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Abstract
Transportation and energy play an essential role in modern society. Since the Industrial
Revolution, fossil fuels have enabled great advancements in human society. Within this
process, Internal Combustion Engines Vehicles (ICEVs) played a significant role in
guaranteeing reliable and affordable long-distance transportation. However, the subsequent
increase of the Motorized Private Transport resulted in undesired effects such as pollution.
One instrument in reducing the Greenhouse Gas (GHG) emissions of the transport sector is to
shift from the conventional ICEVs toward zero local emission vehicles. Electric Vehicles
(EVs) are being promoted worldwide as a suitable powertrain technology that could replace
the ICEVs. However, unless combined with electricity from renewable generation
technologies the EVs will not effectively reduce GHG emissions.
Through the simulation of future transport and energy sector scenarios in Germany, the GHG
emission reductions have been analyzed. Techno-economic and environmental characteristics
for several powertrain technologies under several vehicles charging strategies are evaluated.
The thesis explores the impact of charging EVs on the electrical grid. The result show that
EVs using smart charging strategies that support Vehicle-to-grid (V2G) are capable of
fulfilling mobility needs of users while providing substantial flexibility to the electrical grid.
Such flexibility can facilitate the future expansion of non-dispatchable Renewable Energy
Sources (RES).
Keywords: Powertrain technologies, Electric vehicles (EVs), High renewable penetration,
Smart Grid, Vehicle to Grid (V2G), Flexibility, Greenhouse Gas emission reduction.
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Battery-Electric vehicles
End-of-Life Vehicle
Extended Range Electric Vehicle
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Household
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Internal Combustion Engines vehicles
Integrated Energy Concept
Intergovernmental Panel on Climate Change
Mobility in Germany
German Mobility Panel
Motorized Private Transport
National Travel Surveys
Plug-in Hybrid Electric vehicles
passenger light-duty vehicles
Particle Swarm Optimization
Power-to-Gas
Power-to-X
Renewable Energy Model – Germany
Renewable Energy Sources
Steam Methane Reformation
State Of Charge
Tonne-kilometer
Tank-to-Wheel
United Nation Framework Convention on Climate Change
Vehicle-to-grid
Vehicle-kilometer
Vehicles Profile
Well-to-Tank
Well-to-Wheel

Terminology
Curtailment:
Fuel pathway
Non-dispatchable:
Peak Load:
Power-to-X (PtX):

Powertrain
Residual load:
State Of Charge (SOC):
Trip chain:
Trip:
Vehicle profile

Vehicle-to-grid (V2G):
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The electricity that is not utilized because of the lack of
demand and storage.
Is the process of to convert a raw material, it into a final
fuel product.
Electricity sources that cannot supply the electrical grid
according to the market need.
The maximum power during a period of time.
Identifies technologies that transform surplus electricity
from renewable energy sources into energy carriers. The
X refer to the energy converted to for example power-toGas, power-to-liquid, and power-to-fuel.
The term powertrain describes the vehicle components
that generate power and deliver it to the road.
Refers to the difference between the actual grid power
demand and the feed-in of non-dispatchable generators
The ratio of available energy in the BEV battery to the
maximum storable energy in the battery
All the trips completed by a person during a day.
One-way movement from the origin to the destination.
Is a profile that describes the usage patterns of the
vehicles. The profile provide the model with the number
of vehicles connected to the grid.
A two-way connection through which power can flow
from the electrical grid to a vehicle and from a vehicle
back to the electrical grid
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Chapter 1
INTRODUCTION
Climate change has been a major discussion in the last decades, with predictions of
catastrophic consequences if the anthropogenic Greenhouse Gases (GHG) emissions are not
reduced [1, p. 13]. To enhance the global effort on counter-balancing these negative effects,
the UN introduced a legal instrument to measure the climate effect change. As a result, in
1992 the United Nation Framework Convention on Climate Change (UNFCCC) was
established . The perception of these negative effects intensified the interest in a low carbon
economy; therefore, many nations pledged to reduce their GHG footprint by signing the
Coyote Protocol in 1997 [3, p. 218], and in 2015 by signing the Paris Agreement [4, p. 3].
The major sources of GHG emissions worldwide are from electricity generation and
transportation industries [1, p. 47].Fossil fuels are the main cause of anthropogenic CO2
emissions, and 87% of the world´s primary energy is based on fossil fuel [1, p. 47]. The limited
fossil fuel reserves, political instability in major oil-exporting countries, and vulnerability to
international price shocks has increased the interest in sustainable Renewable Energy Sources
(RES).
In electricity systems, supply must closely match demand. Traditionally, this balance is
maintained by controlling the output of supply to meet the instantaneous demand load.
Therefore, although the RES have the potential to address the GHG emissions, it is nondispatchable nature presents major challenges for electrical grid operation.
Electric Vehicles (EVs) have the opportunity to reduce the GHG emissions, minimize energy
consumption and improve local air quality. However, unless combined with clean
environmentally-friendly electricity generation, EVs will not effectively reduce the GHG
emissions. Furthermore, a high market penetration of EVs will introduce significant changes
in how much electricity is used and when it is used.
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Despite the fact that electric vehicles are mainly designed to transport people and goods, their
electrical storage presents an innovative solution to equalize supply and demand. Vehicle-togrid (V2G) is an intelligent energy storage technology that enables the flow of electricity
between EVs and the electrical grid. This could contribute to reducing the GHG emissions
through increasing the utilization of fluctuating RES.

1.1 Problem statement and aim
“How could the transport sector contribute to the GHG emissions reduction targets?”
To answer this broad question more specified research question focusing on the passengers
light duty vehicles (PLDVs) were formulated. To achieve GHG emission reduction in road
transport a widespread of sustainable technologies in the private road transport and energy
sector is needed. Since a diverse pathways and vehicle technologies could contribute to the
GHG emissions reduction target form road transport? The following specific research
question is addressed
1. Which powertrain technologies and fuel pathways could contribute to achieving the
GHG emissions reduction target?
Furthermore, BEVs are charged while directly connected to the electrical grid. Therefore, the
success of high deployment of EVs and non-dispatchable electricity generation will require a
significant flexibility in the operation of the electrical grid. Large-scale EV deployment
presents both a challenge and an opportunity for the operation of electrical grids. On the one
hand, if EV charging occurs during existing demand peaks, the introduced demand will
overload the electrical grid. On the other hand, a power system operating on a high share of
RES could use the EVs as a flexible load to balance demand and supply. This raises the
question
2. How does different EV charging strategies impact the electrical grid and to what extent
could EV charging strategies contribute to the higher integration of renewable energy
sources?

1.2 Methodology
Since many of the technologies analyzed in this thesis have not yet been widely deployed, the
research questions are mainly intended for future scenarios. Therefore, computer simulation
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via Renewable Energy Model – Germany (REMod-D) is used to answer the research
questions. The work presented in this thesis can be divided into three different steps:
1. Literature review.
The literature review serves to build the test scenarios and set the model input parameters.
Therefore, sufficient knowledge of the following topics is needed:



GHG emission sources and technologies used to mitigate the emissions in the transport
and energy sector in Germany is described in detail in chapter 2.1.
The current German transport and energy market with respect to the governmental
strategies is described in detail in chapters 2.2, 2.3, 2.4.

2. Defining scenarios and specifying the relevant input parameters.
The simulations carried out in this thesis are based on a futuristic transport sector scenarios.
Therefore key assumptions for future development of the transport and energy sector have
been defined.
3. Developing vehicle profiles and charging strategy.
When considering the EV charging, the key factors that impact the energy system are (a) how
many vehicles are charged (vehicle profile), (b) when the vehicles are charged, and (c) how
the vehicles are charged (charging strategy).
Vehicle profiles are used to introduce the charging locations based on current mobility
patterns. From the profiles the model determines the percentage of vehicles connected to the
electrical grid. The German national travel survey (MiD 2008) is used to create the parking
patterns. A description of the methodology used to rebuild the trip chains and derive the
vehicle profiles is described in detail in chapter 4.2.
4. Simulation and analysis.
Before starting the simulation phase, the development introduced to the transport sector in
REMod-D [5] is verified. Then to answer the first research question, the whole solution space
on how the transport sector could contribute to the GHG emission reduction targets and what
technologies will play a role in decarbonizing the transport sector. Varying the GHG emission
reduction target provides a techno-economic and environmental assessment of the
technologies. Therefore, to emulate this impact, the GHG reduction target is varied, in the
3

first set of simulations. These simulations are used to present correlations between trends in
passenger light-duty vehicles (PLDVs) powertrain technologies, energy carriers, and fuel
pathways.
Furthermore, in REMod-D, the deployment of powertrain technologies in the transport sector
is coupled with the cost-effectiveness of low carbon energy production. To reduce
uncertainties in the result, it is useful to identify the conditions under which change in
powertrain technologies optimal composition will occur. Therefore, a sensitivity analysis on
the battery price and the Steam Methane Reformation (SMR) efficiency is performed.
Therefore, to answer the second research question, the impact of different vehicle profiles is
explored. The simulation results from two scenarios—based on different vehicles profiles—
are compared. Lastly, the impact of three charging strategies is analyzed. Details related to
these strategies are discussed in chapter 5.3.

1.3 Thesis structure
This thesis is structured as follows: Chapter 2 provides the general context of the research.
An overview of the GHG emissions sources in Germany, and technologies anticipated to play
a central role in the transition toward a low carbon transport sector are discussed. This chapter
highlights the motivation behind the research, emphasizing the argument that widespread use
of RES and EVs is a needed begin reducing GHG emissions and fossil fuel dependencies. For
that reason, it is important to address the challenges and opportunities associated with these
technologies. Chapter 3 describes the modeling tool (REMod-D) used in the optimization.
Chapter4 provides an overview of the input parameters relevant to the analysis, and describes
the methodology used to develop vehicle profiles. Chapter 5 introduces the key assumptions
for future development of the transport and energy sector and defines the charging strategies.
It then describes the selection of the scenarios. Chapter 6 presents the results and analysis
obtained from simulating the future scenarios aiming to address the research question
Which powertrain technologies could contribute to achieving the reduction target?
Chapter 7 presents the result and analysis used to address the research question.
How does different EV charging strategies impact the electrical grid and to what extent could
EV charging strategies contribute to the higher integration of renewable energy sources?
Finally, Chapter 8 draws conclusions about the major findings and pinpoints the direction
for future work
4

Chapter 2
BACKGROUND
Many nations have identified the dangerous effect of climate change. Therefore in 1992 the
UNFCCC was established to address the alarming threats of climate change and enhance
global efforts to counter its negative effects. The universal agreement established in the 2015
UN Climate Change Conference in Paris is considered a milestone to this accord. This
agreement could create the conditions for transformational change through the reorientation
of financial investments away from fossil fuel production generating Greenhouse Gas (GHG)
emissions [4, p. 3]. Consequently, the European Union (EU)—with a share of 9.6% of the
total global anthropogenic carbon dioxide equivalent (CO2) emissions in 2015 [6, p. 26]—set
an ambitious goal to reduce their share of greenhouse gas emissions by 80-90%, as measured
from 1990 to 2050 [7, p. 313]. In response to the 2015 UN Climate Change Conference in
Paris, Germany is forging ahead with the “Klimaschutzplan 2050” (translation: Climate
protection 2050, in English literature known as Climate Action Plan 2050) the Climate Action
Plan specifies GHG emission reduction medium, short and long term reduction targets.
Nonetheless the Action Plan does not specify the GHG emissions for the road transport.
However other agreements that are binding to Germany specify the GHG emissions and the
share of renewable energy in the transport sector. Table 2.1 summarizes the CO2 reduction
targets on the European and national level.
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Energy sector targets
Energy
GHG emissions a
Consumption a

Share of
RES

EU

2020: -20 %

2020: -20%

2020: 20%

EU

2020: -20 %
2030: ------2040: ------2050: -------

2020: -25 %
2030: - 40%
2040: -60%
2050: -80% to -95%

2020: 20 %
2030: ------2040: ------2050: -------

Year
2020 climate and energy
package b

Energy Roadmap 2050e

Transport white paper

f

2030 climate and energy
framework g

2008

2011

2011

EU

2014

EU

Federal Emission Control
2009
Act (BImSchG)h
Energy Concept/
The German Climate
Action Plan 2050
a

2010/
2016

with respect to 1990 levels.
b
COM 2008/ 0030 final.
c
FQD (EC, 2009b).
d
RED (EC, 2009a)

e

-------

2030: -27%

------

2030: -40%

GER

-------

2020: -20% j
2030: ------GER 2040: ------2050: -50% j

2020: -40%
2030: -55%
2040: -70%
2050: -80% to -95%

COM/2011/0885 final.
f
COM/2011/0144 final
g
COM/2014/00 15 final.

