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Abstract
In order to decrease carbon emissions of the transport sector, the roll-out of plug-in electric vehi-
cles (PEV) aims a replacement of conventional combustion-based vehicles. Their intended power
system integration goes along with increasing the share of renewable energies. Hereby, PEV have the
prerequisites for intelligent charging to support grid stability and increasing the utilisation of fluctuating
renewable energies. Beside integrating PEV as an intelligent load, the approach using the PEV’s bat-
tery capacity to serve power system needs can further increase the value of PEV in the power system.
Thus, for compensating additional stress on the PEV’s components, ancillary services revenues are
commonly measured against PEV’s wearout for Vehicle-to-Grid (V2G) applications. Depending on the
selected driving pattern, location, battery, regulation and revenue of ancillary services, use cases lead
to different conclusions. In the scope of this thesis, it is argued that ongoing transitions in the power
system and transport sector result in uncertainties how these use case and its dependencies change
in the future. However, the technical prerequisites of V2G based ancillary services, which subject to
physical, chemical and electrical processes, are known, whereby a broad view on use cases is essen-
tial. Hence, in this thesis, the sensitivity of these services is measured against vehicle characteristics
from a technical point of view. This work identifies more than 30 technical dependencies that affect the
PEV’s degradation and total discharging costs. With respect to the Dutch energy market, the results
demonstrate that Vehicle-to-Grid costs can lead to a significant market potential loss. However, oper-
ation conditions exists, which lead not only to a high market potential in the balancing and day-ahead
market, but also in a reduction of battery degradation. Based on the sensitivity results, implications that
cover the regulation, business, user and technical layers of Vehicle-to-Grid are given based on an ar-
chitecture model. The presented work allows identifying use case related dependencies and therefore
helps to clarify the reasons for the different results/conclusions on V2G research.
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1
Introduction

Driven by the decarbonisation of the transport sector, plug-in electric vehicles intend to replace
combustion based engines. Their integration into the power system provides opportunities for
grid supporting functionalities like Vehicle-to-Grid based ancillary services [50]. Nevertheless, the
complexity of both, the power grid and electric vehicles, result in a variety of dependencies that affect
the integration approach.

In this chapter, Section 1.1 outlines the impact of electric vehicles on the power grid, first. Secondly, the
derived problem definition will be revealed in Section 1.2 to define the research question of the thesis.
Thirdly, Section 1.3 presents the methodology applied in this thesis. Finally, the last section defines the
scope of the work to complete the theoretical approach behind the research question.

1.1. Electric Vehicles & their Impact on the Power Grid
Before laying focus on electric vehicles, it is necessary to understand how a reduction of carbon
emissions foster a paradigm change in the power system. The design of existing power grids is driven
by a hierarchical and centralised approach with fossil fuel powered plants at the transmission level and
a unidirectional powerflow to the consumers [26]. However, not only combustion engines of vehicles,
but also fossil fuel powered plants underlay the usage of limited and carbon based resources like coal
or oil. Hence, to meet global emission targets a replacement by sustainable technologies are a key for
future power systems.

On the one hand, technologies like windpowerplants and photovoltaic systems foster a carbon
emission reduction, but on the other hand, they inject uncertainties due to their weather dependant
power output. Hence, increasing the share of renewable energies increases the demand for flexibilities
and storage technologies in the grid for balancing supply and demand at any given time. Hereby,
it is possible to generate electricity at low cost by using a mix of several technologies [9]. Beside
integrating storage technologies, expanding information and communication technologies results in
a more intelligent power grid that enables and identifies flexibilities. The so-called smart grids are
expected to be ”resilient, “green,” and efficient” [62].

How are electric vehicles influencing the power system? It is expected, that a share of 15 % of electric
vehicles in Europe for the year 2030 increases the overall energy consumption by roughly 3 % [90].
Increasing the number of electric vehicles enlarges the role of this technology within the energy
market. From a power system perspective a plugged-in electric vehicle can be either integrated as an
uncontrolled load, flexible load or as an additional storage unit. Hence, charging and discharging an
electric vehicle varies in terms of methodology and power rating, which system design is a key for the
large scale penetration.

The rollout of uncontrolled charging methods is simple, but impedes the grid operator to maintain
grid stability, power quality and operational efficiency [80]. Mainly large scale fleets following an

1



2 1. Introduction

uncontrolled charging methods at peak hours can increase the overall system costs. Not only higher
energy prices at peak hours, but also the expansion of physical limits towards higher power ratings
increases the overall costs. From an information and communication technological perspective, no
communication between the grid operator and the vehicle is required.

With controlled charging approaches, the adjustment of the vehicle’s charging power is able to reduce
costs and stresses on the power system. From a user perspective, intelligent charging is commonly
used in combination with a photovoltaic system to promote the usage of carbon emission free and
cheap electricity [95]. By enhancing communication infrastructures between the vehicle and grid opera-
tor, controlled charging provides opportunities for load shedding, demand response and other services.

By further increasing the role of electric vehicle’s in the power system, a bidirectional charging approach
allocates the vehicle’s battery as an energy storage for the grid. Jochem et al. [36] argue that one
million electric vehicles, that provide 10 kWh of their capacity, could replace two large pump storage
power plants (10 GWh). Hence, so-called Vehicle-to-Grid approaches enlarge the capabilities for grid
service provisions and the stability of the power system. However, bidirectional power electronics
are required and discharging the vehicle’s battery influences the user and its primary interest of mobility.

Overall, with an increased share of renewable energies at the distribution level, the transportation of
energy to the vehicle can be reduced to a few meters. Compared to internal combustion engines in
locations like Europe, where the gasoline is imported, electric vehicles can charge the required energy
from sustainable energy technologies directly. The decentralised organisation of future power system
allows concepts such as Vehicle-to-Home or Vehicle-to-Neighbourhood.

1.2. Problem Definition & Research Question
The increasing share of renewable energy sources and electric vehicles foster the demand for
controlled charging methods. It is evidently that with a large scale penetration of vehicles, controlled
charging methods are likely to be implemented to accelerate their integration. However, it is not
apparent, if bidirectional charging capabilities should be enabled to serve the demand of the grid.

The literature indicates an ambiguous perspective on the economical benefit of Vehicle-to-Grid based
services. On the one hand, Noori et al. [58] conclude that Vehicle-to-Grid ”is very likely to be profitable
for vehicle owners […]”. Further examples, which evaluate Vehicle-to-Grid as economical, can be
found in references [39, 57]. On the other hand, Bishop et al. [6] argue that it is ”likely aggregator
revenues are insufficient to cover the additional battery degradation costs […]”. References [18, 76]
lead to similar results.

Beside economical uncertainties, socio-technical and technical assumptions may have a noticeable
impact on the practicability of Vehicle-to-Grid. Because not all driving patterns, user behaviours,
types of vehicle and infrastructures may be profitable, a broad view is essential. Moreover, paradigm
changes in the power system as well as in the transport sector take place. Hence, it is not known, how
further developments like the degree of autonomous driving or market designs influence all above
mentioned aspects.

By applying a sensitivity analysis on Vehicle-to-Grid based ancillary services in technical terms, socio-
technical and economical uncertainties can be eliminated. Hence, instead of applying a use case driven
investigation, this approach can reveal favourable conditions and identifies sensitive parameters. Thus,
the research question is defined as:

How sensitive are bidirectional charging capabilities
for Vehicle-to-Grid based ancillary services against vehicle characteristics?

The focus of the thesis intends to rely on a model driven approach. Rather than proving if Vehicle-to-
Grid is economical feasible, the primary interest is to reveal which parameter affect these outcomes.
Hence, the sensitivity analysis primarily focuses on technical parameter.
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1.3. Methodology
To solve the research question, a model based sensitivity analysis forms the core of the thesis. Fig-
ure 1.1 highlights the applied methodology. The methodology consists of five steps in a chronological
order.

ConclusionEvaluation
Model-based 

sensitivity 
analysis

Vehicle-to-Grid
based modelling

Review of existing 
and emerging 

ancillary services 

Figure 1.1: Methodology to solve the research question.

Firstly, a literature review emphasises existing and emerging ancillary services. Not only Vehicle-
to-Grid suitable, but also existing ancillary services provided by synchronous based generator
form the scope of Chapter 2. Besides, with an increased share of direct current based generation
and storage units, converter based ancillary services emerge. These emerging services may inter-
sect with future requirements for converter that are used for enabling bidirectional charging capabilities.

Secondly, in order to apply a sensitivity analysis, a model for both, the power grid and vehicle has to be
derived. To begin with electric vehicles, Chapter 3 presents a model containing relevant parameters
such as degradation, efficiency and state of charge. Subsequently, the power system model in
Chapter 4 focuses mainly on limits and capacities of representative grid topologies. Thereafter,
Chapter 5 summarises the dependencies of both models and derives the analysis framework.

Thirdly, the analysis in Chapter 6, as the main part of the thesis, extracts the sensitivity of technical
dependencies in the context of Vehicle-to-Grid suitable ancillary services. Before analysing the electric
vehicle in combination with the grid, the sensitivity of bidirectional charging capabilities from the
vehicle’s perspective is conducted beforehand. Afterwards, four selected ancillary services are in the
scope of interest: peak shaving, active power provision for frequency control, active power ramping
and reactive power for voltage regulation. Even if the thesis argues that economical aspects are
uncertain, a assessment of costs and market potentials will be conducted based on the Dutch energy
market. However, rather than deriving if Vehicle-to-grid is profitable, the economical assessment
should give an indicator how the technical sensitivity affects the market potential.

Fourthly, an evaluation reflects on the applied methodology and derived results. Hence, Chapter 7
incorporates a critical review of assumptions and approaches made in the thesis. Besides, within
the evaluation the model itself and its parameters will be reviewed. Thus, this chapter facilitates to
evaluate the results, which are necessary to solve the research question.

Finally, Chapter 8 summarises the main findings of thesis in order to solve the research question.
Based on the sensitivity analysis and its outcome, several conclusions can be drawn that are relevant
for different disciplines and stakeholder. Furthermore, by answering the research question, sensitive
parameters in the context of Vehicle-to-Grid are revealed.

For non-technical readers, Chapter 3 contains a preliminary conclusion, which summarises the find-
ings of the chapter without going into technical depths. With respect to the scope of the work that
will be discussed in Section 1.4, this thesis emphasises the importance of evaluating Vehicle-to-Grid
as a multidisciplinary topic. Therefore, Vehicle-to-Grid requires, among other things, an analysis of
socio-technical, regulatory and market aspects. The preliminary conclusion should facilitate that other
disciplines could align their research on the results made within the thesis.
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1.4. Scope of the Work
Previous sections refer to Vehicle-to-Grid as a multidisciplinary topic. Integrating electric vehicles into
the power system increases not only the technical complexity, but also the impact of socio-technical,
market, regulatory related dependencies. Hence, assessing electric vehicle charging and discharging
processes as a multidisciplinary topic, facilitates the identification of uncertainties, stakeholder
dependencies and their sensitivities. This thesis relies on an architecture model, which projects these
aspects.

Solving the research question requires the identification of parameter that are relevant for the scope
of the thesis. For this purpose, Figure 1.2 depicts the developed multidisciplinary architecture model.

Component Layer

User Behavior Layer

Business Layer

Regulation Layer

Figure 1.2: Architecture model representing Vehicle-to-Grid as a multidisciplinary topic.

The presented architecture in Figure 1.2 defines electric vehicle studies in four layers: regulation
layer, business layer, user behaviour layer and component layer. While the three upper layers portray
involved stakeholders, mechanism, design rules and behaviours, the bottom layer mainly describes
the physical nature of electric vehicles and their power system integration. Compared to other use
case models, like the Smart Grid Architecture Model [73], which can be applied on electric vehicle
use cases [44], the presented architecture is stakeholder and disciplinary driven. Hence, the applied
architecture model focuses on highlighting layer dependencies and affiliations. Not only use cases
can be depicted, but also the identification of parameter are mappable on each layer.

In the scope of this thesis, the sensitivity analysis focuses on the component layer. Compared to the
upper layers, the component layer mainly subjects to chemical, physical and electrical phenomena.
Hence, those sensitivities lead to favourable and avoidable conditions, which have to be revealed
beforehand. In example, the development of suitable business models or selected use case can shift
focal points to those conditions. Thus, applying a layer wise analysis allows to extract the sensitivity
of each layer individually. Furthermore, in this work it will be assumed that the energy transition as
well as the transition of the transport sector lead to uncertainties in the upper layers. To prevent
assumptions, which may not be valid in the future, these uncertainties can be reduced by focusing on
the component layer.

Shifting the scope on the layered approach facilitates which parameter and dependencies should be
addressed in the thesis. Consequently, the layers can be summarised as follows:

The top layer defines the regulation layer, which includes, among other things, grid codes and regula-
tory frameworks. Along with the increased share of renewable energies and the penetration of electric
vehicles, new regulations and political decisions are like to emerge. For a comprehensive integration
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of electric vehicles, standards and regulation will need to be expanded [8]. Similar to photovoltaic
system and wind power plant regulations, a higher penetration can increase the opportunities for new
grid services as it will be explained in later chapters.

The business layer intends to identify a financial benefit for the user behaviour with respect to the reg-
ulation framework and technical capabilities. For unidirectional controlled and uncontrolled charging,
plugging in the vehicle is a reaction to the interest of mobility. However, for Vehicle-to-Grid, a common
approach is to create financial incentives to plug in the vehicle even if it is already charged. Hence,
a Vehicle-to-Grid business model primarily has to compensate a lower state of charge and/or battery
degradation. Mechanism like flexible tariffs or free charging indicate how a layer has its degrees of
freedom but affects other layers, simultaneously. Besides, a higher electric vehicle penetration can
lead to an aggregator that participates beyond being a price taker [32].

The user behaviour layer covers all dependencies, that affects how a user interacts with the technology
itself. Hereby, the user behaviour covers the charging profile and driving pattern according to the
individual user. As an example, parameter like the driving pattern determine the availability of the
electric vehicle for Vehicle-to-Grid services.

The technical layer forms the scope of the work that requires a comprehensive analysis of the working
principle. Thus, Figure 1.3 represents a simplified representation of Vehicle-to-Grid divided into three
subsystems: the AC power grid, the electric vehicle supply equipment (noted as EVSE) and the
vehicle’s battery.

AC

Grid
EVSE

Battery

Figure 1.3: Vehicle-to-Grid as a system consisting of the AC grid,
the electric vehicle supply equipment (EVSE), the electric vehicle (EV) and its battery.

The parameter of each subsystem will be revealed in Chapter 3. Without going into depth at this point,
the sensitivity of the component layer reveals favourable and avoidable conditions.
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1.5. Scientific Contribution
Use-case driven Vehicle-to-Grid research are well presented in literature [6, 11, 58, 64, 91, 92, 97].
To continue research on Vehicle-to-Grid, a multidisciplinary and analytical methodology will be
applied. More depth into the sensitivity of the component layer is necessary to reveal favourable
and avoidable conditions independent of the user, regulation and business model. This methodology
will be applied to consider the individuality of users and the multidisciplinary frame of Vehicle-to-
Grid research. Accordingly, this section will elaborate the scientific contribution by taking other
disciplines into account. As an example, socio-technical research will be considered to emphasise
why it is crucial to provide a sensitivity analysis independent of the user, regulation and business model.

In the scope of this work, it is argued that the use cases subject to several uncertainties induced,
among other things, by the user. It is a common research approach to model the user as an optimiser,
who minimises or maximises a certain interest. With respect to Vehicle-to-Grid, the objective function
can vary significantly. Hence, it is uncertain if a user optimises in terms of: self-sufficiency, costs,
lifetime battery, sustainability, vehicle range, technological pioneering or none of them above. Even if
a financial driven objective function is likely, it may be possible as well that the optimisation approach
of a user is unpredictable. Socio-technical driven research emphasise the role of the user and even
criticise the neglected social dimensions in the context of Vehicle-to-Grid. In their review, Sovacool
et al. [82] emphasised that the user behaviour in terms of Vehicle-to-Grid research is covered in only
3.7 % of the literature. In addition to that, Harris et al. [32] questioned that Vehicle-to-Grid research
commonly assume perfect knowledge about driving patterns and vehicle usage. Furthermore, they
criticise the approach to evaluate an aggregator exclusively as a price taker. They refer to the work
of Sioshansi et al. [79], who analysed large scale grid storage systems and noted that using such an
assumption can lead to an overestimation of income. Furthermore, socio-technical research identified
individual acceptance [84, 96] and individual user behaviour [28, 56]. Thus, it is argued that each user
should be analysed individually to identify their suitability in the context of Vehicle-to-Grid [7, 27].

How are socio-technical dimensions affecting Vehicle-to-Grid use cases? For a better understanding
the architecture model from the previous section will be again taken into account. Figure 1.4 visualises
both, how use cases are portrayed and the objective of this sensitivity analysis on the right-hand side.

Component Layer

User Behavior Layer

Business Layer

Regulation Layer

Use Case Driven Approach Sensitivity Analysis

Figure 1.4: The architecture model compares use case driven Vehicle-to-Grid research with the sensitivity analysis of this work.

As the figure emphasises, use cases are able to cover a specific area from each layer, whereby it is
possible to evaluate that specific use cases. This methodology allows if the objective of Vehicle-to-Grid
is satisfied. For example, if the financial income is high enough to compensate the user. Commonly,
a sensitivity analysis enhances the work to discuss how the relevant parameter affect the objective.
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However, within this work, it is argued that the sensitivity analysis of the component layer can extract
the sensitivities more independent and comprehensively.

How to enhance the research already conducted on Vehicle-to-Grid by considering the social di-
mensions? Beside the regulation and business layers, the social dimensions of Vehicle-to-Grid are
proven to exist leading to uncertainties in the user behaviour layer, as discussed above. Applying
a use case driven methodology will tend including assumptions about each layer, which are likely
to affect total outcome. Hence, avoiding user, business and regulation induced uncertainties allows
extracting sensitivities of Vehicle-to-Grid independent of those assumptions. The right-hand side of
Figure 1.4 visualises the approach, which indicate and assumes several relationship and operation
conditions at the component layer. Extracting the sensitivity without defining a use case facilitates to
identify favourable conditions. Hence, this methodology supports research to sharpen the focus on
user behaviours, business models, regulation approaches, which are most suitable for Vehicle-to-Grid.
Instead of providing results, that are already affected by these uncertainties, one can extract sensitiv-
ities, that are from a technical point of view. Therefore, a broader variety of cases can be portrayed,
which necessity is raised by Sovacool et al. [81].





2
Existing & Emerging Ancillary Services

The transmission of electrical energy requires an actively controlled power system designed for a
stable and secure grid operation. Accordingly, ancillary services have the functionality to intervene
supportively in operation conditions guaranteeing those requirements. Thus, this chapter covers
existing ancillary services and those who will emerge due to an increased share of sustainable energy
technologies. Firstly, Section 2.1 presents an overview of existing ancillary services. Secondly, due to
the paradigm change in the power system, further converter based ancillary services emerge, which
are described briefly in Section 2.2. Thirdly, it follows a description of Vehicle-to-Grid suitable ancillary
services.

2.1. Existing Synchronous Generator Based Ancillary Services
The conventional control approach relies on the inherent characteristics of synchronous genera-
tors [61]. Hereby, large power plants are connected at the transmission level that are controlled by
the Transmission System Operator. The following existing ancillary services are summarised and
selected based on the review of Oureilidis et al. [61], who described the most common types of
ancillary services in the European Union.

2.1.1. Frequency Control
An instantaneous imbalance between generation and consumption directly results in deviations from
the nominal system frequency. If the energy demand exceeds the generation, the system frequency
declines, while the opposite case induces a frequency incline. Thus, frequency measurements in
conventional AC based power system are a direct measure for identifying if generation and consump-
tion have to be aligned. For this purpose, different stages for frequency control exist: Frequency
Containment Reserves (FCRs), Frequency Restoration Reserves (FRRs) and Replacement Reserves
(RRs) [61].

The three control stages are implemented sequential to cope with the system frequency deviations.
Figure 2.1 depicts a simplified schematic of the implemented frequency control sequence. The
simplified representation considers the non unity of regulation market requirements across European
countries.

The first measure against frequency imbalances is Frequency Containment Reserves or also called
Primary Frequency Control. It is intended to compensate the mismatch that leads to imbalances by
active power reserves. Usually, the activation of Frequency Containment Reserves takes place within
30 s [61].

9
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Figure 2.1: Frequency control [24]

Secondly, Frequency Restoration Reserves (Secondary Frequency Control) restore the system
frequency to the nominal value. Hereby, the Transmission System Operator activates reserves in the
time interval between 30 s and 15 min after the imbalance [61]. One differentiates between automatic
Frequency Restoration Reserves (aFRR) and manual Frequency Restoration Reserves (mFRR). Both
refer to an either automatically or manually activation of reserves.

Lastly, the Replacement Reserves (Tertiary Frequency Control) are activated restoring and supporting
Frequency Restoration Reserves [37]. The manual activation takes place between 15 min (Continental
Europe) and hours after the imbalance [61]. Replacement Reserves intend to maintain the system
optimum [37].

