]

Own assumptions

* Based on the costs for truck ICE liquid fuel, the costs of other drive concepts were calculated acc. to the

cost differences for passenger cars
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Appendix 2: Expansion limits for technologies used

Table 4: Guidelines for maximum possible technology expansion

Appendix 2: Expansion limits for
technologies used

Component Expan Unit 2015 2020 2030 2040 2050 2015-2050 Sources
sion
Wind Offshore Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 0.6 1.1 1.2 1.2 1.2 45 Expansion per year: own
assumption; max.
expansion acc. to [19]
Wind Onshore Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 3.80 4.00 4.00 4.00 4.00 189 Expansion per year: own
assumption; max.
expansion acc. to [19]
Photovoltaics Min. GW 0 0 0 0 0 0.0
Max. GW 3.40 5.00 5.00 5.00 5.00 275 +25 Expansion per year: own
assumption; max.
expansion acc. to [19]
Raw biogas electricity Min. GW 0 0 0 0 0 0.0 Own assumptions
generation (el. power)
Max. GW 1 1 1 1 1 36.0 Own assumptions
Combined cycle power Min. GW 0 0 0 0 0 0.0 Own assumptions
plant
Max. GW 1 1 1 1 1 36.0 Own assumptions
Gas turbine Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 4 4 4 4 4 144.0 Own assumptions
Power-to-fuel Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 1 1 1 1 1 36.0 Own assumptions
Sabatier Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 0.20 0.70 1.70 6 7 126.9 Own assumptions
P-H2 storage (gas power) Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 0 1 3 6 7 131.4 Own assumptions
P-H2 reforming fossil Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 0.1 0.4 0.9 1 1 27.5 Own assumptions
Electrolysis Min. GW 0 0 0 0 0 0.0 Own assumptions
Max. GW 0.20 0.70 2.75 6 7 131.4 Own assumptions
Stationary batteries Min. GWh 0 0 0 0 0 0.0 Own assumptions
Max. GWh 1.2 2.2 4.2 5 5 142.6 Own assumptions
E-H2 storage Min. GWh 0 0 0 0 0 0.0 Own assumptions
Max. GWh 200 500 1000 2000 5000 60900.0 Expansion per year: own
assumption; max.
expansion acc. to [19],
[110]
Bio natural gas upgrading Min. TWh 0.00 0.00 0.00 0 0 0.0 Own assumptions
Max. TWh 0.20 0.45 0.95 1 1 29.2 Expansion per year: own
assumption; max.
expansion acc. to
biomass potential acc. to
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Appendix 2: Expansion limits for
technologies used

Component Expan Unit 2015 2020 2030 2040 2050 2015-2050 Sources

sion
Biomass gasification to CH, Min. GW 0 0 0 0 0 0.0 Own assumptions

Max. GW 0.1 0.2 1 1 1 27.9 Own assumptions
Biomass gasification to H, Min. GW 0 0 0 0 0 0.0 Own assumptions

Max. GW 0.1 0.2 1 1 1 27.9 Own assumptions
Biomass gasification to fuel Min. GW 0 0 0 0 0 0.0 Own assumptions

Max. GW 0.1 0.2 1 1 1 27.9 Own assumptions
Solid biomass combustion, Min. GW 0 0 0 0 0 0.0 Own assumptions
industry

Max. GW 0.1 0.2 2 2 2 48.9 Own assumptions
Biodiesel Min. GW 0 0 0 0 0 0.0 Own assumptions

Max. GW 0.55 0.80 1 1 1 33.8 Own assumptions
Biogas plant Min. GW 0 0 0 0 0 0.0 Own assumptions

Max. GW 1 1 1 1 1 36.0 Own assumptions
Deep geothermal energy, Min. GW 0.005 0.005 0.005 0.005 0.005 0.2 Own assumptions
heating networks

Max. GW 0.005 0.005 0.005 0.005 0.005 0.2 Own assumptions
CHP, heating networks Min. GW 0 0 0 0 0 0.0 Own assumptions

Max. GW 1 1 1 1 1 18.0 Own assumptions
Solar thermal energy, Min. kWer/kW 0 0 0 0 0 0.0 Own assumptions
decentralized -

Max. kW i/kW 2 - Own assumptions

HT

Decentralized heat storage Min. Million | 0.1 0.1 0.1 0.1 0.1 3.6 Own assumptions

Max. Million | 10 10 10 10 10 360.0 Own assumptions
Heat pumps, heating Min. GW 0 0 0 0 0 0.0 Own assumptions
networks

Max. GW 0.2 0.5 0.5 0.5 1 17.4 Own assumptions
Heat storage, heating Min. GWh 0 0 0 0 0 0.0 Own assumptions
networks

Max. GWh 2 7 50 50 50 1344.0 Own assumptions
Solar thermal energy Min. GW 0 0 0 0 0 0.0 Own assumptions
systems, heating networks

Max. GW 0.3 0.8 2 2 2 59.2 Own assumptions, max.