-------

-------

-------

-------

2030: 27%

2020: 18% K
2030: 30% K
2040: 45% K
2050: 60% K

h

2020: -10%l
2030: -----2040: -----2050: -40% l

BImSchG (2009) § 37a
with respect to 2010 levels
j
with respect to 2008 levels.
K
of gross electricity consumption.
I

2
1

2
2
2
2

2
2

-------------

Table 2.1: Summary of the carbon dioxide equivalent (CO2) emissions reduction target
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Trans
Energy
G
Consumption e

2
2

2.1 Greenhouse Gas Emissions (GHG)
In 2015 the total GHG emissions in the European Union (EU-28) were 22% below 1990 level.
Germany, Europe’s leading economy, is the highest emission producer in the EU-28 with
926.5 million tons of CO2 accounting for 20.8% of the total European GHG [8].As shown in
Figure 2.1, by 2016 Germany has achieved 27.6% reduction in the total GHG compared to
1990.
1,400

GHG in Mio. t. CO2 equiv

1,200

-28%

1,000

- 40%

800

-

55%

600

- 70%
400

- 80%

200
0
1990

2000

2010

2020

2030

2040

2050

Year

Energy-induced emissions

Other

Target

Target Path 95%

Figure 2.1: Development of GHG in Mio. T CO2 Equiv. based on historical data and
Klimaschutzplan 2050 targets. Germany data from [9, Table (GHG_CO2 eq)].

2.1.1 Sources
According to the Intergovernmental Panel on Climate Change (IPCC), the major source of
GHG emissions worldwide are from electricity generation and transportation industries [1].
Figure 2.2 shows the CO2 emission sources in Germany by industry from 1990 forecasted out
until 2050. In 2016, 86% of the CO2 emissions in Germany were energy-related emissions
released from:
1. Power generation;
2. Fuel combustion in the transport sector; and,
3. Heat supply for both industrial and residential sectors.
8

The highest increase in CO2 emissions occurred in the road transport sector, amounting to a
5.4 million ton increase in CO2 emissions compared to 2015 (+3.4%). That is almost 2 million
tons of CO2 higher than the reference year (1990). As a result, the transport sector became the
second largest emissions producer and the only industry that did not achieve any reduction in
the CO2.

Figure 2.2: GHG emissions by sector from 1990-2015 data from [9, Table (GHG_CO2 eq)],
and reduction target based on [10, 11].

2.1.2 Mitigation
It is extremely likely that human activities are the prominent factors influencing the climate
system [1]. While some climate change impacts are inevitable, it is possible to minimize risk
through a significant reduction in CO2 emissions. This reduction, however, will require a wide
range of changes to both technologies and human behavior [1, 12]. This section presents a
selection of technologies developed to reduce the transport sector’s CO2 emissions. The IPCC
defined the approaches used to mitigate CO2 emissions into four main categories:
1.
2.
3.
4.
9

Move towards low-carbon energy sources;
Increase energy efficiency (including conservation);
The use of carbon sinks; and,
Climate engineering.

Mitigation efforts related to road transportation falls within the first two approaches. Lowcarbon energy sources—such as electricity, hydrogen fuel cell, and locally-produced
biofuels—have been introduced. For biofuels, the conventional production technologies have
the barrier of limited supply and competition with food resource, as well as have a negative
impact on the land use [13]. EVs offer opportunities to reduce the CO2 emissions, energy
consumption, and local air quality. However, unless powered by Renewable Energy Sources
(RES), the EVs will not reduce the GHG emissions significantly. Rather, the source of CO2
emissions will be shifted from vehicles to electricity generation plants. Therefore, effective
mitigation of CO2 in the transport sector must take the entire fuel pathway into consideration.

2.2 Energy
The transport sector accounted for 29% of the Final Energy Consumption (FEC) in Germany
in 2016 producing 25% of the total CO2 emissions (Figure 2.3 [14, Table 5]). The EU
Renewable Energy action plan obliges EU Member States to increase the use of Renewable
Energy Sources (RES) by at least 10% in the transport sector by 2020[15, p. 10].However,
in 2015, more than 94% of the final energy consumption in the transport sector was covered
by fossil fuels [14, Table 6a].

Services
16%

Transport
Transport
29%

Households
26%

Industry

Households
Services
Industry
29%

Figure 2.3: Final energy consumption in Germany by sector in 2016 [14, Table 5].
Renewable energy is obtained from sources that are continually reloaded by nature, including
solar Photovoltaic systems (PV), wind turbines onshore and offshore, hydroelectricity,
biomass, geothermal, and tidal generation [16]. However, for most RESs, the availability of
power cannot be controlled. At a high penetration level, the output variability of RESs creates
difficulties for network stability.
10

In electricity generation, security of supply could be defined according to the timescale; in the
meantime, the challenge is generating a sufficient capacity to cover the instantaneous load
induced by EVs (load balancing). In the long-term, the main concern is ensuring sufficient
capacity capable of covering the network-wide energy demand. Therefore, due to the nondispatching nature of RES, guaranteeing the security of electricity supply becomes more
complicated. Consequently, it is essential for an energy system that is mainly dependent on
RES to be combined with an energy storage system

2.3 Electric vehicles (EVs)
Electric Vehicles (EVs) include Battery-Electric vehicles (BEVs), Plug-in Hybrid Electric
vehicles (PHEVs), and Fuel Cell Electric vehicles (FCEVs) [1, 16]. Although the first mass
production of EVs started in 1899, EVs have been almost unnoticeable on the streets since
fading in competition with Internal Combustion Engines vehicles (ICEVs). In recent years,
BEVs and PHEV have gained popularity; in January 2017, the cumulative global electric
vehicle sales reached the two Million Euro, with over 750 thousand sales worldwide [17, p.
5].
BEVs and FCEVs have no carbon emissions in the end use phase known as Tank-to-Wheel
(TTW). Nevertheless, the entire emission chain Well-to-Wheel (WTW) for BEV and FCEVs
can vary considerably based on the primary energy source used in the electricity or hydrogen
generation (Well-to-Tank (WTT)).
Barriers to wide acceptance of EVs are directly attributed to their electrical energy storage
system characteristics. The current storage system results in a higher purchasing price
compared to ICEVs. Another concern for drivers is the limited driving range, known in the
literature as “range anxiety”, which is the fear of not being able to complete a trip without
running out of stored electricity. This fear is mainly due to the long recharging periods and
the limited charging facilities [18, 19]
The EV charging methods vary based on ownership, charging power, duration and location.
Most of them occur while connected to the electrical grid except for FCEV and battery
swapping. In Germany, the EVs can be charged at the distribution grid voltage level (230 V
and 16 A) or at the 3 phase level (400 V and 16 A).
High penetration of EVs will introduce significant changes in how much electricity is used
and when it is used. There is a strong agreement within the energy industry, and among
researchers that widespread deployment of EVs should be combined with coordinated or
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controlled charging [1, 17, 20–22]. Studies have confirmed that a high penetration rate of EVs
combined with an appropriate charging strategy could present significant benefits such as:
1. Load Smoothing (through increasing baseload utilization) [23];
2. Increase the integration of RES [24]; and,
3. Balancing supply and demand (Demand Response DR) [23].
The benefits are further recognized when vehicles are enabled to discharge power stored in
the batteries back into the electrical grid when needed through a process known as Vehicleto-grid (V2G). Vehicle to Grid (V2G) is defined as “a two-way connection through which
power can flow from the electrical grid to a vehicle and from a vehicle back to the electrical
grid” [23].

2.4 German vehicle fleet
Road transport dominates the transport sector in Germany, 80% of all trips are done by
motorized private transport [25, pp. 224-225]. In January 2017 the total number of Passenger
Light-Duty Vehicles (PLDVs) nearly reached 46 million vehicles, which is almost 50% more
than 1990. The vast majority of the German PLDVs remain powered by gasoline or diesel
(the market share of EVs is 0.12% (Figure 2.4)). In January 2017, the number of BEVs
reached 34,022 vehicles, an increase of 33% compared to 2016, and a total cumulative BEV
and PHEV of 55,000 vehicles [26, p. 10]. The majority of the PLDVs are privately registered
(89.5%), yet 55% of BEVs are commercially registered [26, pp. 14-15]. The average age of
the PLDVs stock is 9.3 years [27, pp. 6-7].
Germany is way behind its ambitious target of achieving one million EVs by the year 2020
and at least 6 million by 2030 [28, p. 10]. The incentive scheme for EVs introduced by the
German government—in cooperation with the automobile industry—is expected to stimulate
the German EV market. The new allocation of 1.2 billion Euros narrows the gap in subsidies
provided for EVs between Germany and other European countries. The plan is expected to
subsidize 300,000 EVs with € 4,000 for each BEV or FCEV and € 3,000 for PHEV [29, p. 2].
Furthermore, the plan allocates € 300 Mio. to infrastructure development, in which two-thirds
of the fund will be used to subsidize fast-charging infrastructure. This plan is expected to
enable the construction of up to 2,500 fast-charging stations between 2017 and 2020 [30, p.
1].
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Figure 2.4: German vehicle fleet composition for private passenger light-duty vehicles [26].
In summary, this chapter provided the motivation for research related to the decarbonizing
the transport sector in Germany. The Renewable Energy Model—Germany (REMod-D)—is
used to provide an overview of the technologies that are more likely to play role in a future
transport and energy sector scenarios. The next chapter introduces the simulation-based
optimization model used to answer the research questions.
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Chapter 3
RENEWABLE ENERGY MODEL – GERMANY (REMOD-D)
REMod-D is the main simulation and optimization tool used to answer the research questions
in this master thesis. The model was developed by the Fraunhofer Institute for Solar
Energy Systems (ISE) to understand, analyze, and predict the national energy system
transformation toward carbon-low economy by 2050. The optimization objective is to identify
an optimal combination of demand- and supply technologies that minimize the total cost. The
optimal solution must guarantee the security of energy supply without exceeding the
maximum allowed CO2 emission per year. [31–38]
REMod-D is a bottom-up energy system optimization model describing the whole German
energy system (including sectors: electricity, heating, mobility, and industrial process heat).
The core feature in REMod-D is the ability to optimize all sectors of the energy system
simultaneously. Therefore, the model captures the interactions across all incorporated sectors.
Furthermore, the model parameters allow the specification of different developmental
characteristics for specific technologies. These characteristics include the maximum and
minimum expansion limits, which may be set based on technical characteristics such as time
needed to build a power plant or based on pre-defined political targets [31–38].
Consequently, the model serves as a support tool to guide decision makers and local
stakeholders in developing sustainable policies and investments. REMod-D is currently used
in different research projects to understand the interdependencies among different energy
sectors and identify feasible and reliable transformation paths, such as Integrated Energy
Concept 2050 (IEK) [39].
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3.1 Model Components
A broad spectrum of energy supply, storage, and demand technologies are implemented in the
model. Each technology has detailed technical parameters related to efficiencies (learning
curves), lifetime, emission factors, and effectiveness (availability). Moreover, each
technology has its own associated costs (e.g., investment cost, operation, maintenance cost,
and discount rates). Generally, technical parameters and costs are exogenous forecasts, in the
form of development curves drawn from several ranges of sources (e.g., studies, industrial
partners, and experts) [31, pp. 210-230].
Figure 3.1 shows a schematic for some of the most relevant technologies used in the energy
conversion pathways from supply to demand. The right side of Figure 3.1 shows the energy
supply. The energy supply can be generated from conventional power plants and renewable
energy sources. Conventional power plants included in the model are:







Nuclear power plants;
Power plants operating by lignite, hard coal;
Oil-fired power plants;
Gas turbines;
Combined heat and power plants (CHP); and,
Gas-fired and steam power plants.