2.1.2. Voltage Control
Ensuring a stable voltage throughout the whole power system is an objective investigated since
decades [41, 93]. Voltage imbalances can occur among others due to tripping generators or power
transmission over long distances [94]. The threshold exceedance of voltage levels directly harms
system components, whereby concepts such as undervoltage load shedding exist to prevent damage.
However, disconnecting loads can be prevented by prior voltage control. Thus, to adjust the voltage
level, one controls the leading or lagging reactive power injection. This can be realised by Automatic
Voltage Regulators (AVRs) or Static VAR Compensators (SVCs) [61]. Unlike the frequency, voltage is
not a system wide synchronised unit. However, similar to frequency control, a three-level hierarchy
control based on reactive power provision is present in European power systems [61].

The first measure against the occurrence of voltage deviations is Primary Voltage Control. Based on a
local automatic control, which is activated, one adapts reactive power injection physically close to the
occurrence of deviation [37]. This first control approach takes place within milliseconds and continues
up to one minute [61].

As a second step, Secondary Voltage Control regulates the pilot busses to minimise the deviations
at load busses [17]. In contrast to Primary Voltage Control, this subsequently control approach is
centralised. Hereby, the activation usually takes place one minute after deviation and can last for
several minutes [61].

Lastly, Tertiary Voltage Control intends to be activated relieving reactive power reserves. Hereby
the control will be activated manually. After a power flow analysis, optimization of network losses
are considered for relieving the reserves. Tertiary Voltage Control activates 10–30 min after the
occurrence of voltage deviations [61].
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2.1.3. Black-Start Capability
Electricity is a fundamental part of the society relying on a critical infrastructure. Hence, all control
mechanism contribute to a stable and secure power system. However, not all blackouts or interfer-
ence rely on failures within the power system that can be controlled or mitigated. Thus, black-start
capabilities are necessary to restore the power system after a black-out takes place.

The cause for every second blackout in the power system are based on weather conditions and falling
trees. In their survey, Haes Alhelou et al. [31] analysed not all, but major power system blackouts
between 2011 and 2019 around the globe. They list that faulty equipment or human error are the
cause for 31.8 % of the blackouts, while weather and falling trees are listed with 50 %. Shifting the
scope to the number of affected people, transmission line overload in India affected 620 million people,
while the Cyber-attack in Ukraine 230 Million people.

To start the grid after a blackout, appropriate generation units intend to restore the operation after a
partial or full shutdown [61]. Hereby, for performing a black-start, the generation units are able to inject
energy into the grid without requiring external electrical energy supply. Thus, facilitating the start of
other generation units. Not only power plants, but also storage units like pumped storage are able to
provide the black-start service to the grid [61].

2.2. Emerging Converter Based Ancillary Services
In their work, Oureilidis et al. [61] reviewed six emerging converter based ancillary services, which
are inertial response, active power ramp, frequency response, voltage control, fault contribution and
harmonic mitigation. The following section will briefly summarise their description.

Along with the penetration of DC based generation and storage units at the distribution system level,
new converter based ancillary services emerge. Not only applicable on photovoltaic systems, but also
the integration of electric vehicles with bidirectional charging capabilities require a DC to AC conversion
that meets grid requirements. Hence, providing converter based ancillary services can contribute
to a secure and stable grid operation, while being a key to reduce the total cost of energy [111].
Accordingly, it is advantageous for the overall analysis to also examine this emerging services.

The demand for Inertial Response inclines with the replacement of synchronous based generation
units. The inertia of rotating mass provided by synchronous generator intends to stabilise the system
frequency autonomously due to their inherent characteristics. Balancing services such as Frequency
Containment Reserves are activated subsequently. Hence, the loss of inertia has to be compensated
to avoid frequency response degradation. One opportunity is the implementation of synthetic inertia
that enables converter emulating synchronous generators [86].

Volatile generation of renewable energies increases the demand for Active Power Ramping. Their
non-constant power output and weather dependency leads to undesired ramping rates, which scale
up with the penetration. Oureilidis et al. [61] present an example on how to control those rates. They
enhanced a windpower plant with a fast storage system for smoothing the power output.

Frequency response is not only capable based on synchronous generators, but also feasible with
converter. Also for balancing services is to recognize, that the replacement of conventional power
plants leads to the reduction of system power reserves. Hence, decentralised installed converter are
capable to adjust the output power based on the measured frequency.

By injecting or absorbing reactive power, converter are capable of Voltage Control. Hereby, a
decentralised distribution of converter facilitates to locally control voltage deviations. At the same
time, converter overcome the burden that reactive power cannot be transmitted over long distances.
Besides, one expects that the volatile generation of renewable energies has an impact on the voltage
profile of the transmission grid. Thus, converter based voltage control can cope tomitigate those issues.
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Fault contribution by converters can be realised based on Fault-Clearing or Fault Ride-Through
methods. Latter describes the converter capabilities to ride through faults while not disconnecting
themselves from the grid. One reason for the demand of Fault Ride-Through is avoiding cascading
effects that can lead to the shutdown of several power system units. Besides, Fault-Clearing methods
can be realised through varies methods. Oureilidis et al. [61] classified those into three main groups:
modification of the existing protective methodologies, reducing undesired behaviour of distributed
renewable energy sources during short-circuits and advanced method based on adaptive system and
communication technologies.

Lastly, Harmonic Mitigation copes with undesired total harmonic distortion in the power system. Not
only non-linear loads in modern grids, but also the penetration of converter based generation units
injects harmonics into the grid. Hence, as a further emerging ancillary service, the mitigation of
harmonics can be realised through active and passive filtering. Latter relies on inductor and capacitor
based filter, while active filter compensates the harmonics during operation.

2.3. Ancillary Services in Relation to Vehicle-to-Grid Technologies
Compared to synchronous generator, electric vehicles differ in technical terms, but are also capable of
providing ancillary services. Without excluding other possible services, this section focuses on Peak
Load Shaving, Active and Reactive Power Regulation. Further services are listed in the work of [19, 23].
Chapter 4 will recap the services and justify the selection for the conducted sensitivity analysis.

2.3.1. Peak Load Shaving & Load Leveling
The instantaneous balance between generation and load as a system requirement for a stable and
secure operation, leads to the demand for peak load shaving and load leveling. The volatile generation
of renewable energy sources like windpowerplants or photovoltaic systems are examples that put
emphasise on this service. Hereby, electric vehicles are not only capable serving this needs, but
especially load leveling also offers the opportunity for vehicles to charge exclusively sustainable
energy (i.e. solar based charging [59]).

While load leveling refers to charging the vehicle, peak load shaving requires to discharge the vehicle.
Figure 2.2 depicts both approaches in a simplified representation.

Power

Peak Load ShavingLoad Levelling Time

Load Levelling and Peak Load Shaving based on Electric Vehicles

V2G

G2V

Figure 2.2: Load leveling (Grid-to-Vehicle (G2V)) and Peak Load Shaving (Vehicle-to-Grid (V2G)) based on reference [85].

Focusing on Vehicle-to-Grid, Peak load shaving aims leveling the load by feeding energy into the grid.
Hereby bidirectional charging capabilities of an electric vehicle are a requirement for this service.



2.3. Ancillary Services in Relation to Vehicle-to-Grid Technologies 13

2.3.2. Active Power Provision for Frequency Control
Active power provision for frequency control holds present market structures. As in the previous section
described, bulk generation units at the transmission level are able to provide frequency control on a
central approach. Shifting the scope to amajor difference by providing the same service through electric
vehicles, Figure 2.3 shows example voltage levels for Europe.

High Voltage

0.4 kV10 kV110 kV380 kV

Medium Voltage Low Voltage

Example Voltage Levels in the European Power System

Figure 2.3: Example voltage levels in Europe (adapted from [74]).

On a conventional centralised approach, power plants are connected at high voltage levels [26]. The
advantage of frequency is its synchronisation in the power system, whereby it is possible to provide the
services in different locations of the grid. Therefore, the decentralised installation of renewable energy
sources, storage units and electric vehicles shifts the focus on low voltage levels as well. Hence, the
coordination between the Distribution System Operator and Transmission System Operator increases
with the penetration [5]. Furthermore, several European countries define a minimum of 1 MW as the
minimum power for frequency reserves [61]. Thus, to overcome the limited charging power of vehicles,
aggregators are necessary.

2.3.3. Reactive Power Regulation for Voltage Control
Beside the injection of active power, a bidirectional converter topology of vehicles is capable of reactive
power provision [105, 108]. Both charging and discharging can lead to local voltage drops across the
line as it is visualised in Figure 2.4.
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Figure 2.4: Impact of active the active power flow on the voltage magnitude (adapted version of [13]).

As one can see, to maintain the voltage U1, the voltage deviation has to be compensated based on the
power flow. By injecting less active power, one can lower voltage level deviations to maintain voltage
levels at both busses. However, injecting or absorbing reactive power through the on-board charger
or charging station mitigates the voltage deviations as well without lowering the active power flow.
Besides, electric vehicles have the advantage of controlling voltage deviations locally.





3
Modelling of Electric Vehicles

The previous chapter presents existing and emerging ancillary services as well as those, which are
suitable to electric vehicles. In order to analyse the sensitivity of these so-called Vehicle-to-Grid
suitable ancillary services, the participation capabilities of an electric vehicle are crucial. Hence,
this chapter frames the relevant physical, chemical and electrical processes of the vehicle into a
mathematical model to solve the research question in later chapters.

Accordingly, this chapter is organised as follows: firstly, the electric vehicle structure show state-of-the-
art interconnections of the battery and supply equipment. Secondly, a closer look into the battery itself
and the derived mathematical model is realised. Thirdly, a model for portraying the supply equipment
will be presented. Finally, a short preliminary conclusion summarises themain findings for non-technical
reader in general terms.

3.1. Structure of an Electric Vehicle
The typical structure of an electric vehicle provide insights on how Original Equipment Manufacturer
embed the battery into the vehicle’s chassis and how the power electronics are built-in. Accordingly,
Figure 3.1 illustrates the chassis itself along with relevant power electronics and the batter pack.
Additionally, in Figure 3.2 the battery packaging is visualised based on an open battery pack.

As it can be seen in the first figure, the state-of-the-art electric vehicle embed the battery pack (2)
under the driver’s position obtaining a low centre of gravity. The front (3) and rear (1) electric motor’s

4

1 – Rear electric motor
2 – Battery Pack
3 – Front electric motor
4 – On-board charger

2

1

3

Figure 3.1: Electric vehicle’s chassis [22].
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5 – High-voltage cables
6 – Battery module
7 – Plug

6

5

7

Figure 3.2: Electric vehicle’s battery [22].

positions are close to the drive axes. For charging with alternating current, the on-board charger (4),
whose proportion is highlighted with an orange shade, is mounted in front of the car as this example
presents.

Having a closer look into the battery pack, latter figure shows that one battery pack consists of many
battery modules (6). Each battery module interconnects single cells in series obtaining a high board
voltage in V and in parallel reaching a high capacity in Ah. Hence, a Li-ion battery can consist of one
single or many identical cells [29]. For the interconnection of the modules and the power electronics
an orange color indicates high-voltage cables. In order to charge the battery with either direct current
or alternating current, standardized plugs (7) are used like CCS1, CCS2, CHAdeMO or others.

3.2. Electric Vehicle’s Battery
Compared to combustion based vehicles, where the combustion engine and fuel tank define power
and range of a vehicle, both capabilities of an electric vehicle rely mainly on the battery. Currently,
Li-ion batteries are used due to their relatively high power and energy density leading to a high to
potential for energy storage compared to similar technologies [113]. Accordingly, the working principle
of a Li-ion battery will be a central topic within this section, which determines the characteristics of the
electric vehicle’s battery.

3.2.1. Cell Chemistry of a Li-ion Battery
Deploying a mathematical based electric vehicle model requires a representation of the chemical
working principle of a Li-ion battery beforehand. Hence, the schematic of a Li-ion battery is depicted
in Figure 3.3 for demonstrating charging and discharging processes.

As the figure outlines, the components of a rechargeable Li-ion battery are an anode, a cathode, a
separator, which is highlighted in grey, and an electrolyte. Goodenough1 defines the working principle
as follows: ”The chemical reaction between the electrodes has an ionic and an electronic component.
The electrolyte transports the ionic component inside a cell and forces the electronic component to
traverse an external circuit. In a rechargeable battery, the chemical reaction is reversible” [29]. In
an electric vehicle, the external circuit can be either the drivetrain for accelerating the vehicle as a
discharging process or an external power supply for the charging process. In this work, the electrical
power grid, that represents the ancillary service needs, forms the external circuit. Along with the
1John Bannister Goodenough, born July 25, 1922, was awarded with the Nobel Prize in Chemistry together with Michael Stanley
Whittingham and Akira Yoshino for their research on lithium-ion batteries.
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Figure 3.3: Components of a rechargeable Li-ion battery [29].

chemical Equations 3.2.1 & 3.2.5, the charging and discharging process can be further explained.

In a fully charged battery, the anode material is lithiated and passivated with a solid electrolyte interface
(SEI). Latter is a layer conducting Li+, insulating the electronflow and limiting further electrolyte de-
composition, which improves the cycle life performance [1]. During discharging, as it was highlighted
in Figure 3.3, the delithiation of the anode leads to weight loss due of the anode material loss based
on the following oxidation [102]:

LixCn Cn + xLi+ + xe– (3.2.1)

During delithiation, dissolution of lithium leads to an electron and the ionised Lithium atom. As
described above, latter can travel through the electrolyte and separator, while former is driven through
an external circuit. The first material used for the anode was graphitic-carbon (LiC6) [29], which is still
applied in state-of-the-art electric vehicles, leading to the following equation [21]:

LiC6 C6 + Li+ + e– (3.2.2)

By discharging the Li-ion battery, the Li-ion flow results in the lithiation of the cathode. Because the
electron is driven though the external circuit towards the cathode, the Lithium Ions will react with
the cathode material and the electron. Accordingly, the following equation depicts this chemical
reduction [102]:

x Li+ + x e– + M LixM (3.2.3)
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Where M represents the lithium alloy of the cathode. Common cathode materials for modern electric
vehicles are lithium nickel cobalt aluminium oxide LiNi0.8Co0.15Al0.05O2 (NCA), lithium nickel man-
ganese cobalt oxide LiNiMnCoO2 (NMC) and lithium iron phosphate LiFePO4 (LFP). As an example,
Equation 3.2.4 describes the oxidation on a cobalt oxide based cathode:

Li+ + e– + CoO2 LiCoO2 (3.2.4)

The charging and discharging reaction on both electrode materials can be summarised by deriving
the corresponding reduction–oxidation. The following chemical equation describes the whole reaction
based on a graphitic-carbon anode and a cobalt oxide based cathode:

LiC6 + CoO2
discharge
charge C6 + LiCoO2 (3.2.5)

Shifting the scope to the electrolyte, as it was already indicated, its main characteristic is to allow ion
travelling. State of the art Li-ion batteries use a mixture of lithium salt and organic solvents [113]. With
respect to the SEI layer, the electrolyte composition’s properties are crucial for an effective SEI layer
formation [1].

Increasing power density in W/kg and energy density in Wh/kg of a Li-ion battery subjects to its
complex material properties. Amongst other things, it depends on the voltage potential, density
of lithium ions, solid electrolyte interphase (SEI), diffusion coefficient of the electrodes and their
conductivity [113]. Here, the cathode material plays a key role for a high energy level by increasing the
cathode potential and the capacity of the cathode material [109]. Additionally, Chen et al. [14] explain
that the cathode material is the main source of all the active lithium ions. Furthermore, they outline the
required reversibly exchange with little structural changes resulting in a long cycle life for the battery
material.

In the context of this work, deriving a comprehensive model, which covers all variations of Li-ion battery
types, exceeds the scope of the research question. Instead, a selection of a particular battery type has
been made. With respect to the state-of-the-art electric vehicle battery technologies and literature
review, NMC cell based batteries will be selected. Different electric vehicle studies apply this type of
battery in recent publications [11, 12, 97, 98].

3.2.2. State of Charge
In order to measure the level of usable charge remaining in the battery, the state of charge can be
taken into account. As a percentage value with respect to the battery’s capacity, a battery is fully
discharged if the state of charge is 0 % and fully charged at 100 %. Among other things and as it will
be explained in the next sections, the state of charge is a parameter for open circuit voltage, charging
rate and battery degradation. In order to mathematically describe the state of charge, Equation 3.2.6
will be applied [107]:

SoC(𝑡) = SoC0 −∫ 𝐼(𝑡) ⋅ 100
𝛼U ⋅ 3600 dt (3.2.6)

The state of charge as a function of time t depends on the initial state of charge SoC0 in %, the usable
capacity 𝛼U in Ah and the integral over the current I(t). The equation expresses the state of charge
in %. Besides, fully discharged or overcharged batteries harm the battery, whereby the real SoC and
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the SoC, which is set free for the vehicle’s owner differ. Usually, a maximum depth of discharge for
the vehicle’s battery will be set free for the owner, which is below the maximum of 100 %. Hereby, the
battery management system limits the usage of remaining capacity in the battery. In the scope of this
work, the full state of charge range from 0 % to 100 % will be investigated.

3.2.3. Open Circuit Voltage
The voltage potential difference between the anode and cathode defines the open circuit voltage Voc.
As Section 3.2.1 revealed, a high open circuit voltage increases the power and energy density of
a battery. According to the lithiation and delithiation of both electrodes, the open circuit voltage
correlates with the state of charge. Consequently, the open circuit voltage can be incorporated as a
measure for state of charge and vice versa (see Figure 3.4).

Figure 3.4: Reconstruction of the full-cell voltage of a new cell and the differential voltage spectrum from half-cell data.
(a-c) Voltage behavior for low-current charging [38].

The three figures display the open circuit voltage of three different cathode materials as a function of
state of charge based on laboratory measurements by Keil et al. [38]. In their work, all three batteries
use graphite as the anode material and have a 18650 form. The role of cathode material, resulting
in different voltage potentials across the states of charge, becomes obvious. Only a similar voltage
behaviour is present throughout all materials for states of charge below 10 %. However, for states
of charge above 10 % LFP based cells show an approximately constant voltage with a smaller slope
than NCA and NMC cells. Both prior cell’s voltages increase steadily after a state of charge of 50 %.
Besides, the voltage of LFP cells at high states of charge at around 95 % increases, leading to a peak
value.

In order to incorporate a mathematical model of the open circuit voltage into the overall model, an on
the state of charge based equation will be selected. In their work, Baccouche et al. [3] developed the
following relationship:

𝑉oc, ev(SoCev(𝑡)) = 𝑁series
ev ⋅ (𝑝1 ⋅ 𝑒𝛼1⋅SoCev(𝑡) + 𝑝2 ⋅ 𝑒𝛼2⋅SoCev(𝑡) + 𝑝3 ⋅ SoCev(𝑡)2) (3.2.7)

Where 𝑁series
ev is the number of batteries in series and 𝛼1, 𝛼2 are the dimensionless factors -0.0004523

and -0.1341, respectively. Furthermore, 𝑝1 is given as 3.604, 𝑝1 as -0.2803 and 𝑝1 as 6.871 ⋅ 10-5.
These five dimensionless factors subject to the cell temperature and differ if the battery will be either
charged or discharged. In order to evaluate these dependencies, Figure 3.5 will be taken into account.

The temperature impact on the open circuit voltage is marginal for states of charges above 10 %. As
Figure 3.5a illustrates, the open circuit voltage for lower states of charge can vary up to 0.36 V for a
temperature difference of ΔT = 40°C. While for states of charge above 15 % a maximum deviation of
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Figure 3.5: Open circuit voltage model of Baccouche et al. [3], which depend on (a) temperature and (b) charging & discharging.

less than 0.03 V for the same ΔT is observed.

One may notice the voltage differences during charging and discharging, which is known as the
dynamic hysteresis characteristics. As it can be derived from Figure 3.5b, the dynamic hysteresis
characteristics has the highest effect on the open circuit voltage at a state of charge of around 15 %.
This deviation leads to a voltage difference of 0.025 V at 25°C.

Taking both dependencies into account, the impact of temperature and dynamic hysteresis character-
istic on the open circuit voltage will not be considered. Firstly, the effect of different cell temperatures
on the open circuit voltage is less than 2 % of the maximum cell’s voltage for states of charge
above 5 % and less than 0.6 % for states of charge above 15 %. Secondly, the dynamic hysteresis
characteristic show a maximum deviation of 0.6 % between the open circuit voltages during charging
and discharging. Hence, the introduced dimensionless factors, which are valid for discharging at a
temperature of 25°C, are selected along with the mathematical model in Equation 3.2.7.

3.2.4. Charging & Discharging Behaviour
To model the charging and discharging behaviour of a Li-ion battery, a voltage source along with
passive components form a simplified circuit. The selection of passive components result in either time-
dependent or time-independent circuits. For this purpose, Figure 3.6 depicts two models of a Li-ion cell.

𝑉𝑏𝑎𝑡𝑡𝑉𝑂𝐶

𝑅𝑆
𝐼𝑏𝑎𝑡𝑡

+

−

(a) Zero-time-constant model [69]

𝑉𝑏𝑎𝑡𝑡𝑉𝑂𝐶

𝑅𝑆
𝐼𝑏𝑎𝑡𝑡

+

−

𝑅𝑃

𝐶𝑃

(b) One-time-constant model [69]

Figure 3.6: Time-independent (a) and time-dependent (b) model of a Li-ion cell [69].