expansion acc. to solar
energy potential limit [19]

Solar thermal energy Min. - 0 0 0 0 0 0 Own assumptions
industry process
(percentage of total Max. = 0.01 0.01 0.01 0.01 0.01 0.05 Own assumptions

thermal load in industry)

' Solar thermal energy power (ST) per installed heating technology power (HT)
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Appendix 3: Development of conventional power plants #°pendx 3: Development of

conventional power plants

Table 5: Development of conventional power plants until 2050

Component Variable Unit 2015 2020 2030 2040 2050 Sources
Nuclear power plants inst. capacity GW 121 8.1 0 0 0 [24]
Coal-fired plants inst. capacity GW 29.5 25.9 17.5 8.1 7.6 [24]
Lignite plants inst. capacity GW 20.2 16.37 10.9 8.9 2.9 [24]
QOil-fired power plant inst. capacity GW 2.3 1.3 0.8 0.3 0.1 [24]
Iglc;rr?tbined cycle power inst. capacity GW 14.7 14.7 14.1 11.0 5.1 [24]
Hydropower plants inst. capacity GW 5.3 5.3 5.3 5.3 5.3 [24]
Pumped storage plants inst. capacity GW 6.7 7.0 7.0 7.0 7.0 [24]
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Appendix 4: Vehicle development mobility scenarios

The following figure shows the market development for vehicle concepts for motorised
private transport in the five investigated scenarios. The chart shows the respective
portion of each drive concept in the vehicles sold in the respective year.

Classic
100% EEREERE = Bat
80% = fKM
® fKM-Bat
60%
¥ H2-Bat
40% mH2
20% ® CH4-Bat
uCH4
0% T T T T T T T T T T T T T T T T
wn ™~ o -l m wn M~ ()] - m wn Ll a - m wn M~ (-]
- - - o o o o o o o o om m 8 8 8 8 8
o o o o (=] o o o o o o o o
o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~
100% m Bat
80% KM
u fKM-Bat
60% ® H2-Bat
40% mH2
20% B CH4-Bat
H CH4
0% T T T T T T T T T T T T T T T T
wn ™~ [=)) - 2] wn I~ [=)] - (2] un M~ [=)) - o un ~ [=)]
- - - o o o o o o o o o om 8 S 8 S 8
(=] (=] (=] o o o (=] (=] (=] (=] o (=] (=]
~ o o o o~ ~ ~ o o o ~ ~ o o o o~ o o~
100% ® Bat
80% u KM
u fKM-Bat
60%
® H2-Bat
40% mH2
20% B CH4-Bat
mCH4
0% T T T T T T T T T T T T T T T T
wn ™~ (1] - (2] n M~ (2] -l o wn M~ a -l o wn M~ [=)]
(=) -l = o o o o o o o o [13] m 8 g 8 g 8
o o o o o o o [=] o o o o o
o~ (] o~ o o~ o~ o~ o~ o~ o (V] o~ (] o~ (V] ()] (V] ()]
Electric
100% ‘WEWN = Bat
80% = fkM
® fKM-Bat
60% ® H2-Bat
40% mH2
20% ® CH4-Bat
H CH4
0% T T T T T T T T T T T T T T T T
wn ™~ [-)] - o %)) ~ [=)] -l o un I~ [-)] - o uw ~ (=]
- - - o o o o ol o o o o o g S 8 S 8
o o o o (=] [=] o o o o [=] o o
o~ o~ o~ o~ (o] ™~ o~ o~ o~ (2] o~ o~ o~ o~ o~ (2] o~ (2]
100% ® Bat
80% u fKM
u fKM-Bat
60%
¥ H2-Bat
40% mH2
20% B CH4-Bat
u CH4
0% T T T T T T T T T T T T T T T T
wn ™~ [=3] - o n M~ (3] -l o wn M~ L] -l o wn I~ [=)]
= - = o o o o o o o o o om 8 8 8 8 8
C © 0 © © © © © © © © o 9O
o~ o~ o~ o~ (V] (V] o~ o~ o~ o o~ o~ o~ o~ o~ (V] o~ (V]
Legend:

Bat: Vehicles with battery/electric motor

fKM: Vehicles with combustion engine with liquid fuel mix

H2: Vehicles with hydrogen fuel cell and electric motor

CH4: Vehicles with combustion engine and gaseous fuel

fKM-Bat, H2-Bat, CH4-Bat: Hybrid concepts with battery/electric motor
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The following figure shows the vehicle fleet development for vehicle concepts for
motorised private transport in the five investigated scenarios. The chart shows the

respective portion of each drive concept in the vehicle fleet in the respective year taking

into account the mean vehicle turnover rate.
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Bat: Vehicles with battery/electric motor

fKM: Vehicles with combustion engine with liquid fuel mix

H2: Vehicles with hydrogen fuel cell and electric motor

CH4: Vehicles with combustion engine and gaseous fuel

fKM-Bat, H2-Bat, CH4-Bat: Hybrid concepts with battery/electric motor
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