Renewable energy can be generated using:





Hydropower plants;
Wind turbines onshore and offshore;
Photovoltaic systems (PV); and,
Biomass.

Excess electricity can be stored in a chemical form using:



Batteries; and,
Synthetic fuels.

Or in a mechanical form such as:
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Pumped-storage power plants

Figure 3.1: Scheme of the energy system as presented in the REMod-D. The schematic shows
some of the most relevant conversion pathways of fossil primary energy and/or renewable
energies up to the respective consumption sector [31, p. 16].
The left side of Figure 3.1 shows the energy demand. Energy demand is divided into four
main sectors:
1. Electricity
The electricity demand (load) (� � � ) at time t is given by the sum of all existing electricity
consumers, including electrical demand for Passenger Light-Duty Vehicles (PLDVs) and
Heavy-Duty Vehicles (HDVs) (� �� � ) (Equation 1). The base load (� � � � � ) is derived

from load profiles from the European Transmission System Operator (TSO) data, which
includes the electricity demand for rail transport, air conditioners, and industrial processes.
[31, p. 23]
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Equation 1 [31, p. 24]
Where:
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Electric power demand for base load.
Electric power demand for a Heat pump.

:

ℎ

+��

:

Electric power demand deep geothermal.
Electric power demand for road transport (PLDVs and HDV).
Electric power demand used for generating Hydrogen for the road transport.

2. Industrial process heat
Industrial process heat is considered in the model as a constant hourly load. The energy
demand is based on a forecast of industrial energy demand.
3. Heating:
The heating sector in the model is represented by residential buildings, non-residential
buildings, and industrial buildings. All of which can be heated using 18 possible heat supply
technologies with centralized or decentralized supplies. The model calculates the necessary
loads for heat pumps and geothermal plants endogenously.
4.

Mobility

In the model, the mobility sector is represented in detail through:





Rail transport,
Air transport,
Inland navigation, and
Road transport.

The energy demand for rail transport, air transport and inland navigation are specified
exogenously and fulfilled on a yearly basis. Therefore, technologies in rail transport, air
transport and inland navigation are not subjected to the optimization. Since there is no
alternative for fuel engines in the air transport sector. It is assumed that liquid fuels are the
only possible energy carrier.
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The energy demand for road transport is determined endogenously on an hourly basis.
Different powertrain technologies have different efficiency, therefore the emissions and fuel
consumption are not determined by the number of vehicles, but by their performance. As a
result, different weighting factors and functions are used to calculate the resulting power
distribution. This power distribution is called fleet composition (market share).
In road transport, demand is separated among different types of vehicles (PLDV, HDVs, and
buses). For PLDVs and HDVs, the powertrain technologies described in Table 3.1 compete
to fulfill the road transport’s energy demand. The model calculates an “optimal transport
sector configuration” by minimizing the cost while subject to the imposed constraints
Table 3.1: Powertrain technologies implemented in REMod-D
VEHICLE NAME (ABBREVIATION )
Internal Combustion Engine (ICEFuel)
Internal Combustion Engine (ICEGas),
Battery electric vehicle (BEV)
Fuel Plug-in-hybrids (PHEVFuel)
Gas Plug-in-hybrids (PHEVGas)
Hydrogen Fuel cell electric vehicle(FCEV)
FCEV Plug-in-hybrids (PHEV/FCEV)

FUELS
Fossil fuel (petrol or diesel)
Natural gas
Electricity
Electricity /Fuel
Electricity/ Gas
Compressed hydrogen
Electricity and compressed hydrogen

3.2 Operational management of the power system
Before beginning to explain the power system operation in the REMod-D, some common
terms that will be used throughout this thesis will be defined. The term non-dispatchable
refers to electricity sources that cannot supply the electrical grid according to the market need
[40]. In REMod-D this is used for the intermittent renewable energy sources and electrical
energy generators that cannot be controlled (turned on or off), such as nuclear power plants
and wind turbines (Equation 2) [31, p. 24].
� �p

= ���

Equation 2
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Electric power from Run-of-the-river power plants
:

Electric power from Wind offshore turbine
Electric power from Wind onshore turbine
Electric power from Photovoltaic

:

Electric power from Combined Heat and Power (CHP)
Electric power from the Nuclear power plant

:

����� :

Factor determining a minimum load of lignite-fired power plants

� ��� :

Electric power from the coal-fired power plant

� � �:

Electric power from lignite-fired power plants

����� :

Factor determining a minimum load of coal-fired power plants

The residual load often refers to the difference between the actual grid power demand and the
feed-in of non-dispatchable generators (Equation 3) [31, p. 24]. A negative residual load
occurs when the non-dispatchable electrical supply not only covers the electrical demand but
also provides electricity surplus (excess supply). A positive residual load occurs when the
non-dispatchable electricity generation is less than the total current demand (electricity
deficiency) [31, 41].
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Equation 3
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Residual load
Electric power load
Electric power from non-dispatchable

REMod-D is based on a principal idea that the energy supply must fulfill the energy demand.
The energy supply could either be used directly or stored. The stored energy is accessible for
all sectors. Ideally, the demand is to be fulfilled through the direct use of RES. If the system
is not capable of fulfilling the demand by means of the direct use of RES, the demand is
fulfilled based on operational management strategy. The operational management of the
power system specifies the power plants order of use. The plan is specified exogenously, this
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means that the power plants order of use is not subjected to optimization. Through this
approach, it is possible to reduce the computational effort.
Current German operational management of the power system is based on a pricing merit
order. This means that all sources generating electricity are ranked according to their costs,
and sources with the lowest cost will be the first dispatched to the network. However, in
REMod-D, the sequence of operation aims to minimize CO2 emissions. Consequently, the
sequence follows the path from the highest energy efficiency at lowest CO 2 emissions to
highest CO2 emissions. Figure 3.2 shows the operation sequence of the energy management
strategy in the case of electricity surplus and electricity deficiency. A brief explanation of the
sequence is given in previous model publications [31–38].

Figure 3.2 Energy management strategy in REMod-D [31, p. 25].
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3.3 Simulation
Mathematic equations are used to describe the energy system interactions and relations among
various technologies. A simulation-based optimization strategy is used to identify the optimal
solution, which means that the problem is solved iteratively, and each consecutive iteration
moves closer to an optimal solution. Particle Swarm Optimization (PSO) algorithm is
programmed in the model to identify the optimal energy system configuration. The algorithm
target is to optimize the capacities of all supply, demand, and storage technologies. An hourly
simulation is carried out to ensure that the optimal solution guarantees the security of the
supply.
REMod-D has two submodules:


REMod-D-JahrSim.

In JahrSim, the target year optimal solution is identified using an hourly energy system
simulation. This module serves as the essential element for ensuring that energy balances are
fulfilled without exceeding the defined CO2 emission reduction target. The result is the
optimal energy system for the target year


REMod-D-TRANS

REMod-D-TRANS is a module that is used to optimize the transformation from the current
infrastructure to the target system. The results present how today’s infrastructure could be
transformed into the infrastructure required to facilitate the optimal solution.
The simulation carried out in this thesis used only JahrSim module. Therefore, in the
following, only REMod-D-JahrSim is described. A detailed description of the simulation
process can be found in previous publications, such as References [31, pp. 17-29, 35, pp. 1624].
Using only JahrSim means that the optimal solution determines the optimal technologies
composition in all sectors regardless of the current system infrastructure. However, the
optimal solution is constrained within realistic technological development characteristics
defined by a maximum and minimum potential expansion limit for PVs in Germany.
The main advantage of this modeling approach is the significant reduction in required
computational effort; reducing the runtime from at least 38 hours to 8 hours allowed for a
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higher number of simulations. The increased number of results is beneficial for validating and
analyzing the developments in [5, 5].
In the first step of optimizing the target year system, the input variables—such as the
technology’s technical parameters and development characteristics, load profiles, building
characteristics, mobility parameters, and weather data—are imported into the main memory
of the program in the form of tables.
The second step is based on stochastic simulation of a random solution matrix, created via a
Monte Carlo algorithm. The matrix solution is passed to an annual simulation in which hourby-hour simulations are carried out. If the solution guarantees the security of supply for all
demand sectors, the total cost of the simulation result is calculated. Exceeding the CO 2
emissions limit leads to a penalty function which results in an increase in total cost. The
iteration result is passed to the PSO optimization, and the procedure is repeated until the
optimal solution is identified

3.4 Model development
In previous versions of REMod-D, the energy demand for the road transport sector is assumed
to be constant. However, regular daily charging is expected for BEVs, where the vehicles are
charged while connected to the electrical grid. Accordingly, the total amount of energy
consumed will vary depending on the distribution of the vehicles during the day.
In [5], road transport in REMod-D is developed, to analyze how the transport sector could
contribute to balancing the variable RES in Germany. As a result, the hourly number of
vehicles connected to the electrical grid, the energy demand, and the maximum and minimum
battery capacity of the fleet are introduced as mathematical functions dependent on the
number of vehicles arriving to and departing from a charging facility, as well as their State Of
Charge (SOC). SOC is the ratio of available energy in the BEV fleet batteries and the
maximum storable energy in the fleet battery.
Depending on the residual load and SOC, the algorithm decides how the transport sector may
contribute to balancing the RES. During times of negative residual load (electricity surplus),
the algorithm charges the vehicles, thus utilizing the RES. Alternatively, during times of
positive residual load (electricity deficiency), the algorithm provides an opportunity for the
transport sector to support the power system by feeding electricity stored in the EV back to
the electrical grid in a process known as V2G
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However, preventing EVs from charging using conventional power generation might lead to
a situation where the EVs exhaust their electricity and cannot be charged. To guarantee the
mobility of each EV’s user, the (Must-Charge) variable is exogenously defined. Must-Charge
is a minimum SOC below which charging the EVs occurs regardless of the residual load. This
limit is referred to as a (Must-Charge). To illustrate this, if Must-Charge is set at 40%, then
when the EV’s SOC is below 40%, the algorithm will charge the vehicle regardless of the
electricity source used. However, if the EV’s SOC is above 40%, the vehicles will not be
charged unless there is surplus electricity generated from RES.
Furthermore, to avoid using the entire electricity capacity of the EV to support a deficient grid
power supply, a (flexibility-limit) variable is exogenously defined. This flexibility-limit refers
to a minimum SOC, below which discharging electricity from vehicles to the electrical grid is
not permitted. For example, if the flexibility limit is defined as 80%, the EV will only
discharge electricity to the electrical grid when the SOC is above 80%.
The number of vehicles connected to the electrical grid at time t is a function of the number
of vehicles arriving at or departing from a charging facility (Equation 4). The charging facility
is defined as a location in which charging infrastructure is available, such as home or work.
The number of vehicles arriving at or departing from a charging facility, their SOC, and the
Type/Location of charging facility is defined exogenously through the Vehicle Profile (VP)
The VP defines the main input parameters for the algorithm used to identify the number of
vehicles connected to the electrical grid. In this thesis research, an appropriate VP is
developed. The VP will be discussed in detail in the following chapter

Equation 4
where:
�� :
�� :
�� :

�� = ��− + �� − ��

Number of vehicles connected to the electrical grid at time t
Number of vehicles arriving to charging facility at time t (Ending a trip)
Number of vehicles departing from a charging facility at time t (Starting a trip)

This chapter provided an overview of the simulation-based optimization model (REMod-D).
Understanding the simulation and optimization process is essential for explaining the result.
In the following chapter, relevant input parameters for the model are briefly described.
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Chapter 4
INPUT PARAMETERS
In REMod-D, mathematical equations with more than 2000 independent input variables are
used to describe the interactions and relations among various technologies. In this chapter,
only the relevant parameters investigated within this thesis are discussed. Other parameters
are set based on previous research projects and expert opinions. A more detailed description
of all the input parameters can be found in the previous publications [31, 33–38].