Both, time dependent and time independent battery rely on a voltage source. In the previous section,
the open circuit voltage 𝑉oc was described as a function of the state of charge. Hence, a voltage
source incorporates the open circuit voltage in this model.

A voltage source in combination with a series resistance represent a time-independent model for the
Li-ion cell. Figure 3.6a shows the zero-time-constant model of a Li-ion cell, which resistor 𝑅s is in
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series to the voltage source. Hence, for charging and discharging behaviour the battery’s voltage 𝑉batt
and current 𝐼batt are given as:

𝑉batt = 𝑉oc − 𝑅s ⋅ 𝐼batt (3.2.8)

𝐼batt =
𝑉oc − 𝑉batt

𝑅s
(3.2.9)

However, applying a zero-time-constant model neglects cell dynamics [69]. In order to take these
cell dynamics into account, the one-time-constant model in Figure 3.6b enhances the model by a
capacitor. The charging and discharging behaviour of a capacitor can be neglected, if the simulation
takes place in steady-state conditions.

From a single cell to the overall battery pack of an electric vehicle, the charging and discharging
power as well as the C-rate can be derived. Generally, connecting battery cells in series cumulates
the voltage, while parallel interconnections adds up the electric charge and current of the package.
Hereby, a charging rate that fully charges a battery within an hour is defined as a C-rate of 1. Overall,
the power of the vehicle is defined by the following equation:

𝑃ev(𝑡) = 𝑁series
batt ⋅ 𝑉batt(𝑡) ⋅ 𝑁parallel

batt ⋅ 𝐼batt(𝑡) (3.2.10)

In order to charge a Li-ion battery different methods exists. Without evaluating charging and discharg-
ing approaches, selected methods for electric vehicles are: a) Constant Current - Constant Voltage
(CC-CV), b) Constant Power - Constant Voltage (CP-CV), c) Multistage Constant Current - Constant
Voltage (MCC-CV), d) Pulse charging, e) Boostcharging with a CC-CV-CC-CV scheme, f) Variable
Current Profile [48, 89]. It is obvious, that a control approach and power electronics are implemented
which adapt voltage and current for the vehicle, respectively.

Li-ion batteries are almost ideal in terms of charging and discharging losses [106, 112]. In their study,
Yang et al. [106] investigated the relationship between coulombic efficiency and battery degradation.
They presented a coulombic efficiency of over 99.9% if the normalised capacity is degradated not less
than 80%. Hereby, NMC cells as well as LFP cells show an efficiency loss over time, but during the
overall lifetime the efficiency never fall below 99.6 %.

3.2.5. Calendar Aging of Li-ion Battery
In the context of Vehicle-to-Grid, discharging capabilities for providing ancillary services subject to the
impact on the battery lifetime and its capacity. Beside cycling induced losses, Li-ion batteries aging is
a result of capacity fade based on Li-ion and active material loss [47]. ”Calendar life performance is a
direct representation of irreversible self-discharge capacity loss” [101].

By convention, the end of life conditions of an electric vehicle battery are fulfilled as the maximum
battery capacity reaches 80 % of the nominal capacity. It is important to consider that the end of
life conditions of an electric vehicle battery are not complementary with the total end of lifetime
conditions. Applications with reduced requirements, such as second life battery approaches, are
possible. Research conducting on this topic demonstrate that the suitability of 70 %–80 % remaining
capacity as a standard automotive battery retirement criterion is not valid [53]. Instead, tracking first
life battery ageing data is crucial [52].

Incorporating calendar aging losses into a mathematical model depends on the cell chemistry of
the battery. In Section 3.2.3 a differentiation of the open circuit voltage between cathode materials
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was already conducted. Corresponding to the selected open circuit voltage model based cathode
material, in this section, calendar aging of battery cells based on NMC cathodes are taken into
account as well. For this purpose, the model of Wang et al. [101] will be explained, who elaborated a
mathematical model based on laboratory measurements. The selected type of battery for their model
is a NMC based Li-ion 18650 Cell with a nominal capacity of 1500 mAh. With respect to the already
introduced model of Keil et al. [38], both battery models rely on the same type of battery from the same
manufacturer, but differ in terms of capacity. Latter use Sanyo UR18650E with a nominal capacity of
20500 mAh, while Wang et al. [101] rely their research on a Sanyo UR18650W battery cell. Hence, it
will be assumed that the capacity difference does not affect the degradation model. A capacity fading
model for LFP cells can be found in further work [100] or based on the work of Lam et al. [47].

In their work, Wang et al. [101] argue that calendar losses subjects to two parameters, which are time 𝑡
and temperature 𝑇. They derived an equation to incorporate those dependencies:

𝑄calloss = 𝑓 ⋅ 𝑒
−𝐸a
𝑅⋅𝑇 ⋅ 𝑡

1
2 (3.2.11)

Where 𝑓 represents pre-exponential factor, which is 14876 per day1/2, 𝐸a the activation energy of 24.5
in kJ per mol, 𝑅 the gas constant and 𝑇 the absolute temperature in Kelvin. In order to express the
gradual degradation at time �̂�, the derivative function can be used [98]:

Δ𝑄calloss(�̂�) =
𝛿𝑄calloss(𝑡)
𝛿𝑡 |

𝑡=�̂�
⋅ Δ𝑡 = 1

2 ⋅ 𝑓 ⋅ 𝑒
−𝐸a
𝑅⋅𝑇 ⋅ 𝑡−

1
2 ⋅ Δ𝑡 (3.2.12)

In order to visualise the dependencies of these two parameters on the gradually losses, Figure 3.7
depicts both parameter against each other. The z-axis displays the gradually decreasing capacity loss
for an hour in percentage of the total capacity. Note that the hourly degradation in the figure depicts
the lifetime from 100 days to 1000 days.

On an early stage of a Li-ion battery lifetime, the hourly calendar induced degradation reaches its
maximum value. Calendar based capacity loss relies mainly on lithium inventory loss during the
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Figure 3.7: Hourly capacity loss based on calendar aging.
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formation of the SEI layer at the anode [101]. As the surface plot indicates, these irreversible chemical
processes occur predominantly at an early stage of the battery life. It is know, that this process is
diffusion limited, leading to a decline of t1/2 [101]. During the depicted range of around three years,
the hourly degradation declines by the factor of approximately three.

Lower temperatures result in a lower calendar aging over the whole lifetime. The hourly degradation
is affected by a temperature dependency due to SEI formation as a thermally activated process [101].
Hence, high temperatures at an earlier stage can degrade the battery approximately ten times more
than a cold battery at a later lifetime.

Beside these two parameter, the states of charge of the battery cell have a relevant effect on calendar
aging. In their work, Keil et al. [38] conclude that Li-ion cells should not be stored with a high state of
charge to increase the battery lifetime. The state of charge dependency is shown in Figure 3.8.

Figure 3.8: Battery degradation after ca. 9-10 months of storage at various SoCs and different temperatures (a-c) & capacity
fade for different storage periods (d-f) [38].

The figure not only depicts relevant states of charge and their capacity fade, but also underlines the
temperature dependent behaviour of Li-ion batteries. For comparison, LFP and NCA cells are listed
beside the NMC cells. One can see that NMC based cells subject to increased degradation in high
states of charge above 95 % at high temperatures. Compared to both different cathode materials, the
cathode material of a Li-ion cell has a relevant impact on the degradation. Keil et al. [38] summarise
in their study that the three different types of commercial lithium-ion cells demonstrate calendar aging
does not increase steadily with the state of charge. Instead, they observe plateau regions, which cover
intervals of more than 20%–30% of the cell capacity, where capacity fade is largely constant.

Hence, to incorporate the states of charge into the degradation model, a further mathematical model
has to be derived. In their work, Calearo et al. [12] enhanced the model of Wang et al. [101] by
integrating the identified plateau region of Keil et al. [38]. Their approach demonstrates that the
pre-exponential factor 𝑓 can be expressed as a function of state of charge. Based on Equation 3.2.13,
the two models for NMC based cells can be merged.
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𝑓 = 𝑄calloss(𝑡,SoC) ⋅ 𝑒
𝐸a
𝑅⋅𝑇 ⋅ 𝑡−

1
2 (3.2.13)

Where 𝑄calloss(𝑡,SoC) will be equalized with the measurements of Figure 3.8 for a temperature of 25°C.
Hence, they described the plateau regions by the following piece-wise defined function.

𝑓25∘𝐶(SoC) = {
−1.0353 ⋅ SoC2 + 89.724 ⋅ SoC+ 1224.6 if 0% ≤ SoC < 50%
+10.351 ⋅ SoC2 − 1083.6 ⋅ SoC+ 31447 if 50% ≤ SoC < 70%
+2.6384 ⋅ SoC2 − 409.55 ⋅ SoC+ 22035 if 70% ≤ SoC ≤ 100%

(3.2.14)

Merging these models results in a representation of the state of charge as a further impact on the
calendar aging model. Note that the beginning of the section compares both studies based on
the selected type of battery. Hereby, the pre-exponential factor based on the approach of Calearo
et al. [12] varies with the cell temperature. To compare the resulting model with the conducted
measurements of Figure 3.8, Figure 3.9 shows the resulting degradation for the same storage period
at 25°C.
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Figure 3.9: Merged degradation model of Calearo et al. [12], Keil et al. [38] and Wang et al. [101]

The proposed model in the figure follows the same behaviour of the calendar aging based measure-
ments. Based on the model, the plateau regions can be depicted, in order to analyse the sensitivity
of degradation in later sections. A mathematical representation of the deviation between the overall
model and specific measurements will not be carried out in the scope of this work. The reason is that
the main purpose of the model is the identification of sensitivities rather than predict or approximating
an overall lifetime.
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3.2.6. Cycling Induced Capacity Fade
Beside calendar aging, cycling induced fading affect capacity losses of an electric vehicle as well. It is
apparent, that cycling induced losses occur during the charging and discharging periods. The degra-
dation depends on the charging rate as well as the cell’s temperature and the total throughput [101].

The implemented model of Wang et al. [101] not only covers calendar aging, but also cycle induced
aging. Based on their laboratory measurements, they subtracted the calendar losses from the overall
losses leading to the cycling induced losses as an additive approach. They fitted the model for cycling
losses by the following equation:

𝑄cycleloss = 𝐵1 ⋅ 𝑒𝐵2⋅𝐼rate ⋅ 𝐴h (3.2.15)

Apparently, the losses depend on the charging rate 𝐼rate in an exponential relationship. The charging
rate is expressed through the C-rate and the total throughput 𝐴h based on ampere hours. To recap, the
C-rate is an indicator for the amount of charging or discharging current in relation to the total capacity.
Whereas, the total throughput 𝐴h is the 𝐼batt multiplied with the timeinterval Δ𝑡:

𝐴ℎ(Δ𝑡) = 𝐼batt ⋅ Δ𝑡 (3.2.16)

Furthermore, the cycling induced losses are temperature dependent as well, whereby they incorporate
this dependency by a non-linear function as the parameter 𝐵1 and 𝐵2 show:

𝐵1 = 𝑎 ⋅ 𝑇2 + 𝑏 ⋅ 𝑇 + 𝑐 (3.2.17)

𝐵2 = 𝑑 ⋅ 𝑇 + 𝑒 (3.2.18)

The parameter 𝑎, 𝑏, 𝑐, 𝑑 and 𝑒 are defined in Table 3.1. It has to be noticed, that rounding those
coefficients is not recommended.

Table 3.1: Coefficients for the model of Wang et al. [101].

Coefficient Value Unit
a +8.61242532 ⋅ 10−6 1/Ah-K2
b −5.12524472 ⋅ 10−3 1/Ah-K
c +7.62915691 ⋅ 10−1 1/Ah
d −6.7 ⋅ 10−3 1/K-(C-rate)
e +2.35 1/(C-rate)

As it was done in the previous section, different charging rates and temperature variations that are
affecting the battery degradation and can be incorporated by describing the degradation through the
derivative function of Equation 3.2.15. For this purpose, Equation 3.2.19 describes the degradation at
time �̂� [98].

Δ𝑄cycleloss (�̂�) =
𝛿𝑄cycleloss (𝑡)

𝛿𝑡 |
𝑡=�̂�
⋅ Δ𝑡 = 𝐵1 ⋅ 𝑒𝐵2⋅𝐼rate ⋅ 𝐼rate ⋅ Δ𝑡 (3.2.19)
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Accordingly, a representation of the model is realised through Figure 3.10, which visualises the
resulting degradation for different cell temperatures and charging rates.
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Figure 3.10: Cycling induced losses against temperature and C-rate.

As the figure depicts, high charging rates at lower temperature result in the highest degradation.
To prevent those conditions, battery management systems are able to prevent high C-rates at low
temperatures. Nevertheless, high C-rates at ideal cell temperature conditions harm the battery less
than low C-rates at undesirable temperature conditions. Ideally, charging and discharging processes
should take place at around 25 °C for this type of battery.
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3.3. Electric Vehicle and its Supply Equipment
Beside the battery itself, an electric vehicle supply equipment is necessary in order to transfer energy
from the grid to the battery and vice versa. With unidirectional alternating current and direct current
based charging methods, the roll-out of two technologies already takes place. In the scope of this
work, the induced losses by the supply equipment form an important factor for deriving the results of
bidirectional charging capabilities.

3.3.1. Grid-Connected Charging Approaches
A simplified representation of alternating current and direct current based charging is given in Fig-
ure 3.11a and Figure 3.11b, respectively. For completeness, in Figure 3.11c, inductive charging is
depicted as well.
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Figure 3.11: Simplified model for Alternating Current (a) and Direct Current (b) charging with PCC as the point of common
coupling and the relevant power electronics without considering relevant controller (i.e. batter management system).

In (c) a simplified representation of inductive charging is illustrated.

Firstly, present AC charging requires a so-called on-board charger (OBC) that provides charging
capabilities for AC based sockets in combination with a wallbox or mobile charger. As Figure 3.11a
outlines, the on-board charger rectifies the alternating current and the DC/DC converter adapts the
voltage according to the battery’s voltage level. One may notice that neither a mobile charger nor a
wallbox is depicted in the simplified model. Both can be neglected as their operation mainly intends to
monitor safety related parameter such as fault currents or the communication between the vehicle and
grid. However, neither an AC wallbox nor mobile charging stations influence the current or voltage
directly through power electronic circuits. Instead, power electronics of the electric vehicle receive
setpoints to adjust the charging power (i.e. from a wallbox or home energy manager).

Secondly, state-of-the-art DC charging is realised based on an external charging station, which
rectifies the alternating current of the power system. Similar to the on-board charger, it adapts the
DC voltage through a DC/DC converter outside the vehicle afterwards. Referring to the right-hand
side of the simplified representation in Figure 3.11b, the vehicle’s battery is directly connected with the
DC charging station. DC charging stations are beneficial for a higher charging power, because the
increased demand for installation space due to higher power ratings does not affect the vehicle.
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Thirdly, inductive charging is in the interest of electric vehicle charging strategies, because it does not
require plugging in the vehicle. Not only unidirectional charging, but from a technical point of view, it is
possible to provide Vehicle-to-Grid services based on inductive charging [16]. However, this electric
vehicle charging technology is at an early stage and will not be considered in the scope of this work.
Nevertheless, inductive charging has the benefit to access a full battery of a parked vehicle, while the
other methods have to create an incentive for the user to plug in the vehicle, if the batters is already
charged.

Both AC and DC based charging in combination with an AC Grid require a rectifier and a DC/DC
converter for unidirectional charging. The main difference of both methods is, if the alternating current
will be rectified by the charging station (i.e. DC wallbox) or within the electric vehicle itself (i.e.
on-board charger). For bidirectional charging, both methods require a bidirectional converter topology.
A review of converter topologies is given in reference [77].

Required filters, safety equipment, costs and regulatory aspects will not be covered in the scope of this
work and are therefore neglected. For simplicity, this work argues that from a power electronics point
of view, AC-charging and DC-Charging in combination with an AC grid can be both represented by an
AC/DC and DC/DC converter topology. Hence, the intended model covers both charging approaches.

3.3.2. Converter Efficiency
Converting alternating current to direct current and vice versa subjects to the efficiency and maximum
power rating of the converter. For unidirectional charging processes, the on-board charger and dc
charging station have been introduced in the previous section. It was argued that a bidirectional
converter topology is inevitable for vehicle to grid approaches.

Generally, the efficiency 𝜂 is defined as the ratio between the input power and output power as
Equation 3.3.1 shows. Due to conservation of energy, the input power cannot exceed the output
power, whereby 𝜂 is in the range between 0 and 1, which can be transferred to a percentage value.

𝜂 = 𝑃out
𝑃in

(3.3.1)

In order to incorporate converter based parameter like power, voltage and current level, the model of
Chivelet et al. [15] will be applied. Generally, the model has been used for research on photovoltaic
system inverter modelling [20, 66]. In their work, Chivelet et al. mathematically describe the efficiency
based on Equation 3.3.2.

𝜂inv =
2 ⋅ 𝑅S ⋅ 𝑃AC

𝑉2DC
⋅ 1

1 − √1 − 4⋅𝑅S
𝑉2DC

⋅ (𝑃AC +
𝑉2AC
𝑅P
)

(3.3.2)

𝑃AC, 𝑉AC represent alternating current based apparent power and voltage, respectively. The direct
current based voltage is given by 𝑉DC of the vehicle’s battery. In order to describe resistive losses,
a series resistance 𝑅S and a parallel resistance 𝑅P are used. Former represents coupling losses
between DC and AC side of the converter like commutation losses [20]. Latter covers the operation
losses of converter, which impact is higher in the low power regions of the converter and decreases
for higher power ranges as their relatively impact declines [20]. An approximation of the losses is
possible by Equations 3.3.3 and 3.3.4.

𝑅S ≈
𝑃DC − 𝑃AC

𝐼2DC
(3.3.3)
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1
𝑅P

≈ 𝑃DC − 𝑃AC
𝑉2AC

(3.3.4)

Davila-Gomez et al. [20] argue that ”most suitable set of values PDC, PAC and VDC for calculating RP
are those nearest to the zone of slope change in efficiency curve”.

A representation of different possible converter types based on the introduced model of Chivelet et
al. [15] is given in Figure 3.12.
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Figure 3.12: Example converter characteristics that can be covered based on the model of Chivelet et al. [15].

On the left hand side, Figure 3.12a show three converter with different efficiency curves based on a
variation of the mismatch between the AC and DC active power. Thus, converter A has the lowest
mismatch resulting in higher efficiencies to an almost ideal power conversion (𝜂A,max = 98 %). With
converter B and C, an incline of the power mismatch show the impact on the overall efficiency curve
(𝜂B,max = 88 % and 𝜂C,max = 78 %). The operation losses in the lower power zone become apparent in
all three cases.

Increasing the nominal power lead to a more inefficient power conversion in the low power region
of the converter. Figure 3.12b depicts three converter with the same efficiency characteristics of
converter A. By adapting the nominal AC power of the converter, the nominal efficiency can still be
reached, but enlarges the less efficient range.

3.3.3. Thermal Losses
Beside conversion losses, thermal losses occur, due to the internal resistance of the battery and wires.
To recap from Section 3.2.4, the simplest equivalent circuit of a battery consists of a voltage source
and series connected resistor. This resistance depends on temperature, state of charge, cycles,
current and internal electrochemical conditions [42].

Determining the total resistance that leads to heat dissipation depends on the interconnection of
a battery pack and wires. Equation 3.3.5 determines the total resistance of a battery pack, while
Equation 3.3.6 shows the resulting heat dissipation in W.

𝑅batt = 𝑅s ⋅
𝑁series
ev

𝑁parallel
ev

(3.3.5)
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𝑃loss = 𝐼2 ⋅ (𝑅batt + 𝑅wire) (3.3.6)

It is apparent that high currents in combination with a high internal resistance lead to higher losses.
Hence, a high battery pack voltage reduces the current flowing though the battery, whereby heat
dissipation can be mitigated. Simultaneously, this approach allows to reduce the cross section of wires.

In general, the internal resistance and interconnection of cells varies for each electric vehicle. In their
paper Kieldsen et al. [42] determine an internal resistance of 380 mΩ by conducting measurements on
a Li-ion based electric vehicle. Besides, Muenzel et al. [55] identified the ohmic resistance for various
18650 cells that varies from 47 mΩ to 400 mΩ before and after cycling.

For reference and without considering wire resistances, the internal resistance of an example electric
vehicle can be carried out. Referring to the same manufacturer and cell chemistry, that has already
been used in the scope of this work, an internal resistance of less than 100 mΩ is given. As an
example, 60 parallel rows with each 100 in series connected cells depicts a board voltage of roughly
400 V and 50 kWh. Hence, according to Equation 3.3.5, a total resistance of 166.67 mΩ can be
determined.

As a first approximation, the thermal losses during charging indicate the impact of heat dissipation
in the vehicle. For instance, charging with 11 kW and 100 kW leads according to Ohm’s law and
an on-board voltage of 400 V to a current of 27.5 A and 250 A, respectively. By using an internal
resistance of 166.67 mΩ and Equation 3.3.6, thermal losses of either 0.126 kW or 10.416 kW would
occur.