4.1 Vehicle cost
It is important to make a clear distinction between the current vehicle cost and the future
vehicle cost. For all of the technologies, the future costs assume mass production and wide
deployment of vehicles. In the literature, some studies estimate future costs based on technical
targets that are derived from roadmaps. One such study, the JRC study [42], provides cost
data for a specific component of different powertrain technologies. Other studies derive the
costs from learning curves combined with deployment scenarios (e.g., IEA [20], which
provides detailed costs for FCEV).
A full calculation of the vehicle costs is not within the scope of this master thesis; however,
there is a need to modify the cost of vehicles (mainly BEV) based on the assumptions made
in this thesis considering the battery size and features (e.g. V2G).To estimate the vehicle cost,
the average costs from several studies [20, 42–46] are adjusted to conform with the battery
assumption. For the rest of the implemented powertrain technologies, the average costs from
several studies are used [20, 42–46].
The McKinsey report [44] and the Cambridge Econometrics [43] are used as the main
resources to derive costs for powertrain technologies. Since both reports do not conform to
the feature of the powertrain technologies implemented in REMod-D (Table 3.1), the costs
had to be modified. The McKinsey report could be considered a reliable estimate as it uses
industry data, while Cambridge Econometrics is built from series of several studies. The
capital cost of each vehicle is derived by combining projections of the:
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1.
2.
3.
4.

Fuel storage and system cost (Charger, battery, fuel tanks);
Powertrain cost (engines, fuel cells, regenerative breaks, transmission);
Glider cost (wheels, vehicle body, interior etc.); and,
Manufacturing and assembly cost.

Driving range in km

Glider cost, manufacturing and assembly costs, and fixed and variable operational cost are
not modified, while fuel storage and powertrain costs are adjusted. A key input for calculating
the BEV cost is the battery pack size, measured in kWh. The first step in estimating the vehicle
cost is identifying a reasonable battery size for all vehicles in Germany in 2050. Consequently,
the 38 BEVs available for mass production in the German market are analyzed. The analysis
reveals that there is substantial diversity in price, range, and battery size. Figure 4.1 suggests
that the next generation BEVs will continue to increase in battery size. Given that the increase
in battery size will subsequently increase range, this characteristic could also attribute to
greater user acceptance of the BEV. An example of this can be seen in the Volkswagen eGolf: the first-generation model contained a battery pack size of 35.8 kWh, while the second
generation increased the size to 48 kWh. The same trend was seen for the Nissan leaf model:
24 kWh to 30 kWh. Furthermore, manufacturers are providing multiple battery configurations
to encourage a trade-off between price and range.
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Figure 4.1: Official driving range under New European Driving Cycle (NEDC) for BEV
introduced in the German market (2010-2017). The circle size represents the battery size.
According to the Cambridge Econometrics, the BEV market could be segmented into three
categories of small with 45kWh, medium 60 kWh and large with 92 kWh [43, p. 29]. Therefore,
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via a simple weighted average based on 2016 German vehicle stock segments relative to
engine size, an average battery size is identified as 58 kWh.
Cambridge Econometrics uses two methodologies to calculate the battery cost based on
Manufacturer announcements and bottom-up modeling techniques [43, p. 31]. An average of
both methods used by Cambridge Econometrics has been calculated. On average, the price
will fall from €182/kWh in 2020 to €122/kWh in 2030, reaching €78/kWh by 2050.
Furthermore, in literature, it is only stated that more advanced battery technology is needed
for the realization of V2G, yet no estimation has been found. Consequently, a 5% increase in
the battery cost projection from Cambridge Econometrics (€82/kWh) is assumed to account
for this uncertainty. The resulting price is within McKinsey report.
The Cambridge Econometrics forecasts the electric powertrain costs for medium size engine
BEV will decrease from €1914 in 2020 to €1527 in 2050 (about €14/kW) [43, p. 34]. The
McKinsey report predicts about an €18/kW decrease [44, p. 35]. An average of both studies
has been used. The powertrain size ranges from 60 to 150; therefore, a weighted average based
on 2016 German vehicle stock segments relative to engine size is used to determine the
average vehicle motor size. The average size is identified as 106 kW. Additionally, although
both reports discuss the V2G economic benefits, estimated costs are not stated. The hardware
and software costs for V2G are estimated to be around €400 [47]. For the calculation, it is
assumed that the V2G technology will progress at the same rate as the powertrain, thus the
price decreases using the same rate reaching €320 by 2050
Table 4.1.
powertrain technology
Internal Combustion Engine (ICE Fuel)
Internal Combustion Engine (ICE Gas)
Battery electric vehicle (BEV)
Fuel Plug-in-hybrids (PHEV Fuel)
Gas Plug-in-hybrids (PHEV Gas)
Hydrogen Fuel cell electric vehicle(FCEV)
FCEV Plug-in-hybrids (PHEV/FCEV)

Table 4.1: Powertrain technologies cost assumption.
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Price 2017
€26,970
€26,952
€57,450
€27,989
€31,599
€77,599
€110,857

Price 2050
€25,418
€25,837
€28,924
€26,742
€27,782
€30,466
€31,975

4.2 Vehicles profile
Personal mobility has evolved substantially with the rapid development of road motorization
[48]. In developed countries, transport policies have facilitated efficient and safe movement
of persons and goods. Within this process, ICEVs played a significant role in satisfying the
mobility needs for individuals. However, this increase in Motorized Private Transport (MPT)
has also resulted in undesired effects, such as congestion and pollution [1].
One method used to reduce the GHG—while maintaining the competitiveness of the transport
sector—is to shift from the conventional ICEVs toward zero local emission vehicles [1, 49].
EVs are being promoted worldwide as a suitable powertrain technology that could replace
ICEVs [15, 50–52]. Operational characteristics of EVs are different compared to conventional
ICEVs vehicles, mainly in driving range, refilling location, and refilling duration [53, 54].
The refilling process of EVs will depend on the location and time of charging. The usage
patterns of EVs—or so-called “Vehicle Profiles (VP)”—could be used to evaluate the impact
of road transport electrification on the energy system. This chapter provides an overview of
the data used to derive these vehicle profiles.
Studies on the electrification of road transport differ in the data they use to derive vehicle
movement patterns. Various studies use publicly available national or regional travel surveys.
For example in [55], the National Travel Surveys (NTS) of six European countries (Germany,
Spain, France, Italy, Poland, and the United Kingdom) is used to derive electric vehicle load
profiles. In the EVREST project, the national survey for Germany and France are used to
analyze Extended Range Electric Vehicles (EREV) as a solution contributing to
electromobility [56]. However, these data are self-reported; consequently, the travel times
could be under- or overestimated and some trips might not be reported. Furthermore, the
surveys track the movement of the person, not the vehicle.
Other studies use GPS-based travel data to capture the vehicle movement patterns. The
VLOTTE project in Austria provides GPS data and charring data for 40 commercially
registered vehicles [57]. In [58], GPS data from three electro mobility studies (Get eReady,
iZEUS, and CROME ) are used to simulate EVs’ synthetic electric load. The data include
continuous measurements of the SOC, as well as the time period in which the vehicle was
parked. However, the data lack explicit information on trip purpose (e.g., working, education,
leisure, etc.), which is often available in travel surveys. Nonetheless, this can, to some extent,
be derived from the GPS data. The authors inferred that many vehicle users involved in the
project likely had high incomes and more than one vehicle [58]. Therefore, these EV drivers
are not representative of all car drivers. Vehicle profiles based on GPS travel data—from
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current projects such as [57, 58]—are not appropriate for national level studies because the
sample size is small and not representative. Furthermore, access to such databases is limited.
Combining both longitudinal GPS and existing mobility surveys that capture both car use and
mobility patterns overcomes the weaknesses of each method. In the research project Smart
Electric Mobility (SEM), profiles are derived from at least three-week car-based GPS survey
combined with a questionnaire to analyze the daily trip range and charging opportunities [59].
However, such data is currently only available for a small sample size in SEM (33
participants) and are usually for early adopters. Such GPS data for an entire household fleet
could compensate for the missing data from the mobility surveys, such as SOC and driver
behavior. For this master thesis, it was not possible to obtain appropriate GPS data—restricted
by both the available sample size of GPS data and the limited access to these data—therefore,
the latest available German National Travel Survey (NTS) is used to derive vehicle profiles.

4.2.1 German National Travel Survey (NTS)
The NTS is based on a series of household surveys designed to provide representative and
consistent information on the mobility behavior of the German population [60]. The data are
used by decision makers and researchers to capture realistic pictures of mobility behavior and
show the change in travel behavior over time. The surveys are commissioned by the German
Federal Ministry of Transport and Digital Infrastructure (BMVI).
“Kontinuierliche Erhebungen zum Verkehrsverhalten (KONTIV)” is the oldest nationwide
cross-sectional study of everyday individual mobility behavior [61]. The denotation KONTIV
was changed to Mobility in Germany (MiD) after the German reunion. The survey is
performed irregularly, every 6-8 years (KONTIV 1976, 1982, 1989; MiD 2002, 2008, 2017).
The German Mobility Panel (MOP) is a longitudinal-sectional panel survey, used to collect
information on everyday household (HH) mobility behavior [62].
In terms of sample size, the MiD 2008 combines data from 25,922 HH and 60,713
participants, while the sample size of the MOP is approximately 1,100 HH Figure 4.2 [63,
64]. In the MiD, all HH members are asked to report all their trips for a single reference day;
the reporting days are assigned evenly throughout the survey year, thus covering weekends
and all seasons. In the MOP, participants report their trips for seven consecutive days in
autumn and in 8 weeks of spring; in this survey, their vehicle odometer readings are reported.
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The participants are asked to complete a trip diary for three consecutive years. After three
years new HHs are recruited to participate in the survey.
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Figure 4.2: Comparison between German surveys MOP, KONTIV and MIV [64].
Both datasets provide comprehensive trip- and person-based information. MiD uses a large
sample size and is performed on a national level, providing statistically comprehensive data
on individual travel behavior. NTS are expensive and complicated to prepare; therefore, the
MiD is only performed every 6-8 years, and the MOP is used to observe the changes between
these years. In this way, both surveys supplement one another.
Since REMod-D is used for national level studies, it is more suitable to use the latest version
of German NTS (MiD 2008) rather than the MOP for the analysis. Furthermore, MiD dataset
access was granted at the beginning of the vehicle profile development phase. Investigation
revealed that the difference among results from both studies is relatively small: the average
trip length from the MiD in 2008 was 11.8 km, while in the MOP it was reported as 11.7 km
[65]. The basis data are described in the following section.

4.2.2 MID Data description
MID 2017 data were not available for public access at the time this thesis started; therefore,
the 2008 dataset was used. The MiD 2008 dataset was acquired from the Clearingstelle für
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Verkehr, Deutsches Zentrum für Luft- und Raumfahrt (DLR) to derive vehicle profiles. The
data are provided in SPSS, SAS, and Stata format. The dataset contains two main files—
Public Use File (PUF) and an Extra-File (ZF)—and a comprehensive user guide. Each file
consists of five datasets providing an extensive description of the:






Household;
Persons;
Trip;
Vehicles; and,
Travel (journeys with overnight stay).

The household (HH) dataset contains data collected from the three different survey
approaches (Paper-and-Pencil, Telephone, and Web-based). It includes 102 indicators
describing relevant mobility socioeconomic characteristics of the HH. The persons file
provides a detailed description of the socio-demographic characteristics of all persons in the
household that may influence their travel behavior (e.g., occupation, income, and car
ownership/availability). In the 2008 dataset, approximately 58,000 participants are included.
The vehicle dataset delivers information about the characteristics of the approximately
34,600 vehicles used by the respondent. The travel dataset records the respondents’ travel in
the last three months.
The trip dataset includes information about approximately 193,000 trips; 121 continuous and
discrete variables provide information on indicators such as travel mode, trip distance, trip
purpose, origin, destination, and departure time. The trips are distributed over the year as
follows: winter 55,766 trips; spring 43,885 trips; summer 40,266 trips; and autumn 53,373
trips.

4.2.3 Creating trip chains
There are different ways in which some abbreviations used in this chapter can be defined;
therefore, some common terms used in this chapter will be explained. A trip is the basic input
for NTS; it is defined as the one-way movement from an origin to a destination [60]. Each
trip has a trip purpose defined based on the destination. For example, if the destination is a
university the trip purpose for a student would be education. Since the focus of this thesis is
Motorized Private Transport (MPT), the arrival and departure times are used to derive vehicle
parking patterns. The departure time of a trip is referred to as parking end, at which the
vehicle cannot be charged (no longer connected to the electrical grid.). Arrival time is referred
to as parking start, at which the vehicle could be charged (the vehicle is connected to the
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electrical grid.). A journey is defined as a sequence of trips starting and ending at the same
location, usually home. The “simplest” journey has two trips: for example, driving from home
to work and then returning from work to home, without any intermediary stops. A journey
may include short or long stops. A trip chain includes all the trips completed by a person
during a single day and must start and end at home (each respondent has one trip chain per
day). Accordingly, a trip chain for one day may include more than one journey. An example
of a personal trip chain is shown in Figure 4.3
Trip 7

Journey 3
Leisure

Trip 2

Trip 6

Home

Trip 5

Work
Journey 2

Journey 1

Trip 3

Figure 4.3 A trip chain example of one person during one day.
The dataset consists of unlinked trips; however, in order to derive VPs, trip chains derived.
The trip chain is created using the following steps:
Step 1. The quality of the dataset is checked for missing data.
The dataset is checked for missing or implausible data. The trips in which important
information is missing are removed. This refers to 8,856 trips with no information on starting
or ending time. Further, 259 trips that don’t end within one day, and 6 trips ending before the
start time, are removed.
Step 2. Filtering the database
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In the model, only vehicle use profiles are needed for PLDVs. Consequently, the basic data
are filtered, such that only PLDVs-trips are kept in the dataset. Based on the net sample of
74,346 trips, the distances and durations are statistically analyzed. The analysis shows that
75% of the trips are less than 14 km, the maximum trip distance is 604 km and the median
trip duration is 15 minutes.
Since in REMod-D vehicles are aggregated into one segment; it is assumed that not all the
car-trips are suitable for all BEV vehicles due to limited range. Consequently, it is assumed
that all trips exceeding 160 km cannot be conducted by BEVs. The 160 km threshold is based
on the average range of 38 electric vehicles available for wholesale in the 2017 German
market. Trips exceeding 160 km account for less than 0.1% of all trips and are removed from
the database.
Step 3. Linking trips
In the final step, trip chains are created; the HH-, person- and trip-datasets are linked to each
other through the HH and personal key numbers. First, the person- and trip-datasets are linked
to each other, this is important for trip chain identification. This process is done to identify
the daily trip chain for every participant. This remapping of trips exposed additional
inconsistencies in the dataset. For example, the next trip for a participant starts before the end
of the current trip, or the arrival time to a destination is earlier than the departure time from
the origin plus travel time to the destination. All inconsistent trip chains are removed, reducing
the dataset from 74,346 to 72,641 trips, linked to 19,687 unique participants/ trip chains.
Second, the trip chains are linked to the HH dataset, which is important for the data analysis
and calculating ratios. A review of the trip chains revealed that a few trips are completed by
means of PLDVs originating from HH or persons that did not own a car. In this situation, it is
assumed that they are a part of a carpooling system; thus, these trips are not excluded from
the database.
Using pattern recognition techniques, two profiles are derived from the final dataset. The
following section explains the methodology used to derive the Vehicle profiles.

4.2.4 Identifying the charging opportunity
The vehicle profiles provide a model with the number of vehicles arriving and departing to a
charging facility and their SOC. Accordingly, the model calculates the number of vehicles
connected to the electrical grid. Using the vehicle profiles, charging locations could be
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controlled; this is explained in detail in the following methodology used to derive vehicle use
profiles.
Step 1. Identify REMod-D input variables.
REMod-D computes the percentage of vehicles connected to the electrical grid at time t as a
function of the number of vehicles arriving/departing at/from a charging facility (Equation 4).
From MiD the time and location in which vehicles start or end a trip are used to compute the
number of vehicles arriving/departing at/from a charging facility.
Step 2. Dataset partition
To obtain different profiles for each season, in the first step, the dataset is partitioned into
seasonal subsets: winter, spring summer and, autumn.
Step 3. Time step aggregation
All the trips within a season are aggregated into one week. Furthermore, in order to create
temporal uniformity with REMod-D, the parking start event and end time steps are rounded
into a one-hour time step, which means that minutes are neglected. For example, if a trip
started at 8:25 AM the parking end event time is recorded as 8:00 AM.
Step 4. Pattern recognition
The parking start and end times for each vehicle are the input used to drive the profiles. To
do this, the algorithm examines each trip chain.
The departure time for the first trip is stored in the parking end time array, and the trip
destination is examined. In the next step, the algorithm examines if charging is possible at the
destination. The charging opportunity depends on two main factors:
1. Location: Does the location have a charging facility? This factor is defined
according to the profile charging opportunity definition.
2. Parking time: Is the parking duration long enough to charge the vehicle? If the
parking time is longer than two hours, the vehicle could be connected to the
electrical grid; otherwise, the vehicle could not be connected to the electrical grid.
If the next destination provides a charging opportunity, the arrival time will be stored in the
parking start time array. The departure time from the current location will be stored in the
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parking end time array. The remaining trips of the day are checked until a suitable charging
opportunity is identified that fulfills the conditions defined for charging opportunity. Hence,
a vehicle may have more than one parking start and end per day. However, the parking start
and end for one vehicle are dependent events, which means that if a parking start occurs, a
parking end must also occur. Figure 4.4 shows a flowchart of the algorithm used to identify
the charging opportunity.
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Figure 4.4: Flowchart for identifying the charging opportunities (Is the parking duration long
enough? Does the location have a charging facility?).

4.2.5 Home-work profile
The motivation behind the analysis of Home-Work profiles (HW-Profile) is to capture the
impact when charging infrastructure is only available at home and work. Therefore, it is
assumed that vehicles could connect to the electrical grid (charge) only at home and at work.
In MiD, the mobility behavior of a participant is based on ICE characteristics; for simplicity,
it is assumed that the individual mobility behavior will not change based on the EV
characteristics. Furthermore, since MiD participants only provide their mobility behavior for
a single day, it is necessary to assume that this day reflects typical mobility behavior for the
participant.
MiD is a sample survey, therefore, to extrapolate representative mobility patterns for the
whole population, frequencies had to be adjusted. The MiD dataset provides weighting factors
for each respondent. The person weighting factor approximates the percent distribution of the
respondent in the sample to those in the German population. This means that a respondent’s
representativeness is weighted based on his social demographic characteristics; for example,
the group age 60-75 with high income may not be well represented in the survey but common
in the larger population. Nonetheless, using the weighting factor their mobility pattern will be
identified. Consequently, the frequency of each trip is multiplied by the weighting factor of
the respondent.
In the first step, the number of parking starts, and ends are obtained from the profile charging
opportunity definition. The percentage of vehicles’ parking start/end time t (�� ) at time t is
computed as ratio of the number of vehicles start/end parking at time (�� ) to the total number
of vehicles that are used during the day.
�� =
Equation 5

��

∑ 4 ��

Figure 4.5 shows the percentage of vehicles starting or ending a parking event over the course
of a week: the first day of the week in Monday (hour 1) ending with the weekend on Saturday
at 168 hours. In Figure 4.5 the morning and afternoon peaks could be identified.
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Figure 4.5 Percentage of vehicle starting/ending parking based on the home-work dataset form
MID 2008.
As displayed in Figure 4.5, the percentage of vehicles starting a parking event at home/work
is higher on Sunday than on Saturday. This is because the travel sample size varies among
different days of the week. Furthermore, the percentage of vehicles is based on the number of
vehicles used during the day (Equation 5). Therefore, comparing the daily vehicle use profiles
among each other without using an adjusting factor will lead to misleading results
Accordingly, the daily profiles are adjusted based on a daily trip share. The daily trip share is
a ratio of the weighted trips completed per day divided by the total number of weighted trips
completed during a week. To reduce uncertainty and biases, all the MPT trips in MiD are
considered (80,796 trips); yet seasonality is taken into consideration
The MiD dataset consists mainly of days on which the respondent is mobile. However, as not
all of the vehicles are active every day, the percentage of vehicles is adjusted based on the
vehicle-use ratio. A “mobile vehicle” refers to vehicle that is used at least once during the
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day. The vehicle-use ratio is a function of the total number of mobile vehicles during the day
to the total number of vehicles available for the HH. The ratio is almost constant among
weekdays 89 – 95%, but during the weekends the vehicle use ratio drops significantly to 78 –
88%. Figure 4.6 shows the H-W profile after the adjustments.
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Figure 4.6: Percentage of vehicles starting or ending a parking event based on the home-work
dataset form MID 2008.
From Figure 4.6, it could be observed that the percentages of parking end and start are very
similar. This is due to the time step aggregation (one hour) “the time resolution”; since the
median trip duration in the dataset is 15 min, a high percentage of the parking starts/ends
occur within the same hour, especially for Home-work trips.
Additionally, similar profiles for different seasons are derived from the dataset. The results
show that seasons do not have any significant effect regarding the mobility behavior
(departure, arrival time, and trip duration). Figure 4.7 shows the parking start for different
seasons.
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Figure 4.7: Distribution of vehicles parking patterns in home-work profile for different
seasons based on MiD 2008.

4.2.6 Mixed-use profile
The German government plans to allocate 300€ Mio to vehicle-charging infrastructure
between 2017 and 2020 [30, p. 1]. Two-thirds of the funding will be used to subsidize fastcharging infrastructure, which is expected to enable building up to 2,500 fast-charging
stations. An increase in the charging infrastructure will increase the user acceptance of EV
[28]. Moreover, new, smart, and innovative EV charging solutions are being developed, such
as “Street lamp plug-ins for electric vehicles” [66]. Based on these premises, it could be
assumed that the charging infrastructure will spread. Therefore, a mixed-use profile is derived
to understand how widespread availability of charging infrastructure will impact the energy
system.
The mixed-use profile is derived using a similar approach as described for the H-W profiles;
however, the definition of the available charging opportunities changes. Unlike the H-W
profiles, the location does not restrict the charging of a vehicle. In the mixed-use profile, it is
assumed that vehicles could be charged at all destinations. Similar to the H-W profile, the
vehicles could be connected to the electrical grid if parking time is longer than two hours.
Hence, a vehicle parking for longer than 2 hours—at work (commuting), business, education,
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shopping home or leisure—could be connected to the electrical grid. Finally, it is assumed
that the EV owner will connect the vehicle to the electrical grid only if 30% of the daily trip
distance is completed.
Figure 4.8 shows the mixed-use profile. It can be derived that the peak shifted from the
morning rush to the evening hour. During the day, the number of vehicles that connected to
the electrical grid increased. On the weekends, the percentage of vehicles starting or ending a
parking segment is higher compared to the H-W profile. This trend is seen mainly on
Saturday, which could be explained by parking at shopping or leisure facilities.
Comparable profiles could be found in other studies based on MiD 2002/ 2008. In these other
studies, the shape (peak time) is similar but a difference in the value of the peak is noticed.
This difference could result from the dataset cleaning, the trips definition, or a change in
mobility behavior (MiD 2002). For the H-W profile, a comparable profile could not be found.
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Figure 4.8: Distribution of vehicles parking patterns in mixed-use profile in winter based on
MiD 2008.