3.3.4. Electric Vehicle Thermal Management
Previous sections emphasised the temperature dependency of the cell’s temperature with respect to
cycling induced capacity loss and calendar aging. The thermal management of an electric vehicle
is both, complex and vehicle dependent, but also use case dependent. In their review, Xia et
al. [104] underline the complexity by referring to multiple mechanism, which are coupled to electric-
ity, electrochemistry, heat transfer that varies with time, temperature, state of charge and other aspects.

The thermal losses during charging and discharging, that lead to a rising cell temperature, depends
on the charging current and internal resistance. The previous section revealed that the thermal power
losses follow a linear trend with respect to the internal resistance, but a quadratic increase in terms
of charging current. Thus, interconnections, which can lead to a higher on-board voltage and lower
current can decrease thermal losses. However, both internal resistance and interconnections are
vehicle-dependant leading to different thermal management requirements.

Another dependency for the thermal management is the shape of the battery cell. State-of-the-art
battery technologies mainly occur in either prismatic, cylinder or pouch cells. Their form and size
result in different heat generation, heat transport and heat dissipation characteristics [104]. Assuming
a thermal model would not only require the selection of a shape, but also the packaging approach.
Among others, the selection of shape affects the heat distribution on all connected cells in a vehicle’s
battery [72].

Both above mentioned aspects result in various requirements for the thermal management control
approach. Several cooling strategies exist, like passive cooling, liquid based cooling or air based
cooling [104]. It is apparent that the demand for cooling strategies increases with higher charging
currents, but subjects to efficiencies and costs. Besides, Kim et al. [43] compare existing battery ther-
mal management system and conclude that an effective approach can combine various advantages
of those strategies based on the purpose of the electric vehicle.
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Another important aspect is the use case dependency that leads to various thermal operation condi-
tions for the battery. Seasonal effects and different global locations are a driver for different challenges
of the thermal management in order to cope with ambient temperature and weather conditions. The
demand for cooling and pre-heating an electric vehicle differs if, in example, the operation takes place
on a winter day in Norway or during a hot summer day in Spain. Other aspects are driving patterns
that affect not only the availability of the vehicle, but also the operation condition. Ideally, the vehicle
is already in optimal conditions for charging and discharging after a journey, but deviations from this
conditions may have to be compensated by the thermal management (esp. for higher charging rates).
Thus, it is not possible to draw definitive conclusions [34, 103]

Overall, in the scope of this work, it is argued that enabling the thermal management by high charging
currents should be avoided. As it will be later seen, increasing the charging power instead of scaling up
the fleet size can rise other issues. Hence, the thermal management will be neglected, because charg-
ing rates that enable the thermal management would increase further energy demand that decreases
the efficiency and increases costs.

3.3.5. Standby Losses
While the efficiency model of the converter only covers the standby losses of the converter, further
standby consumptions have to be incorporated. It has to be noticed that both, electric vehicles and
internal combustion engines in idle conditions draw electrical energy to provide services like remote
control. While the energy demand of wireless access points for car keys are not relevant for charging
or discharging, monitoring systems should be taken into account.

In the scope of this work, the relevant components for charging and monitoring are depicted in
Figure 3.13.
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Figure 3.13: System components which are involved for the charging and discharging process.
Both µC represent all required microcontroller.

The example shows DC based charging, but the following argumentation is valid for all charging ap-
proaches. Both, the supply equipment and the vehicle itself require a microcontroller (µC) that enables
the communication process between the supply equipment and the vehicle. Especially for intelligent
charging and with respect to the infrastructure, the maximum charging power will be communicated.
Not only for the control algorithm, but also for safety monitoring, the currents and voltages have to
be measured. For the overall process, will be assumed that 100 W additional power through these
components is required.



32 3. Modelling of Electric Vehicles

3.4. Preliminary Conclusion
This chapter presented a mathematical model that incorporates the physical, chemical and electrical
properties relevant for a charging process of an electric vehicle. On the one hand, Section 3.2
described the battery itself in terms of state of charge, charging behaviour, on-board voltage and
degradation. Whereas on the other hand, Section 3.3 focused on the electric vehicle and the supply
equipment. Based on both models, a preliminary conclusion can be drawn.

State-of-the-art plug-in electric vehicle rely on a Li-ion based cell chemistry, which properties subject
among others on the cathode and anode material. Hence, a single model that covers all types of
batteries is not identified in literature. This work selected lithium nickel manganese cobalt oxide based
cells (NMC) as the battery under investigation. All mathematical equation, which are applied, rely on
two studies, which approximated the degradation based on laboratory measurements. The different
laboratory measurements are compared.

The on-board voltage varies with the state of charge of the battery, while temperature and charg-
ing/discharging characteristics can be neglected. Generally, based on the voltage of the battery one
can derive the state of charge of the battery. It was outlined that the temperature dependency of
the open-circuit voltage mainly affects states of charge below 10 %. In the context of discharging
the vehicle’s battery, those states are likely to be not in the interest of Vehicle-to-Grid research.
Hence, they are neglected. Additionally, the so-called dynamic hysteresis characteristics describes
the voltage difference between charging and discharging. Those affects are described as relatively
small compared to overall context.

Discharging current can be modeled time independent and Li-ion batteries are almost ideal. Capacitive
effects can lead to time-dependent charging curves, but steady state conditions will be evaluated in
the scope of this work. Besides, compared to other battery technologies, Li-ion batteries induce almost
no losses during charging or discharging (efficiency over 99.6 %).

Calendar aging is one mechanism that leads to capacity losses of the battery. Hereby, the model
includes that different temperatures, battery ages and states of charge lead to non-linear aging effect.
In general, high calendar aging occurs on an early stage of the battery life, at high states of charge
and at high temperatures.

Beside calendar aging, cycle life losses are the second mechanism that leads to capacity fade of a
Li-ion battery. While low temperatures are likely to minimise calendar-life losses, low temperatures
and high charging rates result in the highest cycle-life loss. In ideal conditions, the battery operates at
minimum degradation at around 25°C. It is argued that a battery management system prevents that
high charging rates can be drawn from the vehicle’s battery during temperatures which deviate from
those conditions.

Beside the vehicle’s battery, a model for the supply equipment and the electric vehicle itself has to be
derived. In the context of both, mainly three losses affect the operation of the charging and charging
process: conversion efficiency, thermal as well as standby losses.

Bidirectional charging capabilities for Vehicle-to-Grid based ancillary services require the conversion
of the battery’s DC voltage to the AC grid. Hence, the bidirectional conversion subject to the power
electronics efficiency. For this purpose a non-linear model includes a variation of power conversion
efficiencies by adapting the nominal power and nominal efficiency.

One of the losses that occurs during charging are the thermal losses, which depend on the internal
resistance of the battery and interconnections. Those losses follow a linear relationship to the
resistance, but increase quadratic with the current. With the focus on battery degradation, this work
assumes that certain charging currents would not require the activation of the thermal management
system.
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The second power losses cover the standby losses of the controller and measurement units. Due to
lack of data that is valid for all electric vehicle models, a fixed consumption of 100 W is assumed.

To recap, Table 3.2 summarises the parameter under investigation along with their dependencies
for the vehicle’s battery. Whereas, Table 3.3 lists those dependencies, that are relevant for the
supply equipment. While the sensitivity of some parameters are already identified as neglectable, the
sensitivity analysis in Chapter 6 will go more into depths.

Table 3.2: Electric vehicle parameter for Vehicle-to-Grid

Parameter Coefficient Unit Section Dependencies

State of Charge SoC % 3.2.2 Usable Capacity
Current

Open Circuit Voltage 𝑉oc Volt 3.2.3
State of Charge

Series connected Batteries
Temperature

Dynamic Hysteresis Characteristics

Discharging Current 𝑖batt Ampere 3.2.4
Series Resistance
Open Circuit Voltage

Parallel connected Batteries

Calendar Aging 𝑄calloss % 3.2.5
Temperature
Battery Age

State of Charge

Cycling Losses 𝑄cycleloss % 3.2.6
C-rate

Temperature
Ah-Throughput

Table 3.3: Electric vehicle supply equipment parameter for Vehicle-to-Grid

Parameter Coefficient Unit Section Dependencies

Converter Efficiency 𝜂 % 3.3.2

Power AC
Power DC
Voltage AC
Voltage DC

Series Resistance
Parallel Resistance

Thermal Losses 𝑃loss Watt 3.3.3
Line Resistance

Connector Resistance
Series connected Batteries
Parallel connected Batteries

Standby Losses 𝑃standby Watt 3.3.5 Controller Power Consumption





4
Modelling of Ancillary Services

Derived from the described ancillary services in Chapter 2, a model representation is proposed suitable
for conducting a sensitivity analysis. Firstly, Section 4.1 justifies the selection of ancillary services for the
scope of this work. Secondly, it follows a description of a suitable power system topology representa-
tion. Thirdly, to determine limits and capacities of power system’s components, a statistical distribution
grid analysis is introduced. Lastly, the selected power system analysis tool will be presented.

4.1. Selected Ancillary Services
Four ancillary services are selected for conducting a sensitivity analysis: peak load shaving, active
power provision for frequency regulation, active power ramping and reactive power provision for
voltage stabilisation. The selection will be justified without excluding or evaluating other ancillary
services that are discussed Chapter 2. A selection has to be carried out to not exceed the scope of
this work.

Peak load shaving is one service under investigation, because of the increasing decentralised
penetration of volatile sustainable energy sources. The roll-out of electric vehicles in combination with
domestic charging can support these energy sources locally when their power provision are scarce.
Compared to load leveling, for peak load shaving bidirectional charging capabilities inevitable. Thus,
not only the demand of the grid, but also the required technical enhanced charging capabilities leads
to the selection.

Active power provision for frequency regulation is selected as it holds present market structures.
While synchronous generator serve in a conventional power system the demand for frequency control,
the replacement of these generation units shifts the focus to alternatives. As required for peak load
shaving, the active power provision goes along with bidirectional charging capabilities. Consequently,
a sensitivity analysis with respect to the technical capabilities as well as the market participation
potential will be conducted.

Active power ramping as an ancillary service will be investigated because the energy transition strives
toward an increased share of renewable energies. As a driver for several ancillary services, the
energy transition leads to identifying opportunities to balance the volatile generation of sustainable
energy technologies. As the third active power based service, active power ramping is considered by
emerging converter based ancillary services. Within this work, the capabilities of electric vehicles to
serve this services as well will be covered.

Reactive power provision for voltage control is in the interest due to local voltage deviations. As it
was outlined, transmitting reactive power over long distances is limited. Thus, compensating local
voltage deviations subjects to limit reactive power reserves capable for compensation. Therefore,
an increased share of not only converter, but also electric vehicles could provide reactive power locally.
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4.2. Power System Topology Representation
For conducting a sensitivity analysis, the selection of a suitable power system representation has to
be made. It is obvious, that not each bus in the power system has the same demand for ancillary
services. While some buses require voltage stabilisation, other buses may not require any services.
Not only the power system component itself, but also the grid topology determines those needs.

This work relies on grid topologies on the distribution level representing the needs of ancillary service
along with the integration of electric vehicles. The selected ancillary services rely mainly on the
demand for voltage stabilisation, frequency stabilisation, reduction of component loading and active
ramping support. Hence, two grid topologies will be presented in this section. In later chapters, those
will be taken as reference to evaluate both, a first approximation of the grid sensitivity and the overall
sensitivity of Vehicle-to-Grid.

A simplified distribution grid with a single bus that connects the electric vehicle fleet as well as the
total demand highlights the component loading. In particular, line loading and transformer loading are
in the interest, if the power flow aims an upward direction to parallel or upstream networks. Figure 4.1
illustrates the distribution grid along with the electric vehicle, which is represented through a battery
and power electronics (as explained in Section 3.3.1).
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Figure 4.1: Simplified low voltage grid used for transformer and line loading.

As one can see, the distribution grid is connected to the external grid via a transformer. The vehicle
fleet or a single vehicle shares the same bus (Bus 2) as the load. Hereby, the load will represent the
total demand of the distribution grid. The low voltage side of the transformer (Bus 1) is interconnected
with Bus 2 through a line. This interconnection will form the focus of the line loading. The simplified
model grid topologies has the advantage that one can easily extract the resulting component loading
based on the active power demand of the load and active power provision of the vehicles.

Voltage instabilities can occur if the voltage drops across the line, which leads to exceeding the voltage
threshold. In order to create those unstable voltage conditions, a line topology is selected. Figure 4.2
shows the network under investigation.
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Figure 4.2: Simplified and radial low voltage grid used for voltage drops.

Again, the figure represents a distribution grid, but the number of busses is increased to 𝑛-busses.
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On each bus, an electric vehicle will be connected along with a load. Hence, an even and uneven
distribution of both, generation and load across the line can be realised. Further topologies represented
in Europe are open ring and meshed power systems [40].

4.3. Limits and Capacities of Power Systems
As introduced, ancillary services aim to intervene supportive in order to maintain a secure and reliable
grid operation. Nevertheless, by providing those services, the power system limits and capacities
have to be considered. Saldaña et al. [70] advise that a power system analysis in terms of strength,
sensitivity of parameter and disturbance determines the service for the grid. Accordingly and as the
previous section indicated, not all buses require the same type of supporting services. For instance,
network areas can be overloaded due to their maximum capacities or rely on different state-of-the-art
technologies. Thus, this section aims to present the grid sensitivity by investigating the power system
components.

A statistical representation of the power system facilitates to conduct a sensitivity analysis. In their
work, Kerber et al. [40] present a statistical distribution grid analysis and a reference network gener-
ation. They rely their research on 87 distribution grids in South Germany (Bavaria). Based on this
network data, they developed a strategy for classifying low voltage grids. It has to be considered that
the data originates from the year 2008. Nevertheless, the average expected power system component
lifetime is 38 years for conductors, 30 years for cables, 35 years for transformers, and 30 years for
circuit-breakers [110]. Thus, this work assumes no significant statistical deviations for state-of-the-art
grid topologies in this region. Accordingly, their statistical analysis will form the grid representation of
this work.

The nominal transformer power rating differ per installation location. Kerber et al. [40] classify the
low voltage grids in city, village and suburb. By identifying the apparent power of a transformer per
class, one obtains the relative frequency of transformer ratings. Figure 4.3 depicts the apparent power
against the relative frequency per class.
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Figure 4.3: Utilised transformer per class (translated & adapted version of Kerber et al. [40]).

Statistically, the utilised transformer in suburbs and villages rely on a higher nominal rating than those
installed in cities. Around 45 % to 50 % of the city’s transformer subject to a nominal apparent power
of 100 kVA. Compared to that, around 50 % of the transformer in villages and suburbs are rated with
an apparent power of 400 kVA and 630 kVA, respectively. Needless to say, the network topologies
per class can differ, whereby one can not derive a general conclusion about the network capacities.
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Hence, the apparent power per consumer enhances the statistical representation of the power system
capacities.

By shifting the scope to the transformer rating per consumer, one can approximate the network capaci-
ties for cities, villages and suburbs. Figure 4.4 depicts the Weibull-distribution of the transformer rating
per consumer. Following the same classification approach as before, on average and for 50 % of the
consumer in cities, one assigns 5 kVA of the transformer apparent power per consumer. In comparison,
this value varies for suburbs (around 11 kVA) and villages (7.5 kVA). Taking 11 kVA as a reference, on
average, more than 90 % of the consumer rely on less assigned apparent power. Thus, not only the
nominal sizing of transformers, but also the apparent power per consumer varies for different locations.
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Figure 4.4: Transformer power per consumer (translated & adapted version of Kerber et al. [40]).

With respect to cable sizing and the total line length, a general classification is not representative.
Kerber et al. [40] argue that the total line length show no statistical patterns that can be mapped
to the described classifications. Similar, they identified that almost all utilised cables are 150 mm2

aluminium cable. Other selected cable cross-sections are 185mm2 or 70 mm2 cables based on copper.

Above that, the nominal rating of the transformer and apparent power per consumer subjects to
different requirements. Especially for cities, the lowest network component sizing are present, which
can be traced back to its requirements. Kerber et al. [40] argue that a higher number of consumers
and the resulting lower share of peak values determines the sizing. Additionally, the actual component
loading and accessible apparent power per consumer depends on the use case.

4.4. Selected Power System Analysis Tool
In order to simulate Vehicle-to-Grid based ancillary services, the simulation approach for the power
system needs to be defined. Compared to the introduced model for electric vehicles and their supply
equipment, the power system model is not described yet. Unlike the already presented models,
several simulation tools exist, which facilitates that no model for the power system components have
to be derived. Among others, in the context of power system simulations GridLAB-D, OpenModelica,
PowerFactory as well as pandapower are in the scope of research [63, 88]. Hence, based on those
simulation tools, a suitable model as well as the solver can be selected.

From a model perspective, the proposed power system representation has to include electrical models
of lines, transformer, busses and the external grid. Based on the presented power system topologies,
it is mandatory to have the equivalent circuit models to conduct the sensitivity analysis. All listed
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tools portray those models, as those are basic components of a power system. Thus, from the model
perspective, no analysis tool is excluded due to the model requirements.

In this work, the analysis tool selection is mainly driven by parametrization possibilities, interfacing
opportunity, automation and steady-state conditions. The power system analysis tool within the
conducted sensitivity analysis is pandapower [88]. Pandapower aims the automation of analysis,
which facilitates the parametrization of components. Furthermore, one can directly access the model
library in a python environment. Because transients are not in scope of this work, steady state
conditions will be determined based on their pandapower power flow solver. Their numerical solver
applies the Newton-Raphson method.





5
Sensitivity Based Analysis Approach

As the model for the electric vehicle, its supply equipment and the power system has been outlined, the
sensitivity analysis can be conducted. With respect to the research question, it is required to define the
sensitivity parameter to solve how sensitive are bidirectional charging capabilities for Vehicle-to-Grid
based ancillary services against vehicle characteristics. Thus, this chapter introduces the proposed
analysis approach, by listing the sensitivity parameter first and describing the framework for the analysis
afterwards.

5.1. Sensitivity Parameter & Quantification
For this analysis, the sensitivity parameter have to be revealed along with the identification of their
affiliation and ranges. Figure 5.1 recaps the bidirectional power flow capabilities of a vehicle, that has
been introduced in Chapter 1.

AC

Grid
EVSE

Battery

Figure 5.1: Vehicle-to-Grid as a system consisting of the AC grid,
the electric vehicle supply equipment (EVSE), the electric vehicle (EV) and its battery.

The figure depicts the AC grid, the electric vehicle supply equipment and electric vehicle as three
subsystems. Accordingly, one can map the mathematical model from previous chapters to the three
subsystems of Vehicle-to-Grid. Based on these model descriptions, one can list the model parameter
and affiliate their dependencies.

By covering all parameter of the Vehicle-to-Grid model, one obtains 13 parameter, which depend
on 34 dependencies. Table 5.1 summarises all sensitivity parameter along with their dependencies,
affiliations and ranges. As one can see five parameter are assigned to the electric vehicle itself,
three to the supply equipment and five to the grid. Furthermore, the number of dependencies for
each parameter vary. While one can see as well that an intersection of dependencies is present, the
sensitivity of these parameters not necessarily affect the system equally. Thus, in this work, those

41
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Table 5.1: Sensitivity parameter and their dependencies under investigation.
(Dependencies, which range is denoted as ”-”, are a result of the model’s dependencies.)

Parameter Affiliation Unit Dependencies Range

State of Charge EV % Usable Capacity
Current

max. 250 Ah
0-125 A

Open Circuit Voltage EV Volt
State of Charge

Series connected Batteries
Temperature

Dynamic Hysteresis Characteristics

0-100 %
-

5-45 °C
-

Discharging Current EV Ampere
Series Resistance
Open Circuit Voltage

Parallel connected Batteries

100 mΩ
400-800V

-

Calendar Aging EV %
Temperature
Battery Age

State of Charge

5-40 °C
0-1000 days
0-100 %

Cycling Losses EV %
Temperature

C-rate
Ah-Throughput

5-40 °C
max. 5-C
0-125 Ah

Converter Efficiency EVSE %

Power AC
Power DC
Voltage AC
Voltage DC

Series Resistance
Parallel Resistance

0-50 kW
0-50 kW

230V/380V
400-800V

-
-

Thermal Losses EVSE Watt
Line Resistance

Connector Resistance
Series connected Batteries
Parallel connected Batteries

100 mΩ
-
-
-

Standby Losses EVSE Watt Controller Power Consumption 100 W

Transformer Loading Grid % Power Flow
Apparent Power Rating

0-400 kVA
400 kVA

Line Loading Grid % Power Flow
Cross-section

0-400 kVA
150 mm2

Generation Grid W Active Power Ramping 0-100 %

Load Grid W Active Power Demand 0-400 kW

Bus Voltages Grid V Power Flow
Reactive Power Provision

0-400 kVA
cos(𝜙) = 0.95

dependencies will be carried out separately.

Along with the sensitivity parameter, indicators for the analysis are inevitable in order quantify the
sensitivity. The listed sensitivity parameter will be measured against efficiency, degradation, power
system loading, ancillary service provision, vehicle fleet, prices and market potential. Their change in
accordance to the parameter will form the quantification of this analysis.

To conclude, for the sensitivity analysis it is not only mandatory to cover all dependencies, but also to
define the quantification of the system. Especially the amount of dependencies leads to a variety of
states, that Vehicle-to-Grid can take on. Thus and in the overall context, even if not all dependencies
will be described in the following analysis, the analysis intends to be comprehensive. Thereby, the
next chapters will emphasise primarily these parameters and dependencies that reveal anomalies in
the context of the defined indicators.
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5.2. Sensitivity Analysis Framework
As all three model have been outlined separately, the framework for the sensitivity analysis needs to
be defined. In this section, the framework will be described based on different categories derived from
comparable framework classifications in literature [75]. Thus, time resolution, elements & modelling,
accessibility and usability are in the scope of this description.

The general structure of the framework relies on an input and output based Vehicle-to-Grid portfolio.
Figure 5.2 depicts the general framework. As it can be seen, the Vehicle-to-Gird model portfolio
consists of the presented models from the previous chapters. The uncertain parameter at the input are
those, which are revealed in Table 5.1 of the previous section along with their dependencies. Based
on the input parameter of the model portfolio, one can derive the sensitivity of Vehicle-to-Grid as well
as implications between the models. These implications will be explained in the next section.

V2G Model Portfolio

Input Output

Sensitivity of V2G

Vehicle-to-Grid based Sensitivity Analysis Framework

𝑦𝑛

Implications

Implications

𝑦1

Uncertain Parameter

𝑥1

𝑥2

𝑥𝑛

EVSE Model

Grid Model

EV Model

Figure 5.2: Framework of the sensitivity analysis.

The analysis will be conducted in steady-state conditions. The sensitivity of states and conditions
will be investigated primarily, whereby transients are not part of the analysis. Furthermore, the time
resolution of all presented models will not be linked or synchronised. Instead, implications between
the models will be given.

The elements and models are accessible on a white box approach. While the electric vehicle and
its supply equipment are expressed by the presented equations, the power system model uses a
stand-alone power system analysis tool (pandapower). Nevertheless, all models are accessible, which
is required for identifying the parameter, that are analysed.

Lastly, from a usability perspective, the framework is embedded into a Python based environment. The
automation and parameterization opportunities of pandapower are accessible with python scripts [88].
Therefore, the model for the electric vehicle and electric vehicle supply equipment will rely on Python
as well. Thus, one can analyse the sensitivity results within the same environment.
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5.3. Model Implications
According to the analysis framework, the implications within the model portfolio require further
explanation. Thus, Figure 5.3 illustrates the implications. As one can recognise on the top of the
figure, the electric vehicle, its supply equipment and the AC grid are illustrated as described in the first
section of this Chapter. Below following, the two implications are pointed out, which are referred to as
first implication and second implication.

EVSE
AC

Grid
EV

EV Model EVSE Model Grid Model
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• Discharging current
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Vehicle-to-Grid
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Peak shaving, frequency control, ramping
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• Generation 
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• Fleet configuration

• Generation
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Figure 5.3: Model based implications.

As the first part of the research question, the bidirectional charging capabilities are investigated.
Hereby, the electric vehicle and its supply equipment provide these capabilities. Thus, the implications
between the electric vehicle and the supply equipment will be carried out. One can sort the parameter
from Table 5.1 into three categories, which are namely: charging and discharging power, dispatchable
energy and degradation. By merging both parameter and their dependencies, one obtains the first
implications and sensitivities, which will be presented in Section 6.1.

Secondly, followed by the first implications, Vehicle-to-Grid suitable ancillary services are under
investigation as the second implication. The implications from the bidirectional charging capabilities
will be merged to the ancillary services to obtain the second implications. Hereby, one can divide the
parameter from Table 5.1 into active power and reactive power based. While latter mainly represents
voltage control in this work, active power based ancillary services are peak shaving, frequency control
and ramping. One may note, that the fleet size and its configuration are not listed in the table,
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because the table mainly focuses on a single vehicle. However, for the services, the fleet size will be
investigated as well. Section 6.2 covers the second implication.

Overall, the sensitivity analysis includes the sensitivity of both, the model and the implications. Thus,
the electric vehicle, the supply equipment as well as the AC grid can reveal sensitivities either induced
by themselves or by merging with another subsystems. Furthermore, both will be applied on the costs
and resulting Dutch market potentials, which are analysed in Section 6.3.3.





6
Sensitivity Analysis of Vehicle-to-Grid

How sensitive are bidirectional charging capabilities for Vehicle-to-Grid based ancillary services against
vehicle characteristics? To solve the research question in the next chapter, this chapter reveals the
sensitivity of bidirectional charging capabilities in Section 6.1 based on the mathematical model pre-
sented in Chapter 3, first. Secondly, the sensitivity results of a single electric vehicle provide relevant
implications for selected ancillary services that are outlined in Section 6.2.

6.1. Electric Vehicle Bidirectional Charging Sensitivity
In the context of bidirectional charging capabilities, three parameter are primarily in the interest for
Vehicle-to-Grid suitable ancillary services, namely (dis)charging power, dispatchable energy and degra-
dation. The following section will present their sensitivity to obtain an insight on how the vehicle could
participate in different ancillary services later on.

6.1.1. Sensitivity of Electric Vehicle Charging & Discharging Power
Adapting the charging power in order to either charge or discharge the battery subjects to a non-linear
behaviour in terms of efficiency and losses. The Figures 6.1b & 6.1a depict the converter losses,
standby consumption, resistive losses and the resulting cumulative losses against charging power. It
has to be mentioned that the nominal efficiency of the converter is 98 %.

To begin with absolute losses depicted in Figure 6.1b, one can see converter and resistive losses are
dependent of the charging power, while standby losses are independent. Latter losses occur due to
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Figure 6.1: The impact of different losses (a) in terms of efficiency and (b) represented in absolute values.
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the communication and monitoring of the charging process (see Section 3.3.5). In the scope of this
work, the standby losses are assumed to be 100 W. In contrast, both converter and resistive losses
depend on charging power in a non-linear context (see Sections 3.3.2 & 3.3.3). The overall resistance
is assumed as 100 mΩ.

By cumulating all losses, the overall losses against charging power follow a non-linear slope with an
offset loss. In the power regions from 0 W to 1 kW, the cumulative losses approximately doubles to
a value of 200 W. This effect relies mainly on the operation losses of the converter and the standby
losses of the vehicle. Whereas, applying charging rates above 1 kW, the initial slope of converter
losses declines. However, in those conditions, resistive losses increase. Due to the quadratic impact
of current on the resistive losses, one obtains less than 100 W of losses for a charging power of 11 kW
and 100 mΩ. These losses mainly result in heat dissipation. Thereby, it has to be mentioned that for
the displayed power range, the thermal management is theoretically assumed as not enabled. Hence,
it has to be taken into account for higher charging rates (see Section 3.3.4).

As the absolute values of losses mainly increase with power, the efficiency allows to evaluate the
overall performance by taking the ratio between output and input power into account. For this purpose,
Figure 6.1a plots the efficiency against charging power. Complementary to the different results that
are presented along with Figure 6.1b, low power ranges below 1 kW are more inefficient than higher
charging rates for the represented system design. However, for charging or discharging with a power
above 1 kW an efficiency of over 80 % and up to 97 % is reachable by using a high efficient converter.

In the context of bidirectional charging capabilities, an overall cycle has to cover both, the charging
and discharging process. It is obvious, that bidirectional charging capabilities require the investigation
of a full cycle, because feeding the grid with energy, requires charging of the battery beforehand.
Hence, Equation 6.1.1 defines the overall cycle efficiency.

𝜂cycle = 𝜂charging ⋅ 𝜂discharging (6.1.1)

The non-linear behaviour of efficiencies for either charging or discharging process can significantly
decrease the overall efficiency. In order to show the impact of charging efficiency and discharging
efficiency on the overall cycle efficiency, Figure 6.2a and Figure 6.2b summarise the relevant operation
points. While the configuration in Figure 6.2a relies on a high efficient converter topology, Figure 6.2b
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Figure 6.2: Combined charging and discharging efficiency.
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uses a less efficient converter (see Converter A and B in Section 3.3.2) to demonstrate the significance
of the converter selection. To recap, the maximum efficiency of Converter A is 98 % and 88% for
Converter B. Both figures depict a range from 100 W to 11 kW.

To begin with Converter A in Figure 6.2a, the overall efficiency of one cycle varies between 10 % and
93 %. As expected based on the previous figures, applying a charging power in the low efficient areas
(below 1 kW) decreases the overall efficiency. If the vehicle not only charges with 100 W, but also
discharges with 100 W, the overall efficiency is around 10 % for the described topology. Whereas,
high overall efficiencies can only be reached if both processes operate in high efficient ranges of the
converter. By applying charging rates above 1 kW, efficiencies of over 68 % can already be obtained.
For power ranges of 1 kW to 11 kW, those values form a relatively constant plateau region with
efficiencies up to 93 %. If either one process operates at a low charging power of 100 W, a maximum
efficiency of around 26 % can be reached.

Selecting a less efficient converter topology can reduce the overall efficiency to a minimum of less
than 5 % and a maximum of 75 %. Even if the maximum efficiency of Converter B is 88%, by taking
the previous mentioned losses into account and operating the converter in not ideal conditions can
lead to an efficiency of less than 5 %. As observed for Converter A, charging rates below 1 kW for both
processes are the most inefficient operational conditions. However, by reducing the nominal efficiency
of the converter, it is still possible to obtain efficiencies of 75 % for the full cycle, if those conditions are
avoided.

6.1.2. Sensitivity of Electric Vehicle as an Energy Storage
Along with power based capabilities for bidirectional power flows, the duration of supplied power
correlates with the sensitivity of dispatchable energy. Hence, besides determining the operational
power, the dispatchable energy is crucial for the duration of supply and vice versa.

Apparently, but not trivial, dispatching energy from the vehicle’s battery leads to lowering the state of
charge that affects the user. Hence, dispatching energy will again shift the focus on a multidisciplinary
scope that has to cope with the user behaviour. Especially, the duration of supply and maximum
dispatchable energy emphasises the role of the user that will determine how the user participates
in the market. In the scope of this section and work, the sensitivity will focus on the technical sensitivity.

Discharging the battery increases the stress on the battery, but lower C-rates have a lower degradation.
To evaluate the sensitivity of dispatchable energy, the battery degradation provides an indicator for
the vehicle’s capabilities as an energy storage. For this purpose, Figures 6.3a & 6.3b compare two
battery packages with 50 kWh and 100 kWh.

Both figures show the capacity loss in percent against the total throughput in MWh for different C-rates.
To recap, the C-rate is relative to the battery’s capacity, whereby 1-C corresponds can be converted
to 50 kW for the former battery and 100 kW for latter. Both packages use the same type of cell (Li-ion
with NMC cathode, as defined in Chapter 3).

The total throughput for a batterypack increases with a larger capacity, but calendar aging is constant.
Section 3.2.5 revealed the calendar aging for a single battery cell. By increasing the number of cells in
a battery pack, calendar aging of the battery pack will follow the same trend as single cell. However,
by increasing the number of cells, more energy can be stored and dispatched from the battery
with the same degradation as both figures reveal. Hence, for the same total throughput calendar
aging of both packages is equal, but less cycling induced degradation occurs for the larger battery pack.

Discharging both battery packages with the same charging power results in different cycling induced
degradations. While the total throughput in Figures 6.3a & 6.3b follows a linear trend, the C-rate
has an exponential slope. This exponential slope mainly promotes two aspects of increasing the
battery capacity. Firstly, discharging a 100 kWh battery package with 300 kW (3-C) leads to a higher
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Figure 6.3: Cycling losses of a (a) 50 kWh and (b) 100 kWh against the total throughput and C-rate.

degradation than using a domestic charger with 11 kW (0.11-C). Hence, a lower discharging time goes
along with a higher cycling induced degradation due to high C-rates. Secondly, doubling the amount of
capacity leads to halving the cycling induced degradation for the same total throughput. Consequently,
approaching the vehicle’s battery as an energy storage, requires the selection of a suitable charging
power according to the battery capacity.

Overall, by increasing battery capacity three major effects result: longer range, C-rate can be
decreased without lowering the charging power and more total throughput can be obtained. Hence,
it is desirable to increase the battery capacity of the battery for Vehicle-to-Grid applications in techni-
cal terms. However, it is important to consider that size, weight and costs limit higher battery capacities.

6.1.3. Sensitivity of Electric Vehicle Degradation
The sensitivity analysis of dispatched energy assessed the degradation as a result of the discharging
process, which is a common practice in Vehicle-to-Grid research. However, putting emphasis on
the degradation, the identification of favourable conditions in terms of degradation reduction can be
revealed.

To recap, the overall degradation is the result of calendar and cycling induced losses. Hereby,
Section 3.2.5 outlined that high states of charge lead to a higher calendar induced aging of the battery.
It was highlighted, that instead of applying a linear behaviour between state of charge and calendar
aging, plateau region were observed. With respect to cycling induced losses, low C-Rares lead to a
lower degradation.

Discharging the battery to reduce high states of charge results in a lower calendar aging and can
lead to an overall degradation reduction. First and foremost, discharging the battery increases the
degradation, because of cycling induced losses. However, the lower state of charge results in lower
degradation per time than the initial state of charge. To evaluate if discharging can lead into an overall
degradation reduction, the degradation per time for a higher state of charge can be compared to the
lower state of charge and its degradation. Hence, the difference between both degradations increases
with the time as well and can be determined. The additional stress by discharging the battery to a
lower state of charge is incorporated by the following equation:
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Consequently, 𝑡pass represents the time in hours that has to pass until the lower state of charge leads
to an overall lower degradation. In this context, Figure 6.4 depict the plateau regions for four battery
ages along with the time required to pass.
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Figure 6.4: State of charge reduction approach for two different state of charge ranges in (a) and (c)
while (b) and (d) show the resulting passing time for both ranges.

Both figures on the left hand side highlight two different state of charge reductions with the incentive to
lower calendar induced degradation through discharging. Former figure focuses on the range, where
a state of charge reduction leads to the shift from one plateau to another. Besides, latter figure applies
a state of charge reduction without resulting in a lower plateau region state. Figures 6.4b & 6.4d
plot the minimum passing time 𝑡pass until the overall degradation begins to decline. Along the x-axis
the age of the battery in days increases, while the y-axis indicates 𝑡pass for different C-rates. Before
comparing different C-rates, only 1C will be in the focus for the first investigations.
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The longer the reduced state of charge lasts, the higher the potential that degradation can be reduced
in both cases. Both, Figures 6.4b & 6.4d indicate that the lower state of charge can decrease the
overall degradation of the battery. By comparing the figures, it is apparent that the slope of both
curves is independent from the state of charge. Hence, the state of charge reductions only differ in the
time 𝑡pass that has to pass. In general the more time passes, the more degradation can be potentially
reduced.

The plateau regions for calendar aging create an incentive to discharge the battery at selected states
of charge. All Li-ion batteries that are mentioned in the scope of the work (NMC, NCA & LFP), have the
characteristics of plateau regions for calendar aging (see Figure 3.8 in Section 3.2.5). The example of
NMC based Li-ion cells in Figure 6.4 revealed that shifting the state of charge to a lower plateau can
lead to a lower degradation. The time 𝑡pass until the degradation can be lowered was around twenty
times lower for an favourable state of charge reduction.

The older a battery is, the longer a low state of charge has to last until a degradation reduction takes
place. Due to irreversible chemical reactions, calendar degradation at an early stage of the battery’s
lifetime is higher than at a later stage. Hence, the lower degradation of older batteries lead to a lower
incentive to discharge the battery for obtaining an overall lower degradation.
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6.2. Sensitivity of Vehicle-to-Grid based Ancillary Services
In continuation of the sensitivity analysis based on electric vehicle characteristics, the grid perspective
forms the scope of the following section. Hereby, Section 2.3 already outlined that among others,
peak shaving, active power provision for frequency control, active power ramping as well as reactive
power for voltage control is in the interest of Vehicle-to-Grid research. Hence, all four ancillary service
form the scope of this section’s sensitivity analysis.

6.2.1. Sensitivity of Peak Shaving
While demand response promotes the incentive of adapting the charging power at different times,
Vehicle-to-Grid approaches enhance the vehicle capabilities by peak shaving through discharging the
battery. The previous section emphasised effects on the vehicle, whereas this section reveals the
sensitivity of peak shaving on the distribution level.

The component loading of the distribution network will indicate a measure for limitations. Peak shaving
may not only be a service in the distribution network, but also for upstream or parallel networks,
which are physically connected. This requires to take the transformer into account. Hence, the dis-
tribution network from Chapter 4, which is depicted in Figure 4.1, illustrates the grid under investigation.

Where the transformer in this work is rated to 400 kVA, and the lines are NAYY 4x150 SE with a length
of 50 m. The voltage level at the primary side of the transformer is 10 kV and 400 V at the secondary
side. Furthermore, the load on bus 2 represents the power demand of the distribution network. In
this case it is neglected if the loads are placed on different busses with different physical locations.
Instead, the power demand of the distribution network is measured on the same bus where the electric
vehicles are connected. One electric vehicle is represented by the battery, a DC/DC converter and the
DC/AC converter. The previous sections revealed that an increased charging power lead to a higher
degradation and the activation of the thermal management system. Hence, in this section, 10 kW per
Vehicle is applied and scaled up.

With respect to the research question, the sensitivity will be evaluated primarily. It is apparent, that
the working conditions of all components will determine the results accordingly. Thus, the sensitivity
of peak shaving can be extracted from the network by simulating a variety of working conditions.

As a result, Vehicle-to-Grid based peak shaving can provided in order to satisfy three different
demands of the grid, which are reduction of component loading, increasing the maximum power
provision of the distribution network and providing active power to upstream or parallel networks.

For the identification of these services, Figure 6.5 outlines the transformer and line loading, respec-
tively. In both figures, the x-axis depicts the demand of the load up to an active power of 400 kW.
The y-axis scales up the amount of vehicles, that provide an ancillary service with 10 kW discharging
power each. Based on both loading plots, the identification of the three operation conditions are:

Firstly, peak shaving provides the capability to reduce transformer and line loading. Taking zero
vehicles as reference, along the x-axis the increased demand of the load leads to a loading up to
120 % for the selected transformer. As expected, the same behaviour is observed for the selected line,
but the loading is around two times higher due to the specific line selection. Accordingly, increasing
the number of electric vehicles (compare y-axis) reduces the loading of both components. Shifting
the scope to the diagonal dark blue region reveals the minimum of the network loading. Obviously,
the minimum loading occurs when the demand of the load intersects with the power provided by the
vehicles.

Secondly, peak shaving can increase the maximum rated power capabilities of the distribution network.
It was already highlighted, that without the electric vehicle fleet, the transformer limits the network
power capabilities to 400 kVA. Within the distribution network, the lines limit the power capabilities
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Figure 6.5: Vehicle-to-Grid based active power provision with 11 kW from each electric vehicle.
The x-axis depicts the power demand of the distribution network on the low voltage side of the transformer.
The transformer loading (a) and line loading (b) are a reference for the stress on the example network.

further. Focusing on the transformer as the coupling between distribution grid and the external grid,
electric vehicles have the capability to supply a power demand that would exceed the nominal rating
of the transformer. Hence, beside feeding the load through the upstream network, electric vehicle are
an additional power source.

Thirdly, providing peak shaving services for upstream or parallel networks is physically limited. In both
figures the operation points above the diagonal blue line represent the cases, where the provided
power of the vehicles exceeds the demand of the load. Hereby, the direction of the powerflow is
reversed. Instead of supplying the load from the external grid, the electric vehicles feed power
to the external grid. As both figures show, the upstreaming power flow is physical limited by the
transformer and lines. Hence and similar to the opposite case, the amount of vehicles providing power
to the upstream or parallel networks is limited by the transformer and lines. This rises the issue that
increasing the nominal power rating of each vehicle within a fleet would not be unlimited by the network.

Overall, the integration of electric vehicles for peak shaving in a fleet configuration is mainly limited
by the network capabilities. However, this section outlined, that Vehicle to Grid has the capabilities to
shave peaks beyond the maximum power rating of the network. Additionally, the network loading can
be varied by adapting the number of electric vehicles. For this reason, it has to be noticed that peak
shaving in parallel or upstream networks can stress the network components additionally, leading to
upper powerflow limitations.

6.2.2. Active Power for Frequency Regulation
In order to provide Vehicle-to-Grid based frequency regulation, the vehicle fleet at the distribution level
injects active power to level imbalances at the transmission grid. This section reveals the sensitivity
of active power provision in terms of limitations, efficiency, response type and dispatched energy. A
differentiation between Frequency Containment Reserves (FCRs), Frequency Restoration Reserves
(FRRs) and Replacement Reserves (RRs) will not be made in this section. Instead, the sensitivity of
the response to the demand of frequency regulation will form the scope of this section.