4.3 Charging strategies
A significant increase in BEV deployment will result in extra loads on the electrical grid.
There is a strong agreement in the industry and among researchers that as EV adoption grows,
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vehicle charging must be coordinated or controlled [22, 67, 68]. The following charging
strategies are defined in this thesis.
1. User-Optimal
The first charging scenario reflects a simple charging behavior that emulates the current
technology in the transport and energy system: the user charging decision is not coordinated.
In this scenario, charging decisions are not influenced by an external condition, such as
sharing information about trip planning, anticipated energy need, and price incentives. This
means that once the BEV is connected to the electrical grid, the battery is immediately charged
with full power regardless of the energy supply condition. This behavior could be interpreted
as the greedy private BEV user behavior seeking to maximize their vehicle’s range.
In simulation, representation of this scenario is made possible by setting the “Must-Charge”
variable to 70%. This parameter provides the algorithm with the minimum SOC that the BEVs
Connected to the electrical grid should have. The parameter is explained in Chapter 3.4.
2. System-Optimal
The second charging strategy optimizes vehicle charging by integrating the RES into the
mobility sector and thus avoiding added loads to the system. The charging strategy uses an
algorithm that charges the BEV only with surplus RES or if the SOC is 0%. This represents a
smart charging strategy in which BEVs are utilized for frequency regulation service during
charging. This could only be realized using smart grid infrastructure.
3. V2G
In the third charging strategy, the System-Optimal methodology is extended by introducing
bidirectional charging. This means that the electricity stored in the BEV battery could be fed
back to the electrical grid during a periods of electricity shortages. Under the V2G strategy,
the transport sector is considered as short-term flexibility option for the system. The flexibility
limit parameter is set to 50%. This means that vehicles can only support the electrical grid if
their SOC is above 50%. See Chapter 3.4 for the parameter explanation.
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Chapter 5
SCENARIOS
Scenarios are simulated and analyzed to answer the research questions. In this chapter
information related to the transport sector and relevant assumption will be presented. To
ensure that all the changes in the result are from changes in the road transport sector, the
heating and industrial sector technology portfolios are fixed based on the result of the
ambitious GHG emissions reduction target scenario from the IEK project [39].

5.1 Transport sector assumption


The number of passenger vehicles in 2050 is assumed to be 46.4 million.

REMod-D calculation uses the absolute stock. In 2016 the total number of registered vehicles
in Germany is around 45 million vehicles [26]. In [69, pp. 2-3] it is forecasted that the number
of vehicles will reach 45.9 million by 2030. In [70] it is forecasted that the vehicle stock will
reach 48 million by 2030 and decrease reaching 46.4 million by 2050. To maintain
consistency with traffic volumes, it is assumed that the vehicle stock in 2050 is 46.4 million


It is assumed that the vehicle stock composition today is irrelevant to the composition
of the powertrain technology in 2050.

This assumption is needed since only the JahrSim module is used. This assumption is justified
by the fact that in Germany, the average age of the cars in 2016 is 9.5 years and 88% of the
vehicles are manufactured after 2000 (Figure 5.1). The End-of-Life Vehicle (ELV) is
approximately 15 years.
.
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Figure 5.1: The percentage of registered vehicles in Germany according to their
manufacturing year. Data from 2016 [15].


It is assumed that all powertrain technologies will have a market share in 2050.

Some powertrain technologies may not be suitable or have barriers for certain market
segments. Therefore, constraints on the market share of powertrain technologies in Germany
were introduced. This constraint helps in overcoming the homogenous market modeling
limitation, which assumes that there is no differentiation in size and class of vehicles. The
market share limits are indicated in Table 5.1.
Table 5.1: Powertrain technologies market share assumption for Germany in 2050
PRIVATE PASSENGER VEHICLES
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POWERTRAIN TECHNOLOGY

MARKET LIMIT

Internal Combustion Engine (ICEFuel)
Internal Combustion Engine (ICEGas),
Battery electric vehicle (BEV)
Fuel Plug-in-hybrids (PHEV/Fuel)
Gas Plug-in-hybrids (PHEV/Gas)
Hydrogen Fuel cell electric vehicle (FCEV)
FCEV Plug-in-hybrids (PHEV/FCEV)

MINIMUM
1%
1%
10%
1%
1%
6%
1%

MAXIMUM
20%
14%
74%
18%
18%
42%
18%

The market share limits are based on the technology-driven learning curves and the
technology-specific policy targets and support based on scenarios from the McKinsey Report
[44]. The maximum penetration rate for FCEVs is based on the Zero-Emission-FCEVDominated scenario. The maximum penetration rate for BEVs is the sum of penetration rates
for BEVs and PHEVs in the Zero-Emission-EV-Dominated scenario. In the so-called
alternative powertrains (FCEV and BEV), the maximum penetration rate accounts for the
technical limitations of powertrain technologies in certain vehicle classes, such as range and
charging time for BEV and fuel infrastructure for FCEV.
The minimum penetration rate for FCEV and BEV is based on the Non-Zero-EmissionConventional scenario (business as usual). In this scenario, it is assumed that conventional
primary energy powertrain technologies will continue to dominate the market. However, a
shift toward sustainable mobility will create a market for so-called alternative powertrain
technologies. BEVs will expand their market share based on the current penetration rate
without further incentives. FCEVs will obtain a market for certain vehicle segments; thus,
minimum market share is higher than the minimum market share for conventional powertrain
technologies.
The minimum penetration rate for conventional powertrain technologies and hybrids is used
to avoid excluding any powertrain technology from the optimal solution. Based on the
assumption that the automobile market is a competitive and complex market, it is assumed
that full spectrums of vehicle technologies—that are proven in research and development
(R&D) today—will have market share in 2050. Even if the production ICEVs stops by 2050,
an inventory of old vehicles are still assumed to have a market share in 2050.


It is assumed that the efficiency of powertrain technologies will continue to improve.

The European Commission introduced the emission performance standard for new passenger
cars (regulation EC443/2009), in which automobile manufacturers are obliged to ensure that
the average emissions of newly registered vehicles will not exceed 130g CO2/km in 2015 (and
95 g CO2/km by 2020) [71, p. 7]. It is assumed that the efficiency of ICEV powertrain
technologies will continue to improve at the same rate, reaching 57g CO2/Km (1.12 Mj/km)
by 2050. For BEVs, minor efficiency improvements are assumed due to weight and
aerodynamic modifications. In 2050, the efficiency of BEVs is assumed to be 69%. For
FCEVs, the technological improvement is assumed to reduce the cost and efficiency by 57%.
In hybrid powertrain vehicle concepts, the drive power percentages must be given by drive
energy—e.g., in the case of PHEV concepts—the driving power component of the
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conventional and electric operation. This value differs depending on the technology used in
the vehicle and on the road, as well as the current speed condition. For simplicity, it is assumed
that the efficiency improvement will increase the distance traveled using the electric motor in
2050. Accordingly, 40% of the total distance traveled is driven by an electrical motor.


It is assumed that the road traffic volume in 2050 is 873 billion vkm.

According to Reference [69, p. 231], the road traffic volume will increase from 902 billion
vkm in 2010 to 992 billion vkm in 2030. In Reference [70] based on two mobility scenarios
for 2050 derived by Reference [69], it is assumed that road transport will decrease by 9%
from 2030 to 2050. This decrease is mainly due to the assumed population decline and the
increased mobility cost. An average of both scenarios is used in this master thesis


It is assumed that the freight road transport in 2050 is to 607 billion tkm.

According to Reference [69, p. 288], road freight traffic volume will grow from 3.1 billion
tons in 2010 to 3.6 billion tons in 2030. This results in a traffic increase of 39%: 437 billion
tonne-kilometer (tkm) to 607 billion tkm. In this master thesis, it is assumed that the
implementation of non-technical measures will increase the traffic volume of both rail and the
inland waterways compared to road transport in the future. Accordingly, it is assumed that the
freight road volume level in 2050 will remain constant at the level recorded in 2030.

5.2 Power sector assumption
–

Each unit of electricity generated is available all throughout Germany.

The German energy system is very complicated; therefore, to achieve a balance between
accuracy and runtime, simplifications have been applied. For example, mathematical
equations are formulated for single nodes. Accordingly, elements with similar characteristics
are aggregated to one cumulative capacity.
–

It is assumed that the maximum installed capacity potential for PVs is 310 GWel,
185 GWel for onshore wind turbines, and 45 GWel for offshore wind turbines.

The maximum technical potential for solar power renewable energy sources in Germany by
2050 is based on Reference [72].
–
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It is assumed that 2050 nuclear power will not be used.

The German parliament decided in summer 2011 to phase-out nuclear power by 2022.
Therefore
–
–
–

–

The maximum storage potential is 250GWh for batteries and 50GWh for hydrogen
[39].
It is assumed that the CO2 certificate cost will increase from 15 €/ tCO2 in 2017 to
72€/tCO2 in 2050.
It is assumed that the energy carrier price will increase by 1.5% annually (current
prices: hard coal 18€/Mwh, natural gas 21€/Mwh, lignite 3€/Mwh, gas 25€/Mwh
and fuel 42€/Mwh).
Real weather data is used, the dataset is from 2011 for two different reference
locations in Germany: Braunschweig for North Germany and Würzburg for South
Germany.

5.3 Scenario definition
The scenario assumptions associated with the CO2 reduction target, vehicle profiles, and
charging strategies are represented in the scenario matrix (Table 5.2). Not all possible
combinations of scenarios variants are simulated. First, five optimizations—under different
CO2 reduction target—are performed. Varying the GHG emission reductions provided a
techno-economic and environmental assessment of the powertrain technology. The primary
driver of this simulation is to identify factors (variables) that affect the optimal solution for
powertrain technologies—which results in answering this thesis’ first research question.
For all the following scenarios, the CO2 reduction target is defined as 75% compared to 1990.
This will increase the feasible solution region. Consequently, this reduction target provides a
better understanding of the impact of the introduced changes on the optimal solution. To
assess how varying the demand could affect model results, the impacts of two vehicle profiles
are analyzed. The vehicle profile provides the model with the input needed to identify the
number of vehicles connected to the electrical grid. The vehicle profiles are based on the
parking duration and location. A high penetration rate of BEVs from now until 2050 will
result in widespread development of chagrin infrastructure. Therefore, the Mixed-use vehicle
profile is defined for the subsequent scenarios. Finally, three charging strategies are compared
to identify their impact on the optimal solution.
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Table 5.2: An overview of the scenarios
Scenario
no.

CO2 Reduction
target

1
2
3
4
5
6
7
8
9
10

70%
75%
80%
85%
90%

Constant

75%

Home-work
Mixed-use

75%

Mixed-use
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Vehicles
Profile

Charging
Strategies

Abbreviation

User-optimal
System-optimal
V2G

S1/70
S2/75(constant)
S3/80
S4/85
S5/90
S6/75(H-W)
S7/75(M-U)
S8/75/M-U/User
S9/75/M-U/System
S10/75/M-U/V2G

Chapter 6
POWERTRAIN TECHNOLOGIES
The GHG emission reduction target defines the fleet composition. Figure 6.1 shows the fleet
composition of PLDVs in 2050 under different GHG emission reduction targets. The
percentage of the conventional powertrain technologies (ICEFuel and ICEGas) has the
smallest market share of non-hybrid PLDVs. For GHG emission reduction targets above 85%,
the ICEFuel and ICEGas reached the minimum market share (Figure 6.1 and Table 5.1).
The observed decrease in ICEVs market share could be explained with the following
explanation: as the GHG emission reduction target increases, the boundaries of the feasible
solution region start to shrink under the added constraint. Consequently, fossil fuel
consumption must be reduced. As a result, the system replaces the ICE with powertrain
technologies that emit fewer emissions.
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31%
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5%
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45%
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32%
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143
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20%

145
144

74%
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S5/90
sum of costs for PDLVs

Figure 6.1: Powertrain technologies composition and costs for private passenger light-duty
vehicles under different GHG reduction target in 2050.
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For alternative powertrain technologies, FCEVs held a dominant market share in scenarios
S1/70. Nevertheless, as the reduction target increased, the market share of FCEVs decreased
reaching the minimum market share in S5/90. Ambitious GHG reduction targets are affiliated
with a high deployment of BEVs (up to 74% in S5/90). BEVs and PHEVs account for almost
92% of the market share in the S5/90, reaching the maximum predefined market share limits
for BEVs (Figure 6.1 and Table 5.1).
Increasing the GHG emission reduction targets intensifies the electrification of the transport
sectors (Figure 6.1). As a result, the total electricity demand increases from 558 TWh in S1/70
to 633 TWh in S5/90. Therefore, the RES installed capacity increases exponentially
(Figure 6.2). However, to achieve the 90% GHG emission reduction target, the RES installed
capacity must be increased to 680 GWel, which is far beyond the foreseeable limits for
Germany.
BEVs and FCEVs have no carbon emissions in the end use phase (Tank-to-Wheel).
Nevertheless, the entire emission chain (Well-to-Wheel) for BEVs and FCEVs can vary
considerably based on the primary energy source used in the electricity or hydrogen
production (Well-to-Tank). Therefore, to understand the fleet composition, the fuel pathway
has to be analyzed.
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Figure 6.2: Installed capacity from Fluctuating renewable energy sources in 2050 for S1-S5.
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6.1 Fuel pathways
In REMod-D a broad spectrum of technologies are implemented. Consequently, diverse
pathways and vehicle technologies could be a part of the feasible solution. To identify the
optimal solution, the model evaluates the carbon and energy intensities of the energy carrier
pathway and the powertrain technology. The primary goal of this section is to analyze how
fuel pathways impact on the optimal solution.