Similar to peak shaving services for parallel or upstream networks, the active power provision to the
transmission system is physically limited. In the previous section, the sensitivity analysis in Figure 6.5
revealed how the transformer and lines affect an upstream power flow. Hence, the maximum power
provision of the electric vehicle fleet on the distribution level subjects to the components of the power
system, too.
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Figure 6.6: Response types.

The response of a single electric vehicle can be measured in terms of active power provision, efficiency
and dispatched energy. To evaluate the active power provision three power curves will be investigated.
Accordingly, the first row of Figure 6.6 shows three power curves under investigation.

The depicted curves have a peak value of 11 kW, but differ in their slope until they reach 11 kW. Power
curve P1 follows a steep slope in the beginning, while type R2 depicts a linear slope and R3 an has a
steep slow in the end. For all three curves, the resulting dispatched energy from the vehicle is shown
along with the efficiency. The power curves not represent the active power demand for frequency
control directly. Instead, the figure shows how different power curves would affect the sensitivity of
both values. The linear power curve (P2) is a reference for a ramp and its sensitivity is given by
power curves P1 and P3. One may note that the common x-axis lists a time frame of 15 minutes to
demonstrate an exemplary service time.

All three power curves intend to reach the same nominal power of the converter, but resulting in
different dispatched energy. By following a linear power curve (P2) towards 11 kW, the dispatched
energy would be less than 1.5 kWh for a time period of 15 minutes. Taking a 50 kWh battery pack as a
reference, less than 3 % of state of charge will be dispatched for providing this service. By demanding
a higher slope in the beginning (P1), one has to withdraw more than 4 % state of charge for the same
period. In contrast, the strong slope in the end of the service provided by P3 requires less energy (<1%).
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By providing an active power curve, which dispatches less energy, the average efficiency declines.
Due to the low efficiency in the low power ranges of the converter, the average efficiency tends to be
higher at the nominal converter power. For comparison, the average efficiency of P1, P2 and P3 are
95 %, 92 % and 75 %, respectively. Overall and because active power is demanded, one can accept
a lower efficiency because the total energy demand is still lower.

Additionally, the active power provision of electric vehicles for frequency control can rely on response
times of a few seconds and balancing market structures are present. In their work, Bilh et al. [4]
analysed that one access point is able to handle 1000 EVs without violating a four seconds latency.
Thus, an aggregator would be able to control the power curves of the whole fleet. With respect to
present market structures, Section 6.3.3 will recap frequency control from an economical point of view.

6.2.3. Active Power Ramping
The weather depend power output of solar and wind based power plants result in a demand for active
power ramping to compensate those fluctuations. Here, electric vehicle may form one opportunity
to support the grid by providing either a flexible power output or input. On the one hand, if the
power output increases, but the power demand of the grid is unchanged those fluctuations can be
compensated through flexible charging the vehicle. On the other hand, if the output declines and the
demand cannot be met, discharging is a further opportunity for compensation. The same principle
applies to a constant power output and a changing power demand. In the focus of this work, the active
power ramping demand of renewable energies will be considered. One may note, that active power
ramping subjects to the same physics as presented in the balancing market. However, compared to
the balancing market, an aggregator can already schedule electric vehicles in their portfolio beforehand
in order to avoid activating balancing market mechanism later on.

In order to evaluate the sensitivity of the demand for active power ramping, the power output changes
of different renewable energy sources can be considered. As an example, the Transmission System
Operator TenneT determines the forecast for the expected output of renewable energies in the Dutch
region. The intraday forecast data [25] for 2020 will be used. Figure 6.7 shows the sorted generation
changes per 15 minutes along with their occurrence during the year in %. The three bar plots below the
top figure depict the share of positive and negative generation changes. Note that instead of focusing
on the demand, reasons for the power output change, which are not based on weather changes
(like maintenance etc.), only the generation changes are important for this analysis. Furthermore,
the actual generation is not important, because only the ramping rates are in the scope of this active
power ramping approach.

How many electric vehicles are necessary to compensate the ramping rates of electric vehicles
depends on the installed capacity. In the Netherlands, the installed capacity of solar, wind onshore and
offshore were 5710 MW, 3973 MW and 1709 MW, respectively (2020) [25]. Hence, the total share on
the total installed capacity was 29.11 % (total grand capacity: 39132 MW) [25]. Beyond the depicted
range of the figure, the highest variation of ramping rates vary between 1190.0 MW and -584.0 MW
per 15 minutes. Those fluctuations are present for onshore windpowerplants. To compensate both
peak values, 119 thousand and around 59 thousand vehicles with a (dis)charging power of 10 kW
would be required for compensating the active power ramping of those fluctuations.

As expected, no constant power outputs of renewable energy sources are present, but the share of
a constant power output per year and energy source varies. It is obvious, that no generation output
for several hours per year are present due to weather and geographical conditions. For instance,
the night time leads to no generation for solar based power plants. Hence the power output ist
constantly zero, resulting in the highest share of no ramping rates. Nevertheless, the positive ramping
rates in the Netherlands for solar, wind onshore and offshore were 26.94 %, 48.56 % and 43.75 %,
respectively. The deviations between the share of either positive or negative ramping rates vary
from 0.3 % for wind offshore to around 2 % for solar. On the one hand, onshore windpower plants
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show the highest share of ramping rates beside 0 MW per 15 minutes. On the other hand, solar
require more vehicles to cover the same share per year. Ten thousand vehicles with each 10 kW of
provided power would be able to compensate 80 % of the ramping rates. With the same amount of ve-
hicles, one can compensate the fluctuations of onshore and offshore windpowerplants by around 98 %.

Regardless if compensating the ramping rates is needed, it is important to consider if the ramping
can be provided decentralised. In example, translating the above results into terms of grid capacity,
a simplified approach is to replace the number of vehicles into the number of transformer available.
As an example, by assuming 400 kVA per transformer at the distribution level, it is required to have
250 transformer available, if the ramping rates should be compensated either in parallel or upstream
networks. However, if the ramping rates can be compensated decentralised on the same network
level, transformer limits may not be relevant (see Section 2.1).

For further analysis, the absolute values will be replaced by relative numbers. Putting those values
into units of MW for each installed capacity of energy source, the share of renewable energies
can be neglected. Instead, the weather dependency for the Dutch region becomes more apparent.
Furthermore, the impact of physical distance between the electric vehicle and renewable energy
source declines. The reason for that is, that transformer limits do not have to be assumed for further
interpretations. Figure 6.8 highlights the ramping rates for each MW of installed capacity along with
the amount of vehicles per MW of installed capacity to meet those fluctuations.

Taking approximately the same range into account to compensate around 80 % of solar based
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Figure 6.7: Active power ramping of renewable energies in the Netherlands.
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Figure 6.8: Active power ramping per MW of installed capacity.

ramping rates and 98 % of windpowerplant based ramping rates, two electric vehicles per MW of
installed capacity would be necessary. As the figure depicts, the generation changes per MW of
installed capacity require for the above mentioned range around 20 kW per 15 minutes per installed
capacity. Hence, this case requires two electric vehicles with an active power provision of 10 kW
each. In example, a windpark in the Netherlands with an installed capacity of 20 MW, who intends to
be able to compensate 98 % of the 15 minute rampings would require 40 electric vehicles. Besides,
the maximum amount of vehicles, which is beyond the scope of this figure, presents the demand of
more than 31 vehicles per MW of installed capacity. This case occurs for positive ramping demand of
offshore windpowerplants.

6.2.4. Reactive Power for Voltage Regulation
Beside active power injection, the provision of reactive power is a further electric vehicle based
ancillary services. In Chapter 2, the concept of reactive power provision to control the voltage level
was explained. An increased share of electric vehicles rises issues in terms of energy losses, voltage
deviations, and transformer overloading [99]. This case focuses on an increased energy demand at
the distribution level that causes a voltage drop across the lines.

Bidirectional charging capabilities with reactive power provision enable to operate the electric vehicle
in four control modes. To provide insights how the adaption of reactive and power set points determine
those modes, Figure 6.9 depicts the 4-quadrant operating scheme.

Both figures declare active power P on the x axis, where a positive value corresponds to the charging
process, while negative values imply discharging. Furthermore, positive reactive power values on
the y axis result in providing capacitive reactive power and positive values express inductive reactive
power. As illustrated in (a), a fixed cos(𝜙) of 0.9 is applied, while (b) shows an adaption of the reactive
power from −𝑄ref or 𝑄ref to 𝑄∗. By providing reactive power, the active power may have to be reduced
in order to consider the maximum apparent power of the converter.

Based on the four operational modes, the grid operator can rely on different control modes in order to
guarantee voltage stability. In the scope of this work six configurations are investigated:

1. Uncontrolled power demand of 11 kW on each bus as a reference for uncoordinated charging.

2. Controlled power demand by active power reduction to 8.8 kW on each bus.

3. Controlled power demand by active power reduction to 8.8 kW and cos(𝜙)=0.95 on each bus
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Figure 6.9: 4-Quadrant EV converter operating scheme while charging for (a) constant power factor concept, and
(b) proposed voltage enhanced support with dynamic power factor [46].

4. Controlled power demand by active power reduction to 10.45 kW and cos(𝜙)=0.95 on each
bus

5. Uncontrolled power demand of 11 kW on each bus, except the last vehicle, which provides
-10.45 kW and cos(𝜙)=0.95 (V2G)

6. Uncontrolled power demand of 11 kW on each bus, except the last vehicle, which provides
-11 kW and cos(𝜙)=1 (V2G)

For validating these concepts, the distribution grid with the radial topology from Chapter 4 is taken as
a reference. The same transformer and line characteristics from the previous section are selected.
Figure 4.2 of Chapter 4 visualises the line topology. The multiple bus network for the simulation
consists of 20 busse with a line length of 50 meter to each other.

By applying a load flow analysis, the resulting bus voltages and component loadings can be extracted
and compared. The outcome of all six configurations are summarised in Figure 6.10 and Table 6.1. With
respect to voltage control as the main incentive, the first focus lays down on the voltage drop across
the lines in Figure 6.10. It has to be mentioned that the reference bus is set higher than the nominal
voltage, because of the expected voltage drop. The figure marks the voltage threshold of ±10% in grey.

Uncontrolled charging with 11 kW at each bus results in a voltage drop that falls below the minimum
voltage threshold. As mentioned at the beginning of this section, increasing the share of electric
vehicles at the distribution level rises concerns regarding voltage deviations. Configuration 1 as the
only completely uncontrolled stresses the network, whereby the busvoltages after Bus 13 are too low.
Hence, mitigating the impact of electric vehicles on the distribution level emphasises the need for
controlled charging.

Reducing either active power or providing reactive power together with an active power reduction
maintain the voltage levels. Both, Configuration 2 & 3 reduce the active power demand, leading to a
decreased current flow and therefore to a lower voltage drop. Hence, by adapting the charging power
of all vehicles, the voltage level can already be satisfied, without andy bidirectional charging capabil-
ities. If those power demands are controllable in terms of reactive power provision, Configuration 3
shows how the voltage level can be shifted closer to the nominal voltage.

By providing reactive power at each bus, it is possible to increase the charging power on each bus
without falling below the voltage threshold. Configuration 2 demonstrated how a reduction of the active
power as one option of the grid operator improves the voltage quality. However, taking Configuration
3 into account, one can see how reactive power facilitates to increase the charging power to 10.45
without exceeding the voltage limit. In this case 5 % of the nominal converter power has to be reduced



60 6. Sensitivity Analysis of Vehicle-to-Grid

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Bus Number

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

Vo
lta

ge
 (p

.u
.)

Voltage Drop Across the Distribution Grid (Line Topology)
Configuration 1
Configuration 2
Configuration 3
Configuration 4
Configuration 5
Configuration 6
Voltage Threshold

Figure 6.10: Resulting voltage drop across the grid nodes.

instead of 20 % as Configuration 2 demonstrated.

In an overloaded situation with uncontrolled charging vehicles or loads, enabling Vehicle-to-Grid can
maintain voltage stability as well. For this purpose, Configuration 5 represents the case, where 19
uncontrolled loads or vehicles with each 11 kW are present at those busses. However, Bus 20 injects
active power of 11 kW in order to meet the voltage level. Based on the figure, the services of the single
vehicle has approximately the same impact as reducing the power consumption at all busses with and
without reactive power (Configuration 2 & 4).

Vehicle-to-Grid services with reactive and active power provision can reduce voltage deviations.
Based on the example Configuration 6, rather than injecting the maximum active power it is feasible to
inject reactive power as well. By comparing both Vehicle-to-Grid approaches (5 & 6), one can argue
that the effects on the voltage deviations are approximately equal. Thereby, reactive power injection
in combination with bidirectional charging capabilities can reduce the impact of an uncontrolled vehicle
fleet.

Shifting the focus from the voltage level to the components, the transformer loading can be an indicator
to evaluate the stress on the network for all configurations. The transformer loading and configuration
are depicted in Table 6.1.

As all configuration indicate, the transformer loading is due to the sizing of the network not crucial

Table 6.1: Summary of the configurations together with the resulting transformer loading.

Configuration V2G Pconv (kW) cos(𝜙) Pconv, n (kW) cos(𝜙)n Transformer Loading (%)
1 7 11.00 1 11.00 1 28.16
2 7 8.80 1 8.80 1 21.90
3 7 8.80 0.95 8.80 0.95 22.76
4 7 10.45 0.95 10.45 0.95 27.51
5 3 11.00 1 -10.45 0.95 24.90
6 3 11.00 1 -11.00 1 24.82
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in this case. However, one can see that uncontrolled charging has the maximum stress on the
transformer. Just reducing the active power demand at all busses reduces the loading by over 6 %.
Even if the voltage level for Configuration 4 does not exceed the threshold, the transformer loading
can only be reduced by less than 1 %.

Derived from these results, the grid operator has a variety of opportunities to avoid voltage imbalances.
Except a full uncontrolled and uncoordinated charging configuration, all five configuration meet the
voltage level at all busses. For the selection of a suitable operation, it is important to consider the
control opportunities at all busses. However, one can argue that even if all vehicles are uncontrollable,
Vehicle-to-Grid services at the end of line are possible to reduce voltage deviations.
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6.3. Sensitivity of Vehicle-to-Grid based Costs & Market Potentials
The main interest of the thesis is to identify the sensitivity of bidirectional charging capabilities for
Vehicle-to-Grid based ancillary services against vehicle characteristics. While vehicle characteristics
not only rely on technical capabilities, the sensitivity of financial aspects enhances the scope of Vehicle-
to-Grid services. As the introduction outlined, instead of a use case driven approach, the applied
methodology in this thesis intends to reveal favourable and avoidable conditions. Hence, this section
summarises the sensitivity of degradation costs and discharging costs. As a reference, the costs will
be measured against the dutch energy market in order show how the sensitivity affects the market
potential.

6.3.1. Sensitivity of Electric Vehicle Battery Replacement Cost & Degradation
Pricing the value of the battery pack of the electric vehicle itself is a measure for the degradation costs.
In the previous sections, battery degradation was measured in percentage loss of capacity. Hence,
one can map the gradual degradation to the costs for the battery owner.

Before determining a price for the battery pack, it is crucial to outline how these prices differ. Fig-
ure 6.11 shows the price of a battery pack per kWh of capacity from 2018 and projected to 2030.
Lutsey et al. [51] rely their prices on technical studies and automaker statements. All prices are noted
in $ per kWh of capacity.
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Figure 6.11: Electric vehicle battery pack costs from technical studies and automaker statements [51].

The depicted studies expect that from 2018 to 2030 the prices per kWh decline. While for 2018, the
battery pack costs vary between 150 $/kWh and 300 $/kWh, all studies expect that the price fall to
150 $/kWh and below within the next years. For 2030, Berckmans et al. expect that for silicon based
Li-ion cells, one obtains prices of around 50 $/kWh and around 80 $/kWh for graphite based Li-ion cells.

In order to determine the battery degradation costs, the conditions, where a battery has to be replaced
are crucial. As it was already outlined, by convenience the end of life conditions are achieved, when
the battery capacity reaches 80 % of the initial capacity. Again it has to be noticed that those conditions
are not undisputed (see Section 3.2.5). However, in the scope of this work a state of health of 80 %
will be applied as the replacement condition, too.

For determining the price of degradation, one can price the gradual loss, which is induced by additional
cycling. Reducing the capacity from the initial state of health to the end of life conditions results in a
range for degradation. With a SoHinit of 100 % and SoHrepl of 80 %, 20 % degradation can be excepted
before the replacement takes place. Here, driving pattern and user behaviour determine the share of
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calendar aging and cycling induced losses that affect the degradation.

The degradation costs of the battery not only determine the discharging costs completely, but also
the replacement fee are proportionate costs. For a representation of the full replacement costs,
Equation 6.3.1 depicts both costs.

Degradation Costs = 𝑄cycleloss ⋅ 𝐶batt
SoHinit − SoHrepl⏝⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⏝
Cycling Induced Costs

+𝜆 ⋅ Replacement Fee (6.3.1)

The cycling induced costs expresses the gradual costs of loss in relation to the minimum state of
health, as it was explained in the previous paragraph. Additionally, the replacement conditions for
each battery may be reached at an earlier or later stage depending on the Vehicle-to-Grid discharging
strategy. Hence, λ determines the responsible share of Vehicle-to-Grid on the replacement fee. In this
work, it is argued that both, replacement fee and λ depend on the vehicle and user behaviour. Thus,
the sensitivity analysis focuses on the cycling induced costs.

Discharging based degradation costs are sensitive against temperature and C-rate. Figure 6.12 shows
the sensitivity for a 150 € battery pack considering only degradation. The degradation costs are de-
picted in € per kWh of dispatched energy. In a higher resolution, Figure 6.13 shows the same plot for
two selected temperature ranges.
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Figure 6.12: Vehicle degradation costs based on 150 € per kWh of capacity.

Prices for the degradation costs can be lower than 0.01 €/kWh or exceed 0.10 €/kWh depending on
the operation conditions. As the figure shows, the temperature dependency leads to concave shape
with a minimum around 25 °C for all C-rates. Deviations from ideal cell temperatures can increase the
costs ten times. High C-rates at low temperatures exceed 0.10 €/kWh, whereas all C-rates below 1-C
induces costs less than 0.07 €/kWh. Optimal cell conditions and a C-rate of 0.5-C fall below prices of
0.01 €/kWh.
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Figure 6.13: Discharging costs considering only degradation for a selected temperature range.

Applying a discharging strategy that intends to reduce battery degradation can lead to positive financial
benefit of discharging. Section 6.1.3 revealed that high states of charge offer the opportunity to reduce
degradation through discharging. This approach emphasised that high states of charge lead to a
higher calendar aging and discharging allows lowering calendar aging. The reduced state of charge
as the new operation condition of the battery has to last long enough until the degradation declines.
Generally, idle times of the vehicle provide the opportunity to meet those temporal conditions. Hence,
discharging can reduce the total degradation leading to no additional costs and a financial benefit
through the lifetime expansion of the battery can be expected.

Lastly, calendar aging as an unavoidable degradation process neither has a benefit for the user nor
offers the opportunity to generate a financial income. As calendar aging is a process of time, the
gradual decline of degradation takes place without any usage of the vehicle, leading to a loss of
opportunity for using the battery in any applications. Hence, if the vehicle’s battery is completely
unused, degradation still takes place. With the focus on opportunity costs one can obtain a financial
benefit by discharging the battery, but not if capacity fade through calendar aging takes place.

6.3.2. Sensitivity of Discharging Costs
Beside the degradation of the battery itself, the charged energy determines the minimum price for
the dispatchable energy. As a first assessment, the levelized cost of energy for renewable energy
sources will be taken into account. The next section covers market prices that includes day-ahead
markets, negative prices and income through ancillary services. Meanwhile, this section focuses on
the levelized costs in order to cover cases where market participation is not necessarily the primary
intention (i.e Vehicle-to-Home).

The decarbonisation of the transport sector relies on charging energy from renewable sources,
like hydropower, solar, wind and bioenergy. Figure 6.14 depicts the price development of those
technologies from 2000 to 2019. The prices are based on the 2019 $ and taken from the International
Renewable Energy Agency [35].

The levelized cost of energy for hydropower, solar, wind and bioenergy falls worldwide below
0.15 $/kWh. As the figure shows, hydropower represents the lowest levelized cost of energy for all
renewable sources in 2019. One may see that the levelized costs of energy for hydropower and
bioenergy are compared to the other sources relatively constant over the last decade. Besides,
onshore windenergy as well as photovoltaic decline constantly over the last years. It is noticeable, that
within the last decade the levelized cost of energy for photovoltaic can be reduced more than seven
times. Offshore wind energy experienced an incline of costs after 2006, but constantly declines since



6.3. Sensitivity of Vehicle-to-Grid based Costs & Market Potentials 65

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

0.05

0.10

0.15

0.20

0.25

0.30

0.35

$/
kW

h 
(2

01
9)

Levelized Cost of Energy by Technology
Hydropower
Solar PV
Onshore wind
Bioenergy
Offshore wind

Figure 6.14: Worldwide levelized cost of energy for different renewable energy sources [35].

2014, whereby it reaches the same value as before.

Beside the levelized cost of energy, which are relevant renewable energy source owners, the European
electricity prices for households have to be taken into account as well. The domestic prices per kWh
vary between 0.0396 €/kWh and 0.3006 €/kWh including tax and levies within the European Union
according to the European Statistical Office [60]. They list that the highest costs in the European
Union are present in Germany (0.3006 €/kWh), Denmark (0.2819 €/kWh) and Belgium (0.2702 €/kWh).

In order to demonstrate how the energy price and Vehicle-to-Grid design affect the price sensitivity,
two cases are listed. Firstly, one case relies on a high efficient converter (98 %) with 11 kW and
charging costs of 0.1 €/kWh under ideal cell conditions. Secondly, a converter with a higher nominal
power of 50 kW will be applied, which has a nominal efficiency of 78 %. Additionally, the second case
subjects to charging costs of 0.3 €/kWh and a cell temperature of 5°C. Figures 6.15 & 6.16 summarise
the results of both cases for different charging discharging power. Both cases rely on the same type
of battery as well as a nominal battery capacity of 50 kWh.

The first case demonstrates conditions for Vehicle-to-Grid that can leading to total discharging costs
between 0.12 €/kWh to 0.21 €/kWh. Figure 6.15 illustrates that if both, charging and discharging takes
place at charging power values closer to the nominal power, one can achieve the lowest discharging
costs. Compared to the initial charging prices, additional 0.02 €/kWh would have to compensate
degradation and energy losses. Hence, an increase of 20 % takes place. Meanwhile, if one applies
a lower charging or discharging power, the prices rise up to 0.22 €/kWh. For instance, if the vehicle
charges with 1 kW and discharges with the same value, discharging costs of 0.15-0.16 €/kWh are
present. Especially low power values can occur if one designs Vehicle-to-Home applications for
domestic loads, which can be below 1 kW. Hence, not only in terms of efficiency, but also in terms of
costs, this has to be considered for Vehicle-to-Home system designing.

Shifting the scope to a costly design that does not rely on optimal conditions for Vehicle-to-Grid, the
discharging costs can exceed 15 €/kWh. As it was seen, especially a low power range tend to increase
the price due to the lower efficiency. In Figure 6.16, Case B depicts charging and discharging power
values up to 50 kW. The lowest price under the described conditions is 0.64 €/kWh, which occurs
at a charging and discharging power of around 34 kW. These costs are more than five times higher
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than the lowest costs, which occurs in the first case. However, the lowest price are not present at the
maximum power of the converter, because of the resistive losses. Besides, one has to consider that
charging and discharging can enable the thermal management, which is not considered in the scope
of this work. However, it is advised that if one applies higher charging power values (i.e. for 50 kW)
the thermal management should not be neglected, which can decline the efficiency leading to higher
energy costs. Furthermore, by comparing the low power areas (1 kW), one can determine discharging
costs of more than 15 €/kWh. Hence, the discharging prices is sensitive against the converter design
and charging prices.

Taking the charging price sensitivity into account, a higher battery pack price per kWh has only a minor
effect on the discharging costs for Case A. By increasing the price from 150 $/kWh to 250 $/kWh,
1 kWh of discharged energy is only increased by less than 0.01 € for the optimal condition. Compared
to that, the optimal conditions for Case B rises to around 0.08 € per kWh for the same battery price
increase. The reason for the minor impact of degradation on the discharging costs subjects to the
favourable cell conditions and low C-rates for Case A.

6.3.3. Dutch Day-ahead Market Prices
The sensitivity analysis of costs revealed that discharging costs are crucial for determining the financial
value of Vehicle-to-Grid. In order to obtain an indicator for the sensitivity of costs, one can apply the
Dutch day-ahead market as a reference. Against the approach of this work, which intends to avoid use
cases in order to reduce uncertainties, the following and next sections only act as an example. This
allows to map the sensitivity of costs against the market potential in terms of participation opportunities.
Thus, it is not intended to solve the question how economical the participation could be.

The day-ahead market provides the opportunity to rely the charging strategy on flexible electricity
prices. The electricity prices for Dutch households in the second half of 2020 was 0.1361 €/kWh on
average including tax and levies [60]. Without tax and levies, the price per kWh of electricity was
0.1124 €/kWh. To compare these prices to the day-ahead market, Figure 6.17a shows the price
distribution of the day-ahead market for 2020.

Translating the domestic electricity prices into units of MWh, one can see that the day-ahead market
falls below 112.40 €/MWh more than 99 % of the time per year. One has to notice that the day-ahead
market prices do not cover the grid fees that the households have to pay. However, the flexible prices
lead to possible bidding strategies for ev aggregators [30].
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Figure 6.18: Seasonal changes in the Dutch day-ahead market for 2020.

While charging primarily gives preference to negative and low prices, discharging aims high electricity
prices. Apparently, both conditions occur during the year with a maximum of 200.04 €/MWh and
minimum of -79.19 €/MWh leading to a price spread of almost 280 €/MWh. Nevertheless, around
80 % of the year, the prices vary between 15 €/MWh and 50 €/MWh. Thus, it is import how likely it is
that the price changes within a certain time period. This implies if one can apply a flexible charging
and/or discharging strategy.

The longer the timer period under investigation lasts, the more opportunities to identify a higher price
spread within the period exist. Figure 6.17b emphasises five different time periods, that begin with
two hours and end with two days. Focusing first on the two hour time interval, for around 80 % of the
time within the year one can expect price changes of less than 6 €/MWh. However, if the time period
is enhanced to six hours, one exceeds the price spread of 6 €/MWh already in more than 80 % of the
time. It has to be noticed, that for all time periods, it not necessarily implies that the highest spread
occurs directly between the beginning and end of the time period. By increasing the time period further
to 48 hours, one can expect price changes up to 176.03 €/MWh. Throughout the whole year, the
maximum price spread within 48hours is always at least 12.61 €/MWh.

To identify if specific times of the year are likely to be linked to a specific market price or a widely price
spread, a price distribution per time of the day can be used. Hence, in Figure 6.18a, one can extract
the day-ahead market prices for 2020 based on the time of the day. Based on the data, the average
price for 2020 was 32.23 €/MWh. The maximum deviation from this average value is the average
price of over 40 €/MWh at 8 PM. At the same time the highest peaks occur, which maximum was
already determined as 200.04 €/MWh. Negative electricity prices occur mainly in the morning and after-
noon. Generally, the price spread between 10 PM and 6 AM are more narrow compared to the daytime.

Shifting the scope from the day to seasonal price spreads, the monthly deviations act as a reference.
Along with Figure 6.18b, one can see that rather than having seasonal effects, monthly deviations
are present. These price deviations depend on various factors, like weather conditions, holidays etc.
Hence, in the scope of this work, it is argued that one cannot derive a general causality for this effect.
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6.3.4. Dutch Balancing Market Prices
The balancing market is in the interest of Vehicle-to-Grid research, due to higher prices per MWh. To
recap from Chapter 2, one differentiates between upward and downward regulation. On the one hand,
upward regulation intends providing power to the grid. This can either be realised through injecting
active power or by reducing the active power demand. On the other hand, downward regulation forms
the opposite case. Hence, one either reduces the power injection or increases the power demand.
With respect to Vehicle-to-Grid, the focus of this work will rely on upward regulation. Downward
regulation would be possible, if the vehicle already injects active power into the grid and reduces its
output. However, by applying upward regulation, the vehicle is able to inject power as soon as one
demands frequency control without those preconditions.

The prices for Frequency Containment Reserves and Frequency Restoration Reserves differ in terms
of magnitudes and occurrences of prices above 0 €/MWh. For assessment, Figure 6.19 depicts prices
for Frequency Containment Reserves (FCR) and Frequency Restoration Reserves (aFRR & mFRR)
against the number of occurrences within a year. The selected time under investigation includes the
period from 21.04.2020 till 20.04.2021.

0 20 40 60 80 100
Time per Year (%)

0

200

400

600

800

1000

Pr
ice

 (
/M

W
h)

Dutch Balancing Market Prices (Upward Regulation)
FCR - Up
aFRR - Up
mFRR - Up

Figure 6.19: Dutch balancing market prices (upward regulation).

As it can be clearly seen, the highest prices for frequency control are present for Frequency Restoration
Reserves. Prices up to 999 € are reached within the time period, which is almost five times higher than
the highest day-ahead market price. Nevertheless, by evaluating the time per year, where the prices
are positive, more than 54 % of the time prices for Frequency Restoration Reserves are 0 €/MWh.
It has to be noticed that occurrences of prices above 0 €/MWh for automatic activated reserve and
manually activated reserve only differ by less than 0.5 %.

The highest price for Frequency Containment Reserves are less than the maximum prices for
Frequency Restoration Reserves, but prices above 0 € occur more often. One receives prices above
2.50 €/MWh for around 99 % of the time by providing Frequency Containment Reserves. For less
than 6 % of the time per year, prices exceed 50 €/MWh in 2020-2021. Meanwhile, only for 27 % of the
time the Frequency Containment Reserves are smaller than those for frequency Restoration reserves.
However, the periods, where former prices are higher, never exceed 37 €/MWh

Compared to the day-ahead market, where the time per day show different price spreads, Frequency
Restoration Reserves show not the same behaviour. Following the same approach as for the
day-ahead market, an identification of prices, which can be mapped to a specific hour was conducted.
However, the boxplot show no tendency, which can be extracted for further conclusions.
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Both, prices for Frequency Containment Reserves and Frequency Restoration Reserves in upward
regulation for the depicted time period were positive. Generally, it has to be noticed that negative
prices not only in the day-ahead market exist, but also in the balancing market. During the depicted
range negative prices only occurred for downward regulation. In this case, instead of receiving money
from the Transmission System Operator, the Balancing Responsible Parties have to pay [10].

6.3.5. Sensitivity of the Market Potentials in the Dutch Energy Market
The sensitivity and changes of both, the vehicle’s costs and the market prices have been analysed
separately. By combining the results, one can outline how these sensitivities affect the market
potentials of Vehicle-to-Grid. As it was seen for the Dutch energy market, an aggregator can rely on
flexible prices by participating in the day-ahead or balancing markets . Hence, both markets form the
scope of this section.

Because the market participation subjects to uncertainties like driving pattern, the market potential

0.01 /kWh
0.10 /kWh

Charging Price: 0.30 /kWh
50 $/kWh

100 $/kWh
Battery Price:    200 $/kWh

25°C
15°C

Cell Temperature:         5°C

Converter Efficiency 98 %

0.01 /kWh
0.10 /kWh

Charging Price: 0.30 /kWh
50 $/kWh

100 $/kWh
Battery Price:    200 $/kWh

25°C
15°C

Cell Temperature:         5°C

Converter Efficiency 78 %

0
20
40
60
80

100

Po
te

nt
ia

l (
%

) Day-ahead Market Prices

0
20
40
60
80

100

Po
te

nt
ia

l (
%

) FCR Prices (Upward Regulation)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Price ( /MWh)

0
20
40
60
80

100

Po
te

nt
ia

l (
%

) aFRR Prices (Upward Regulation)

Sensitivity of the Market Participation Potential of V2G
Against Converter Type, Cell Temperature, Charging Price and Battery Price 

 (Consider Reference Case)

Figure 6.20: Sensitivity of the market participation potential of Vehicle-to-Grid.
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Figure 6.21: Sensitivity of the market participation potential of Vehicle-to-Grid (selected range).

will be measured as the maximum possible participation time per year. In this work, this participation
time is defined as the time, where the costs (excluding fees and taxes), are lower than the prices,
which one obtains in the market. As it is stated, the maximum participation time cannot be reached
if the driving pattern does not match to the hours, which are economical. However, the participation
time can indicate how both sensitives lead to different market potentials for Vehicle-to-Grid. For this
purpose, Figure 6.20 summarises the most relevant sensitives, which were identified in the previous
chapters. In Figure 6.21 a closer frame of Figure 6.20 is represented.

The main objective of the figure is to map the sensitivities of costs to the sensitivities of financial
income. Because all five plots are aligned vertically to each other, one can compare all prices against
each other. The two upper plots show the sensitivity of different Vehicle-to-Grid cases and their costs.
The three last plots show the prices for the day-ahead market, Frequency Containment Reserves,
Frequency Restoration Reserves respectively. For each Vehicle-to-Grid case, one can determine
how often (in percentage of the year) prices exceed those costs. As an example, taking the first bar
into account, a converter efficiency 98 % and cell temperature of 5 °C lead to a price of almost 60 €
per MWh. By vertically mapping this costs to both markets, one can see that all markets have prices
that exceed those costs in less than 20 % of the time per year. For comparison, by adapting the cell
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temperature to ideal conditions (in this case 25 °C), the costs fall below 20 €/MWh. Hence, the market
potential increases to over 80 % for the day-ahead market, almost 60 % for Frequency Containment
Reserves and to over 40 % for the Frequency Restoration Reserve services. Note that the maximum
potential for latter in 2020 was around 46 % due to the amount of hours with 0 €/MWh.

Before analysing the figure completely, one has to understand that only one parameter will be changed
for each case. All parameter are taken from the reference case, which is defined in Table 6.2. The
degradation of a full cycle is considered. This reference case should cover favourable conditions,
such as ideal cell temperatures and low charging prices. By adapting one parameter, the sensitivity of
this parameter will result in a different market potential.

Table 6.2: Summary of the reference case.

Parameter Values
Battery Size 50 kWh

Cell Temperature 25 °C
Battery Price 100 $/kWh
Charging Price 0.01 €/kWh
Converter Power 11 kW

Shifting the scope back to the figures, the sensitivity of cell temperature, battery price, charging price
and converter efficiency will be analysed. Here, two different converter for each sub-barplot differ
in terms of nominal efficiency. All parameter on the y-axis are analysed for both converter. This
approach allows to evaluate how a lower converter efficiency affects the whole case, because the
lower efficiency draws more power from the battery to provide the same service.

Firstly, the participation potentials on all markets are highly sensitive against the charging price.
The depicted charging prices vary from one euro cent to 30 euro cent per kWh. To recap, the
worldwide leveled cost of electricity for renewable energy in 2019 varied between four and twelve
cent per kWh (compare Figure 6.14). Prices of 30 cent per kWh can occur at public charging
stations. However, if those prices are used for charging, the potential to participate in the day-ahead
market and balancing market for Frequency Containment Reserves declines to 0 %. Only the
balancing market for Frequency Restoration Reserves is able to compensate these costs for around
2% of the time per year by using a high efficient converter. Using a converter with an efficiency
of 78 %, one obtains only at 0.3 % of the time higher prices. In contrast to that, if the charging
process relies on a charging price of one cent per kWh, it is possible to reach for almost 90 % of the
time a price, which exceeds the costs (day-aheadmarket). Again, these prices are without fees and tax.

Secondly, the cell temperature’s impact on the battery degradation increases the costs for bidirectional
charging capabilities. As all three cell temperatures outline, deviations from the ideal cell temperature
of around 25 °C lead to increased costs per kWh. Hence, the participation potential for all markets
varies with the cell temperature as well. In example, operating the vehicle at 25 °C results in a
maximum potential of almost 90 % and 45 % for the day-ahead market and the (aFRR) balancing
market, respectively. Hereby, one may note that a share of 46 % of the year are identified as the
maximum possible participation time for providing Frequency Restoration Reserve services. Lower
cell temperatures are beneficial to reduce calendar aging, but during charging and discharging higher
cycling induced capacity losses are present. Hence, for a cell temperate of 5 °C, the potential for both
markets decline to less than 5 % and to around 10 %, respectively.

Thirdly, compared to the previous parameter, the battery price has the lowest impact on the Vehicle-to-
Grid sensitivity in terms of costs for favourable conditions. In favourable conditions, the degradation was
identified as low compared to other conditions, like high charging rates at lower or higher temperatures.
Hence, operating the vehicle in favourable conditions is crucial to avoid a high sensitivity of the battery
costs. Nevertheless, the battery price per kWh has noticeable sensitivity and becomes important for
lower temperatures. As expected, lower battery prices reduces the total costs for Vehicle-to-Grid. In



6.3. Sensitivity of Vehicle-to-Grid based Costs & Market Potentials 73

terms of market potential, by reducing the price from 100 $/kWh to 50 $/kWh, one reaches a potential
of 92 % for the day-ahead market and almost the full potential of 46 % for the (aFRR) balancing market.

Fourthly, a lower converter efficiency increases both, the stress on the battery as well as the energy
demand to compensate the losses. By accepting a lower efficiency, which can occur for production cost
reduction, more energy is drawn from the battery. The increased energy demand, which compensates
the losses, result in more energy that has to be paid. Even if 0.01 €/kWh are determined as the charging
price, one has reduces the potential from almost 90 % to 75 % in the day-ahead market. Similar to that,
the lower efficiency results in a potential reduction from around 44 % to around 37 % for Frequency
Restoration Reserve services.





7
Evaluation & Discussion

Before drawing a conclusion as well as answering the research question, this chapter conducts a
reflection of the work. Both, the applied methodology and the model are discussed. Hereby, the
methodology is evaluated based on the limitations and strength for solving the research question.
Furthermore, a critical reflection on the model forms the second part of this chapter.

7.1. Evaluation of the Methodology
The methodology of this work relies on the approach to reduce the impact of all uncertainties which
are beyond physical limitations. By analysing the physical sensitivity primarily, it is intended to extract
favourable and avoidable conditions of Vehicle-to-Grid. Within this section, resulting limitations and
strength of this methodology are revealed.

On the one hand, limitations are the simplified economic analysis as a measure for the sensitivity
and the primary focus on the component layer. Firstly, to measure the sensitivity of Vehicle-to-Grid,
an indicator was necessary to define. Thus, a monetary value can be applied in order to reveal the
potential of Vehicle-to-Grid in the Dutch balancing and day-ahead market. However, the costs and
revenues are not comprehensive, because aspects like penetration, fees and levies are not covered.
Secondly, even if the results lead to the opportunity to demonstrate how sensitive Vehicle-to-Grid is,
it is not possible to answer how profitable it is in general. This relies on the focus made in this work,
which intends to solve the technical sensitivity. Even if the research question does not define to solve
this issue, a general statement would help for the rollout of this technology. However, based on the
work conducted, it is likely that a general statement regarding the profitability of Vehicle-to-Grid would
not cover the full complexity of the topic.

On the other hand, circumventing the usage of specific use cases broadens the view on Vehicle-to-Grid
use cases in general. As stated, one can not simply answer if Vehicle-to-Grid is applicable for all
electric vehicle users, because it subjects to their use case. This leads to the advantage of this work,
which intends to identify favourable and avoidable conditions regardless of use cases. Hence, instead
of assuming use case related dependencies beforehand and interpreting the results afterwards,
one can avoid certain conditions based on this work. For instance, this methodology revealed that
assuming a charging prices is highly sensitive for the amount of times, where a participation in the
day-ahead market or balancing market is possible. Additionally, without relying the work on specific
or general use cases, Vehicle-to-Grid niche use cases are not excluded. Those niche use cases can
occur in changing conditions due to the energy transition, the development of autonomous driving and
different market penetrations.
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Overall, the methodology primarily focuses on the technology itself leading to the outlined decisive
advantages. With respect to the conclusion in the next chapter, the methodology can be applied on all
different layers as well. Thus, by merging the sensitivity analysis of the user behaviour layer, business
layer and regulation layer, it is possible to identify a suitable use case or business model.

7.2. Evaluation of the Model
The model in this work represents the electric vehicle’s battery, the electric vehicle supply equipment
and two grid topologies. Hereby, the evaluations will cover each part separately.

The battery model in this work is mainly driven by the aspect that Vehicle-to-Grid approaches have to
consider degradation as a factor of cost. Hence, the current model covers calendar aging and cycling
induced aging for a specific NMC based Li-ion cells only. Thus, it is likely that other types of cell and
cells from different manufacturer can vary in terms of degradation. The model covers the battery’s
state of charge, temperature, charging rate, total throughput and battery age. Both, calendar aging
and cycling aging are applied as an additive approach, even if some papers argue that interactions
between both aging mechanism exist [67, 68]. However, Keil et al. [38] argue that separating the
aging mechanism is not possible in practical aging studies and therefore superposition will be applied.
It is not expected that those interactions change the outcome of this work significantly. Comparable
research that relies on the same degradation model evaluated the model against a state-of-the-art ve-
hicle. They conclude that the model predicts similar degradation results over a lifetime of five years [87].

Beside the battery model, the electric vehicle supply equipment requires a representation to model
important aspects, such a non-linear losses. The scope of this work presents three efficiencies to
cover different converter topologies and possible manufactures. One may argue that a nominal
efficiency of 78 % for the lowest efficient converter is well below state-of-the-art power electronics.
However, Kieldsen et al. [42] identified losses of 15 % up to 40 % on selected electric vehicles.
They argued that the value is far above state-of-the-art power electronics and assumed that Original
Equipment Manufacturer prioritise the minimisation of costs leading to a lower efficiency. Additionally,
efficiency measurements conducted on an adapted electric vehicle confirm that power electronics
units are the predominantly losses for charging and discharging [2]. In their paper, Ranaweera et
al. [2] conclude the power electronics units losses are highest of all components in either electric
vehicles or building. Additionally, they argue that the percentage losses are less at mid and high
current charging, which underlines the observations of the introduced model in this work. However,
their measurements show a mismatch between charging and discharging efficiency. In the scope of
this work, charging and discharging efficiencies are equal and it is argued that the mismatch subjects
to the design of the converter topology. As an example, Lo et al. [49] applied a topology on their
bidirectional grid-connected converter, which presents a higher discharging efficiency than charging
efficiency. Besides, the thermal management is not part of the model. It is obvious that the activation
of the thermal management system leads to additional energy demand and decreases the total
efficiency. Therefore, low charging power ranges are selected, where it is assumed that those do not
enable thermal management systems. Among others, thermal management systems can be highly
use case dependant as their operation varies for each vehicle, cell type, ambient weather conditions
and pre-conditions of the vehicle.