6.1.1 Carbon intensity of the energy carriers
The carbon intensity of energy carriers varies with the generation technologies used.
Figure 6.3 compares the total GHG emissions from PLDVs in different scenarios. Under the
defined boundary conditions, the system cannot reduce the petroleum demand below 712 PJ
due to:



The minimum market share constraint for ICEVs.
The exogenous rail, aviation, and inland navigation petroleum demand.

However, the system could decrease the carbon content of fossil fuels and gas by increasing
the share of renewable energy in the energy carriers. Figure 6.4 shows the share of RESs in
the end energy carriers in 2050. As the GHG emissions reduction target increased the share
of RESs in the energy carriers also increased.
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Figure 6.3: GHG emissions from individual motorized transport in 2050 for S1/70-S5/90
classified into different energy carriers.
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Figure 6.4: Share of renewable in the end energy consumption for energy carriers in 2050.
For liquid fuels and Gas, the raw biomass or Power-to-X (PtX) are used to produce synthetic
chemical energy carriers. Nonetheless, the biomass is restricted by the limited supply. The
Power-to-Gas (P2G) is more efficient than Power-to-Fuel (P2F) and provides the opportunity
to utilize surplus electricity. As a result, the PHEV/Gas market increases.
FCEV had a dominant market share, but as the GHG reduction target increased, the market
share gradually decreased. Analyzing the fuel pathway reveals that in S1/70, the system
prefers to produce hydrogen from natural gas feedback via Steam Methane Reformation
(SMR). The reason for this is that the natural gas SMR has a cost advantage over electrolysis
and RES. Yet, using SMR in S1/70 results in 30% higher CO 2 emissions when using H2
compared to electricity.
Despite the fact that adding FCEV based on SMR is more cost-effective and economically
feasible than adding BEV in S2/75 (-5% per vehicle compared to BEV), the optimal system
solution decreases the market share for FCEVs by 11%. This is because the emission factor
for hydrogen based on SMR is double the emission factor for electricity used in BEVs.
As the reduction target increases (above 80%), H2 is produced through electrolysis; resulting
in a lower CO2 emission factor. However, the primary drawback for the Power-to-X (P2X)—
which is used to produce hydrogen—is the low efficiency of the fuel pathway. This illustrates
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the importance of analyzing the energy efficiency of the fuel pathway in order to understand
the market share of different powertrain technologies.

6.1.2 Energy intensity
Figure 6.5 shows the end-use energy for individual motorized transport. The more ambitious
the reduction targets, the higher the electrification of individual motorized transport and the
lower the end-use energy in the transport sector. This resulted from the energy efficiency of
electric motors and fuel pathways.

scenarios

S1/70
S2/75
S3/80
S4/85

S5/90
0

100
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300

400
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600

End use energy demand for individual motorized transport (PJ)
Electricity

Hydrogen

Gas

Liquid fuel

Figure 6.5: End-use energy for individual motorized transport in year 2050 for S1-S5.
Electric motors are significantly more efficient compared with other powertrain technologies,
which results in a reduction of the end use load. Furthermore, electricity could be used directly
in the transport sector, without the need for extra processing (such as Hydrogen).
To quantify the extent by which a powertrain technology and fuel pathway efficiencies impact
the energy consumption, the amount of energy the power system must produce to drive 100km
is calculated. The calculations are based on S4/85; this particular scenario is chosen because
FCEV is based on renewable energy.
In the calculations, the power line efficiency and the H2 distribution efficiency are neglected.
First, the conversion steps for the fuel pathway for each powertrain technology are identified.
For example, for FCEV:
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1.
2.
3.
4.

From RES to electricity;
Conversion from electricity to hydrogen;
The storage of hydrogen; and,
Conversion of hydrogen to electrical to mechanical energy (in powertrain).

Second, based on the average energy demand per vehicle per year, the average energy
consumption per 100km per vehicle is calculated. Finally, the amount of energy needed to
drive 100km, based on the fuel pathway is calculated.
The result shows that the pathway needed to drive 100km requires 35 KWhel, which is double
the amount power needed for a BEV pathway (Figure 6.6). Implicitly this means that there is
a need to double the installed capacity of RES in order to fulfill the demand of FCEV. This
highlights the overall efficiency (vehicle efficiency and fuel pathway efficiency) advantages
for BEVs compared with other powertrain technologies.

Figure 6.6: Overall electrical energy consumption for powertrain technologies per 100 km.
Source of the calculation is S4/85.

6.2 Sensitivity analysis
The simulation results show that both BEVs and FCEVs could present a feasible solution to
the reduce GHG emissions in the transport sector. Therefore, in an attempt to comprehend the
dependencies associated with BEV and FCEV deployment, a sensitivity analysis was
performed.

53

6.2.1 Fuel Cell Electric vehicles (FCEV) fuel pathway
FCEV fuel pathways are either based on SMR or Electrolysis (P2H). The high penetration of
FCEV (42%) is coupled with the deployment of SMR (S1/70). In the scenarios, the SMR
efficiency is assumed to be 75%. In the literature, the technology efficiency varies between
60% and 80%. To assess how the SMR efficiency will impact the system composition, the
efficiency of SMR in S1/70 and S2/75 is gradually changed from 60% to 80% at 2%
increments. In S1/70—GHG emission reduction target scenarios—FCEV composition takes
the maximum possible share within the pre-defined technology limits (Table 5.1).
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The sensitivity analysis result show that decreasing the efficiency of SMR will influence the
FCEV penetration rate (Figure 6.7). Depending on the reduction target, the efficiency
breaking point of the technology varies (Figure 6.7). With a 70% GHG reduction target and
an efficiency of 68% results in the replacement of 13% FCEVs and 2% PHEV/FCEV by
BEVs (+15%). An additional breaking point occurs at 62% efficiency. At a 75% reduction in
GHG emissions—representing one of the higher reduction targets—the breaking point occurs
at higher efficiency level: 72%.

GHG reduction target
ICEGasBat
ICEGas

75%
ICEFuel

FCBat

FC

Figure 6.7: Sensitivity analysis for Steam Methane Reformation the PLDV powertrain
technologies penetration rate in 2050 in S1/70 and S2/75.
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6.2.2 Battery-Electric vehicles (BEV) battery price
Ambitious reduction targets are affiliated with a high deployment of BEVs (up to 74% in
S5/90). The investment costs for powertrain technologies impact the optimal solution. To
comprehend the dependency of vehicle investment cost and BEV deployment, a sensitivity
analysis for S5/90 on the battery price is performed. The battery price is gradually increased
from 0% to 100% by steps of 10%.
First, by an increase of 30% in battery costs, 19% of the BEVs are replaced. Nonetheless, they
are replaced by electrical hybrid powertrain technologies (PHEV/FCEV +7, PHEV/GAS +8,
and PHEV/FUEL +3%). Even after doubling the battery price, EVs (BEV, PHEV/FCEV,
PHEV/Gas, and PHEV/Fuel) held 93% of the market share. This demonstrates that
electrification of PLDV—by means of EV—is not only a cost advantage of BEV compared
to FCEV (refer to
Table 4.1for the cost assumptions).
In S1/70-S5/90 the energy demand for passenger mobility is considered constant throughout
the year. However, the total amount of energy consumed varies depending on the distribution
of vehicles during the day. Since the energy demand could affect the model results, the next
chapter considers the vehicle use profiles and charging strategies

powertrain technology
Internal Combustion Engine (ICE Fuel)
Internal Combustion Engine (ICE Gas)
Battery electric vehicle (BEV)
Fuel Plug-in-hybrids (PHEV Fuel)
Gas Plug-in-hybrids (PHEV Gas)
Hydrogen Fuel cell electric vehicle(FCEV)
FCEV Plug-in-hybrids (PHEV/FCEV)
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Price 2017
€26,970
€26,952
€57,450
€27,989
€31,599
€77,599
€110,857

Price 2050
€25,418
€25,837
€28,924
€26,742
€27,782
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€31,975
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Figure 6.8: Sensitivity analysis for the battery price for powertrain technologies. .
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Chapter 7
ELECTRIC VEHICLE CHARGING
7.1 Vehicle profiles
In S1-S5 the energy demand for individual motorized transport is considered constant
throughout the year. However, unlike conventional vehicles, regular daily charging is
expected for EVs. Furthermore, EVs are charged while connected to the electrical grid.
Consequently, the total amount of energy consumed varies depending on the daily vehicle
distribution (i.e., the number of vehicles connected to the electrical grid and their respective
SOC). This will have a significant impact on how much and when electricity is being used.
To assess how varying the hourly energy demand of the transport sector over time could affect
the model results, the vehicle profiles are introduced to the model.
At higher GHG emission reduction targets, the possibilities for changes in the system are
lower because the feasible solution region is smaller. Consequently, for the remaining
scenarios, 75% GHG reduction targets are used. This results in an increase in the feasible
solution region. Accordingly, S2/75 is simulated using different vehicle use profiles (constant,
H-W, and Mixed-use).
The simulation results show that using vehicle profiles had no significant effect on the
reported powertrain technology market composition. However, the most noteworthy finding
identified through the evaluation of different vehicle profiles is the change in the energy
supply (Figure 7.1). Comparing the profiles with the reference scenario, S2/75 (Constant)
shows that for:
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H-W profile:
i. The total installed capacity in S2/75(H-W) is approximately 13 GWel higher
than the reference scenario S2/75 (Constant).
ii. The total installed wind onshore increased by almost 15%. However, the total
installed solar Photovoltaic (PV) did not change significantly.



Mixed-use profile:
i.
The total installed RES in S2/75(Mixed/use) is similar to the reference scenario
S2/75(constant).
ii. The total installed solar Photovoltaic (PV) in S2/75(Mixed-use) increased by
almost 15%, while the total installed wind onshore decreased by 20%.
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Figure 7.1: Installed capacity from fluctuating renewable energy sources in 2050 using
different vehicle profiles.
The ratio of the share of electricity used for charging PLDVs to the total electric load, explains
why the RES installed capacity in H-W is higher.
The ratio varies according to the vehicle use profile and generational technology. In S2/75
(constant), the ratio varies from 7% to 25%. Whereas, in S2/75 (H-W), the ratio varies from
0% to almost 56% (63.88 GWhel/h). In scenario S2/75 (M-U), the ratio ranges from almost
0% to a maximum of 42% (36.38 GWhel/h).
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The RES electricity supply and the electricity demand for PLDVs deliver an answer for why
the technologies used to generate the electricity vary based on vehicle profile.