The sensitivity analysis includes different ancillary services and the Dutch energy markets. Four
ancillary services form the scope of this work regardless if they lead to financial income or not. One
can roughly divide these services into two physical demands of the grid: active power and reactive
power provision. To evaluate both, two simplified grids represented the demand for either active power
or reactive power. Thus, a sensitivity analysis of various grid topologies can increase the complexity
and demand of providing those services. Hence, it is possible that some hotspots exist, where weak
nodes highly require voltage support, while others do not. Both, the day-ahead market and balancing
market were used as a measure to evaluate the sensitivity on the possible share of participation
for only one specific year. It should be noticed that a higher penetration of renewables and electric
vehicles can lead to emerging markets and price changes. As the introduction already states based
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on a paper, a higher penetration of electric vehicles can question if the vehicle participates as a price
taker. Hence, a sensitivity analysis of the market can enhance the results made in this work as well.

To conclude, the model intends revealing the sensitivity of Vehicle-to-Grid by covering the vehicle’s
battery, the electric vehicle supply equipment as well as the power system. Because it is not possible
to cover all types of batteries, the model represents only a specific type of battery. By interpreting the
results of degradation, these limitations have to be considered. Nevertheless, most of the results are
independent of the battery degradation and are valid regardless of the batter type. In example, the
revealed sensitivity for the four ancillary services and the requirements for the supply equipment are
still valid.





8
Conclusion, Outlook & Implications

This last chapter draws the main conclusion with respect to the research question. Based on that, a
discussion and outlook will be given to emphasise recommendations and the impact of the result on
stakeholders.

8.1. Conclusion
Based on the conducted work on Vehicle-to-Grid with respect to four ancillary services, the final
conclusion can be drawn. To recap, the research question is defined as follows:

How sensitive are bidirectional charging capabilities
for Vehicle-to-Grid based ancillary services against vehicle characteristics?

Referring to the sensitivity in general terms, the capabilities are sensitive against: state of charge,
open circuit voltage, discharging current, calendar aging, cycling losses, converter efficiency, thermal
losses, standby losses, transformer loading, line loading, generation, load and bus voltages. These
parameters include 34 dependencies (compare Table 5.1). However, their sensitivity varies, so
considering the most dependent parameter, the sensitivity can be summarized as follows:

The Vehicle Battery’s Role in the Context of Vehicle-to-Grid
The battery degradation as an indicator for the stress on the vehicle commonly forms the Vehicle-to-
Grid basis for an economic analysis. Hence, the sensitivity of the component can be summarised in
terms of favourable and avoidable conditions.

The operation conditions of the vehicle’s battery are sensitive against temperature, applied charging
rates, total energy throughput and state of charge. Firstly, deviations from an ideal cell temperature
of 25 °C to ±20 °C increase the cycling costs by a factor of 9-10 for a charging rate of 0.1. Secondly,
increasing charging rates from 0.1C increase the costs by 50% to 100% for temperatures above 25 °C,
whereas low temperatures such as 5 °C increases the cost by a factor of 2.5. Thirdly, total energy
throughout of a battery is linear, but the degradation subjects to the above discussed conditions.
Therefore, one can obtain a 22 times higher energy throughput for batteries, which are cycled at 25 °C
and 0.1C, compared to 5 °C and 2C, which would lead to the same degradation. Fourthly, discharging
the selected battery type from states of charge above 70 % to a lower state of charge of less than
60 % can reduce the battery degradation if the battery is idle for a longer time (compare Section 6.1.3).
Thus, operating conditions are present, which would allow use cases to not only minimise but also to
avoid battery degradation.
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Increasing the battery pack size can reduce cycling induced aging, but calendar aging is the un-
avoidable dominant loss. By scaling up the vehicle’s battery pack size, calendar aging of each cell is
unchanged. However, scaling the pack size leads to lowering charging rates for the same charging
power, because the charging rate is relative to the capacity. While charging cycles result in losses
that are accepted for either mobility purposes or financial incomes, calendar aging does not serve any
needs. Calendar aging is unavoidable and subjects to the temperature, battery age and as already
described to the state of charge. In example, while cycling conditions are favourable at 25 °C, a lower
temperature of 5 °C halves the degradation. Furthermore, a battery on an early lifetime of four months
has a 2.5 times higher calendar ageing induced degradation than a two-year-old battery. Calendar
aging forms the dominant losses over the total lifetime of the battery [87]. Thus, cycling the battery
may reduce battery degradation in several conditions, but idle times leads to degradation as well
without providing any functionality.

Considering all operation conditions of the battery is crucial for determine the Vehicle-to-Grid costs.
By taking the above mentioned operation ranges into account, degradation prices can be less than
0.01 €/kWh and higher than 0.10 €/kWh. Additionally and according to Preger et al. [65], the number
of full cycles varies up to thousands of cycles based on different working conditions, which are within
the operating limits of the manufacturer. Thus, Vehicle-to-Grid should be aligned to the outlined
favourable conditions. Additionally, tracking those conditions could justify the vehicle degradation
model of a vehicle by validating it with the results of the real degradation. Not only in the context of
electric vehicles, but also for second life approaches, tracking those data becomes more important for
selecting suitable second life batteries [53].

The Impact & Design of Electric Vehicle Supply Equipment
Beside focusing on the vehicle degradation, the sensitivity of bidirectional charging capabilities rely on
the electric vehicle supply equipment as well.

The total discharging costs not only subject to the battery degradation but also to the non-linear
efficiency of the converter. This work investigates converter with nominal efficiencies from 78 % to
98 % and power ratings up to 50 kW. Even if state-of-the-art power electronics tend to be highly
efficient, minimising the production costs is currently prioritised over a high efficiency [42]. Reducing
the component costs of bidirectional power electronics can lead to higher operating costs, because
of energy losses. Additionally, operating the converter well below their nominal power ratings can
further decrease the efficiency. By comparing two 11 kW converter with a nominal efficiency of 78 %
and 98 %, charging and discharging with a power of 1 kW result in a full cycle efficiency of 30 % and
68 %, respectively. A maximum efficiency of 75 % and 93 % could be achieved if one charges and
discharges with 11 kW. Moreover, increasing the nominal power can broadens the inefficient power
region, that are likely to cover the power range of Vehicle-to-Home. Especially high charging prices
and low efficiencies would increase the costs for discharging the vehicle.

This work argues that additional losses induced by enabling the thermal management system or further
operation losses should be minimised. Even if in the scope of this work, the thermal management
is not modelled, it is assumed that the investigated charging power do not require thermal control
mechanism. By increasing the charging power to values, that require cooling or heating mechanism,
the energy demand of the whole process increases. Thus, the energy demand inclines, while the
efficiency declines and therefore discharging costs increase. Similar, further operation losses induced
by controller, metering or communication purposes would further decrease the efficiency.

Grid components, degradation, battery capacity and Vehicle-to-Home mainly rise concerns regarding
an increased nominal power of the electric vehicle supply equipment. If electric vehicles participate for
grid supporting services to upstream or parallel networks, one has to consider the nominal power of
the transformer and lines. Similar to the example of this work, 20 nodes, where each supply equipment
would be increased to a nominal discharging power of 50 kW, would require a 1 MVA transformer
in the distribution grid if all provide active power based services simultaneously. Additionally, a high
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charging power becomes more cell temperature dependent and the cell degradation is increased. This
mainly affects the preconditions of the battery for the grid services, because the battery management
system prevents high discharging currents for certain cell temperatures. Furthermore and based
on the temperature sensitivity, the resulting costs and degradation have to be determined for each
condition separately. Besides, by discharging the vehicle with a higher power, the user has to accept
a lower state of charge, if the battery capacity is not big enough.

Implications for Vehicle-to-Grid based Ancillary Services
The sensitivity of four ancillary services are analysed in this work, where only active power provision
show present market structures.

Vehicle-to-Grid based active power provisions is possible for peak shaving and only limited by the
network components. The example in this work highlighted that peak shaving through electric vehicles
is possible. Rather than increasing the nominal power of the electric vehicle supply equipment, an
increased fleet size was realised. The example network and its components limited the powerflow due
to the transformer and line loading. Hence, for providing active power to upstream or parallel networks,
the transformer rating is more important than the electric vehicle itself. In the overall context of peak
shaving, electric vehicles were able to reduce component loading, increasing the maximum power
provision within the distribution network and providing active power to upstream or parallel networks.

The volatile energy sources go along with active power ramps, where electric vehicles are able to
flatten the power output. By taking renewable energies in the Dutch region as an example, power
rampings per MW of installed capacity form the scope of the active power ramping demand. This
work relies on solar, wind onshore and wind offshore and their power change within 15 minutes.
The fleet size is highly sensitive against the amount of hours, where power output change should be
compensated. In example, two vehicles per MW of installed solar capacity can compensate 80 %
of the power ramps per year, regardless if actually demanded. Nevertheless, if all ramps should be
compensated, one requires more than 30 vehicles per MW of installed capacity.

Beside injecting active power into the grid, reactive power provision is a further opportunity to increase
power system stability. Uncoordinated charging rises concerns in terms of voltage stability [99].
Several configuration opportunities, that covers uncontrolled, partly controlled, fully controlled and
bidirectional charging are investigated. The load flow analysis revealed that the grid services of a
single vehicle depend on the whole fleet. Here, bidirectional charging capabilities and reactive power
provision offer degrees of freedom for the grid operator to stabilise the voltage of all grid nodes locally.

Overall, by taking the Dutch energy market as an example, the revealed sensitivity of bidirectional
charging capabilities lead to market potentials from 0 % to almost 90 %. In this work, the potential is
defined as the maximum time per year in %, where the market price exceed the discharging costs.
On the one hand, even if no driving patterns are considered, the discharging costs can exceed
all revenues, which can be obtained in the day-ahead market if one charges with 0.3 €/kWh. For
participating in the day-ahead market it is almost unavoidable to charge the vehicle for free or a few
euro cent per kWh to be able to dispatch the energy from the vehicle. Even if Frequency Restoration
Reserves in the balancing market rely on higher peak prices, high charging prices show a similar
reduction of the market potential (from 45 % to 2 %). Note that the prices are above 0 €/MWh for
46 % of the time between 2020 and 2021. Furthermore, even the cell temperature’s sensitivity has
a noticeable market potential loss of around 70 % for the day-ahead market. Hereby, the balancing
market potential was reduced by around 20 %. On the other hand, operating the battery in favourable
conditions can lead to a market potential of almost 90 % for the day-ahead market, 60 % for Frequency
Containment Reserves and 45 % for Frequency Regulation Reserves. All potentials subject to the use
case dependent driving patter, levies and taxes. Thus, the sensitivity of bidirectional charging costs
can influence the market potential significantly.
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8.2. Outlook & Implications
Derived from the conclusion of the Vehicle-to-Grid based sensitivity analysis, this final section draws
implications for stakeholder and use cases. To affiliate the implications to the stakeholders, the already
introduced architecture model in Figure 8.1 will be applied.

Component Layer

User Behaviour Layer

Business Layer

Regulation Layer

Sensitivity Analysis Implications for User Behaviour Layer Implications for Business Layer Implications for Regulation Layer

Figure 8.1: Outlook and implications based on the architecture model.

As the figure depicts, the sensitivity analysis on the component layer forms the basis in order to derive
those implications. Hereby, stakeholder can identify themselves in the relevant layers. For instance,
while aggregator have to consider all layers, car manufacturer may primarily identify themselves with
the component layer. One has to note that the listed stakeholder of each layer are not limited to the
given examples. Based on all implications, a last conclusion regarding use case will be given.

Component Layer
Grid operator can rely on an enhanced portfolio made available through Vehicle-to-Grid. The inves-
tigated ancillary services are namely frequency control, peak load leveling, active power ramping
support and voltage control. A decentralised penetration of electric vehicles are an advantage to cope
with local grid disturbances. Especially voltage control through transmitting reactive power over a long
distance is physically limited, whereas electric vehicles can inject or absorb reactive power close to the
disturbance. Compared to serve local disturbances, active power based services (frequency control,
active power ramping support and peak load leveling) can be provided locally or in upstream and
parallel networks as well. Mainly grid components, such as lines and transformers, are limiting Vehicle-
to-Grid, because the fleet size and power provision can be adapted. Of course, this presupposes that
an electric vehicle fleet is available. Besides, it can be beneficial for bidirectional charging capabilities
to focus on emerging converter based ancillary services as well. As an example, the converter
of a photovoltaic system may be capable of providing the same services as an electric vehicle.
Strasser et al. [83] argue that power converter result in a higher automation degree. Hereby, system
approaches like multiport converter with a shared converter can align a photovoltaic system with
an electric vehicle. Different system architectures are presented in the work of Chandra Mouli et al. [54].

Electric vehicle supply equipment producer contribute to Vehicle-to-Grid by aiming a high energy
efficiency, but should consider Vehicle-to-Home as well. The converter efficiency for both charging
and discharging lead to energy losses for the overall cycling process. As stated and based on a
literature review, the power electronics efficiency can be well below state-of-the-art efficiencies due
to costs saving. Especially the non-linear efficiency curve can lead to a low efficiency in lower power
ranges, which can be disadvantageous for Vehicle-to-Home. As the example shows, a converter with
a nominal efficiency of 78 % lead to a maximum total efficiency of 30 % for operated below 1 kW.
Thus, by adapting the nominal power and efficiency, it is recommended to consider both, the demand
of Vehicle-to-Home and Vehicle-to-Grid.
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Car manufacturer can promote the vehicle integration by providing ancillary services, but have to
focus on energy efficiency and the battery’s operation conditions. This work outlined that ancillary
services can contribute to a stable and secure grid operation. However, the sensitivity revealed that
efficiency is crucial for reducing the losses, as it was seen for the supply equipment as well. Beyond
that, the operation conditions of the battery are non-linear and individual resulting in the requirement
to know their characteristics comprehensively. Thus, it is recommended to consider all relevant data,
which are state of charge, battery age, cell temperature, C-rate and total throughput to evaluate the
degradation. Additionally, preheating and cooling strategies can lead to an increased energy demand.
However, this work tends to recommend avoiding high currents and cell temperatures beyond ideal
temperatures to avoid further energy losses. Generally, increasing the battery pack size tends to be
an advantageous due to lowering C-rates and the increased capacity.

For further research, the sensitivity analysis revealed that operation conditions should not be
neglected through simplifications. Especially degradation and non-linear behaviours can lead to
increased losses or component stress. As an example for the degradation, this work refers to the
work of Preger et al. [65], who investigated that the number of full cycles varies up to thousands of
cycles based on different working conditions of the datasheet. Thus, by simplifications one can neither
identify optimal working conditions, nor those who stresses the battery the most. Generally, bat-
tery degradation is a complex topic and requires further investigation to derive a comprehensive model.

As an aggregator, the overall system sensitivity makes it complex for identifying optimum working
conditions for both, the grid and the vehicle. If an aggregator determines and scales the fleet size, the
physical limits of the power system form constraints. Thus, an aggregator has to rely on information
about the grid capabilities as well as the working conditions of the vehicle fleet. Furthermore, while
frequency control can be provided on different busses, reactive power control for frequency regulation
requires a short distance to the disturbance. Thus, it can be challenging to align the fleet size to the
ancillary services needed by the power system.

User Behaviour Layer
For the user, it is crucial that one has to translate the technical complexity into an understandable
unit. The technical driven sensitivity analysis revealed more than thirty technical dependencies, which
define a Vehicle-to-Grid condition. However, not through simplifications, but translated into monetary
terms can reflect those conditions. This goes along with the already made recommendations for the
original equipment manufacturer to track all relevant data for determining the discharging costs and
total component stress.

Aggregator have to consider the behaviour of the user, which individual potential for Vehicle-to-Grid
can differ. As stated in the introduction, socio-technical researcher advise to individually analyse the
user behaviour in the context of Vehicle-to-Grid. Based on the sensitivity analysis, this work supports
this advice from a purely technical perspective. For instance the individual user defines and subjects to
transformer limits, cable limits, demand for ancillary services, cell temperature, battery size, efficiency
of the vehicle etc. Consequently, the technical capabilities vary, which sensitivity in terms of market
potential was shown.

Business Layer
Original equipment manufacturer not only have to face an increased technical complexity, but also the
opportunity to increase penetration and user acceptance. To cope with local grid disturbances like
voltage drops, an electric vehicle that provides voltage control not only serves the grid needs but also
allows charging without increasing the voltage deviations. Thus, by increasing the amount of electric
vehicles which are able to provide ancillary services, one can argue that their penetration level can be
increased. Besides and without further investigations, Vehicle-to-Gird and Vehicle-to-Home could be
represented as benefit for the user. For instance, black start capabilities and islanding capability have
the potential to protect against blackout or serve in off-grid locations.
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Aggregator have to cope with the complexity of Vehicle-to-Grid in order to identify a suitable business
model. Based on this work, the sensitivity analysis revealed the viability of cost, which depend on
the working conditions. Ideally, the aggregator has direct access to the discharging costs, which
are calculated dynamically considering all dependencies. Thus, if the user charges in example with
0.3 €/kWh and the cell temperature is 5 °C, the weak market potential can be identified. If the aggre-
gator has no access to the working conditions of the battery, two other approaches may be interested
as well. Firstly, as a further bidding strategy, average prices can be assumed which may overestimate
oder underestimate the potential at a certain time. Secondly, by taking the maximum discharging
costs as a reference, the price can cover all costs, but are likely to reduce the potential significantly.
For both strategies, it can be beneficial to differentiate between locations and seasons. Ambient
temperatures of around 25 °C are likely to result in better conditions than cold winter seasons. In
addition to that, if one charges with domestic prices or at public charging stations, discharging costs can
exceed market prices. Further information regarding fleet management can be found in the work of Hu
et al. [33]. Further business models for electric vehicle are identified in the publication of Kley et al. [45].

Regulation Layer
For policymakers, it is crucial to derive a suitable regulation framework to enable ancillary services for
electric vehicles. The technical sensitivity of discharging costs along with individual user behaviours
result in different market potentials. Thus, remunerated ancillary services can result in complex market
designs, which have to cope with the presented technical sensitivity. Hereby, it has to be considered
that the power system limitations induced by transformer and lines determine the fleet size. Some
ancillary services, like reactive power provision for voltage control, are beneficial for both, grid operator
and electric vehicle user. Hence, reactive power provision contributes to a higher penetration. In all
cases, standardisation are a key for providing interoperability. Therefore, it has to be decided how the
information flow will be organised. For example, who receives information about the grid state and
determines the operation condition of the vehicle.

Possible aggregator could form a bridge between the technical complexity and the regulation frame-
work. Hereby, it needs to be investigated if an aggregator should aggregate charging stations or electric
vehicles. This question considers that electric vehicles can enter a different control area, which subject
to different contracts or registration processes. Compared to that, charging stations can be installed
on a fixed location aligned with the demand and limit of the power system. Without going into further
comparisons, regulation aspects are not only influenced, but also influencing the aggregation approach.

Use Cases
Lastly, implications for future use case can be made based on this work. Especially, the variety of
cases from a niche use case to the average user are important to distinguish. Additionally, devel-
opments in technical terms emerge, which are driven by transitions in the energy and transport sectors.

Beside relying research on an average user, niche use cases should be investigated as well. While
a user can subject to high costs and energy losses due to low temperatures or high charging costs,
niche use cases can be suited to the favourable conditions of Vehicle-to-Grid. In example, low
degradation costs at 25 °C are attractive. Thus, conditions where the ambient temperature provide
similar temperatures are beneficial, which are already location and season dependent. Furthermore,
in this work, very specific conditions can lead to a total degradation reduction (see Section 6.1.3).
Moreover, low charging costs can occur if one charges energy from the photovoltaic system, while
charging at public fast charging station can already induce high degradation and energy costs. Specific
niche use cases, such as a company that needs ramping support may provide a financial attractive
charging and discharging profile for their employees. Hereby, by scaling the vehicle fleet size, an
aggregated vehicle fleet can be predicted more accurately [78]. Additionally, a study found that bidding
at work places can be more reliable than at home [71]. Strategies that more vehicles are in the vehicle
fleet than required, can overcome the situation that vehicles are not blocked anymore. Instead, other
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vehicles can replace a vehicle, which is demanded for mobility.

Use cases not only subject to technical dependencies, but also to future developments like au-
tonomous driving and new technologies. Latter technologies can be new battery types, such as solid
state batteries. However, autonomous driving can be beneficial for participating during high market
prices as well as reducing user induced uncertainties. For instance, companies can use their fleet to
schedule the services at a given time and control the vehicle to participate at peak prices.
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