In H-W:

The PLDVs peak electric demand does not match the PV electricity supply, as shown in
Figure 7.2. The high charging demand occurs at the peak morning hour after a typical workbound driving activity and before the PV peak. To fulfill this electricity demand, suitable
electricity generation and storage technologies that are capable of guaranteeing the supply are
required. Consequently, increasing the installed capacity of onshore wind storage doubled the
installed gas turbines capacity to 19 GWel and increased the stationary battery storage.


In Mixed-Use:

Electric power
(GWhel/h)

Electric power
(GWhel/h)

The PLDVs peak electric demand matches high PV availability. Consequently, charging in
Mixed-use is predominantly carried out during PV peak periods. Therefore, a higher amount
of PV is installed. Moreover, the profile is much flatter compared to H-W, which leads to a
smaller increase in the system peak load.
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Figure 7.2: Electricity supply from fluctuating renewable energy sources and electrical
demand for PLDVs in week 14 in the target year 2050 using different vehicle profiles.
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This section provided insight into how varying the charging location (time) may impact the
energy system. The result showed that incorporation of vehicle profiles increased the PLDVs
electricity supply load ratio, while simultaneously increasing the integration of renewables in
the transport sector which reduces the electricity curtailment. The vehicle profiles were used
to present the charging location based on current the mobility patterns. The charging
behavior/strategy influences how electrification will impact the energy system. To gain
another insight on how the charging EVs will impact the energy system, the following section
presents results from an investigation of charging strategies.

7.2 Charging strategies
The fleet composition varies with the selected charging strategy. Figure 7.3 shows the PLDV
fleet composition in 2050 subject to different charging strategies. In User-optimal, the BEV
market share decreases from the reference scenario. In the System-optimal and the V2G
charging strategies, PLDVs are fully electrified, reaching the maximum predefined market
share limits for BEVs (Table 5.1)
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Figure 7.3: Powertrain technologies composition and costs for private passenger light-duty
vehicles under different charging strategies in 2050.
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Figure 7.4 shows the total installed capacities of different charging scenarios. When
considering User-optimal, the RES installed capacity increased because of:


Additional loads on the electrical grid during peak hours and a positive residual load.

Installed capacity (GWel)

Time series analysis showed that the number of hours in which BEVs are charged—although
the residual load is positive—the electricity deficiency increased significantly, reaching 3112
hours. To fulfill the PLDVs energy demand during positive residual load, flexible backup
electricity generation mechanisms are forced to operate. For example, compared to the
reference scenario, the full-load-hour for the Gas turbines increased from 350 to 1931 hours.
Accordingly, the model attempted to decrease the carbon intensity of the fuel pathway by
utilizing the P2G, which led to increasing the installed RES.
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Figure 7.4: Total installed electricity generation capacities in different charging strategies
scenarios.
In the System-optimal and the V2G, the optimal solution eliminates offshore wind turbines.
Offshore wind farms reach nearly 3,900 full-load hours per year, compared to the 2,243 and
1,050 full-load hours per year for onshore wind farms and PV, respectively. As a result, the
total amount of electricity generated from RES declines. However, offshore wind farm
investment costs are the highest in 2050 (2251 €/Kwel compared to 571 €/Kwel for PV), and
the electrical grid connection investment cost is high.
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The high electrification of the transport sector by means of BEV in System-optimal and V2G
increases the direct electricity demand for transport sector. Yet the RES installed capacity
decreases compared to the User-optimal. The reasons for this behavior are:
1. Higher integration of renewables in PLDVs.
Results show that the System-Optimal charging strategy increased the use of renewables in
charging the BEVs (Figure 7.5). However, the total demand of the transport sector could not
be supplied from RES alone.

User-optimal

System-optimal
20%

40%
60%
80%

RES

Conventional

Figure 7.5: The source of electricity used in charging the PLDVs in User-Optimal and Systemoptimal.
2. Electricity Curtailment.
The curtailed electricity is reduced in the System-Optimal scenario by 59% when compared
with User-optimal (Table 7.1). In System-optimal, electricity is curtailed in 522 hours in 2050.
A time series analysis for the hourly curtailment shows that 55% of the curtailments occurred
between March and May, and 68% of the curtailments took place when the SOC of the
connected fleet was 100%. Hence, most of the vehicles are parked for a long time and already
fully charged. Moreover, 73% of the curtailed electricity is from onshore wind turbines.
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Table 7.1: Source of electricity used in charging BEV and the total curtailed electricity under
different charging strategies.

Scenario
User-optimal
Systemoptimal
V2G

Electricity from RES
charged in BEV
(TWh)
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Electricity from Conventional
power plants charged in BEV
(TWh)
40

94

24

5

160

24

3

Curtailed
(TWh)
12

3. Efficiency.
The shift to BEV in System optimal and V2G reduced the end use energy consumption for
PLDVs from 520 PJ (144 TWh) to 431 PJ (115 TWh).
4. Reduction in oil and gas consumption.
The shift from FCEV and conventional ICEVs in System-optimal and V2G reduces the
natural gas and oil demand required by the transport sector. The fossil fuel demand decreases
from approximately 915 PJ to 433 PJ, compared to User-Optimal. As a result, the available
raw biomass is increased, and the system utilizes the raw biomass to produce Biogas, which
replaces the P2G technology. This results in a reduction in the electricity demand.
In the V2G scenario, the total installed RES capacity is 395 GWel, which is nearly equivalent
to a 30% increase compared to the System-optimal scenario (Figure 7.4). This increase is due
to:


Bidirectional charging.

In the V2G scenario, the residual load is positive (electricity deficiency) for 5,861 hours in
2050. The total electricity deficiency during these hours is approximately 259 TWh. The V 2G
charging strategy enabled BEVs to support the electrical grid for 2,133 hours, providing 69
TWh of electricity back into the electrical grid. This resulted in a reduction of the dependency
on conventional backup power plants; therefore, reducing the natural gas consumption in 2050
by 286 PJ, compared to System-Optimal. Consequently, higher GHG emission reduction
targets were achieved without increasing the costs. In the V2G scenario, although the
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reduction target is 75%, the simulation the model achieved 78% reduction. Figure 7.6 shows
the residual load and the electricity charged and discharged in the BEV in 2050.
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Figure 7.6:V2G charging and residual load in 2050. The area below the x-axis shows the
amount of excess renewable energy, while the area above the x-axis shows the amount of
electricity needed for flexible dispatch.
Furthermore, the number of hours in which the residual load is negative (surplus electricity)
is 2,899. The total surplus electricity during these hours is approximately 197 TWh, and 81%
of the surplus is utilized in the BEVs (Table 7.1). The foremost cause for RES surplus
fluctuations is the continuous charge and discharge of the batteries.
Figure 7.7 highlights the difference in the SOC frequency between System-Optimal and V2G
charging strategies. Although in both strategies the batteries’ SOC is above 50% for almost
64% of the year, it is apparent that in V2G the SOC is evenly distributed among the range of
SOC. Conversely, in System-Optimal, the SOC is skewed toward fully charged; thus,
reducing the possibilities to utilize the RES surplus electricity supply in the BEVs. This
analysis highlights the value in bi-directional charging strategies to enable greater battery
capacity, compared to System-Optimal. Therefore, the battery capacity is no longer restricting
the utilization of renewables in the transport sector.
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Figure 7.7: SOC frequency histogram for V2G and System-Optimal scenarios in 2050.
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Chapter 8
DISCUSSION AND CONCLUSIONS
The first part of this this thesis evaluates the potential for a variety of technical measures to
decarbonize individual motorized transport in Germany by 2050 through simulation
modeling. The results from S1/70 – S5/90 show that the efficiency of the fuel pathway is the
primary contributing factor limiting the high penetration of FCEV. Therefore, considering the
current technological development, widespread penetration of FCEV will only be
economically feasible if hydrogen is produced from natural gas feedback via Steam Methane
Reformation (SMR).
BEV and PHEVs have the potential to address emission and efficiency of the end-user
services in the transport sector. The sensitivity analysis in chapter 6.2.2 showed that even after
doubling the battery prices, EVs maintained the highest market share in the cost-optimal
solution. This is justified by the energy efficiency of the electrical motors and the efficiency
of the fuel pathway (from the direct use of electricity).
The second part of the thesis evaluated charging strategies. Vehicle profiles are used to
establish charging locations and the mobility patterns of PLDV users. These results showed
that the vehicle profile increases the integration of RES in the transport sector, which results
in a reduction of electricity curtailment. The vehicle profiles impact the model’s optimal
solution such that the output-profile of non-dispatchable generation technologies matches the
load introduced by the vehicle profiles. Generally, the electrical grid will benefit from
widespread charging infrastructure (Mixed-use profile), as it increases the availability of
electrical storage and reduces the charging during times of peak loads.
Analyses of the charging strategies show that the benefits introduced by BEVs in term of
GHG and integration of RES could be outweighed if an uncontrolled charging strategy (Useroptimal) is used. The uncontrolled charging introduces a substantial increase in the total
electric load and results in a load that could only be matched using conventional power plants.
On one hand, the smart charging strategies that do not support bidirectional energy flows
(System-Optimal) result in a reduction of the peak load and curtailment, as well as an increase
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in the integration of RES while charging BEVs. On the other hand, 25% of the time, the
average fleet’s SOC is below 15%, which suggests that this might introduce restrictions to the
mobility behavior. Therefore, the electrical grid system operator should guarantee user
minimum SOC limits.
Introducing V2G has significant potential in balancing short-term variability introduced by
non-dispatchable generation sources. The bidirectional electricity flow matches the negative
residual load; as a result, 81% of the RES is integrated into PLDVs and the electricity
curtailment is reduced by almost 40%. Furthermore, 27% of the electricity deficiency is
balanced through the V2G. However, the benefits also result in an increase of 136% in the
BEV battery energy throughput, which increases the battery degradation. This finding
suggests that financial incentives for the EVs owners might be needed for successful system
deployment.

8.1 Limitations
The limitation of the results present in this thesis can be classified as follows:


Modeling limitations:

To achieve a balance between runtime and classification accuracy, data were aggregated, and
simplifications were applied to the model. Due to this procedure, elements with similar
characteristics were combined into one cumulative capacity. Additionally, it is assumed that
the vehicle market for each powertrain technology is homogenous; in other words, there is no
differentiation in size and class of vehicles.
The mathematical equations are formulated for single regions/nodes. Consequently, it is
assumed that each unit of generated electricity is available throughout Germany. Finally, in
the current version of the model, it is impossible to define a single vehicles SOC, therefore, it
is necessary to assume that all BEV users use the same charging strategy.
The choice of technologies is based on the cost-optimal analysis from the energy system
perspective. Nonetheless, for powertrain technologies, the consumer choice is more
complicated and take into consideration many other factors.


Data limitations:

The vehicle profiles are based on 2008 NTS; for analytic simplicity, it is assumed that
individual mobility behavior will not change based on the EV characteristics and that the
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mobility behavior in 2050 is the same as in 2008. Furthermore, the simulation is for future
scenarios, therefore, uncertainty and biases on the input parameters could affect the simulation
result.

8.2 Future Work
The results presented, show promising benefits of a high penetration of EVs. However, the
results presented, are for national level, yet on a regional level widespread deployment of EVs
and RES need to be carefully analyzed. Moreover, the charging strategies presented in this
thesis are simple and assume a homogenous behavior, an agent-based simulation taking into
consideration individual vehicle user behavior such as trip choice is need on a local level. For
V2G further research on the user acceptance and the acceptance is needed. In this context an
attractive business model need to be developed.
Finally, benefits are only realized if smart charging strategies are used. Nonetheless, the
implementation of smart grid and intelligent transport systems in the future present many
technical and economic challenges. One particular challenge is privacy, data is fundamental
to the success of the smart grid (mobility behavior, driving patterns, energy usage patterns).
Another revolves around the social acceptance of extensive data collection and analysis,
which must be taken into consideration. Therefore, methods to managed and protect the
privacy of those involved should be established.
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