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Abstract 1]

Abstract

The increasing share of electric vehicles and the decrease of fossil power plants in Ger-
many offer potentials for the use of electric vehicles for the provision of balancing power.
This paper investigates the potential of private electric vehicles for providing balancing
power, in particular frequency containment reserve, in Germany. The aim of this thesis
is therefore to investigate to what extent private electric vehicles can be used today and
in the future for the provision of frequency containment reserve in Germany. The thesis
uses 100 representative charging profiles based on two household profile and charging
profile generators to simulate the availability of electric vehicles at 15-minute intervals
throughout the year 2022. Market conditions, including technical, economic, and regula-
tory factors, are also considered. The work concludes that the availability of the electric
vehicles in the simulated pool varies widely on a daily and weekly basis (simultaneity
factor fluctuates between 24% and 100%), but can be increased by targeting specific
time periods, such as nighttime hours. However, targeted supply windows and wide-
spread availability of vehicle-to-grid are necessary for optimal use. The willingness of
electric vehicles owners to offer their vehicles was also identified as a success factor. A
minimum number of 521 electric vehicles was identified, for offering the minimum offer
of 1.25 MW for the whole year of 2022. Based on a simulated pool of 500 electric vehi-
cles, a revenue potential of up to 900 € per vehicle per year was identified, with optimi-
zation potential in smaller supply windows and improved charging behavior. Although
technically feasible, regulatory hurdles and the need for aggregation by an aggregator
still pose a challenge. With rapid technological advances and political support, further
progress is expected.

Tags: Electromobility, Frequency Containment Reserve, FCR, Ancillary Services, Bal-
ancing Power, Electric Vehicle
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Introduction 1

Introduction

The German government is working on both, expanding the share of renewable energies
as well as electromobility. As a result of the energy transition, the share of fluctuating
renewable energies in electricity generation is to increase significantly. In this context,
Germany aims to increase the share of the renewable energy sources to 80% by the
year 2030. At the same time, electricity generation from fossil fuels such as lignite and
hard coal, which previously provided a large share of the balancing power, is declining

[1].

At the same time, the number of electric cars in Germany is also rising steadily. 15 mil-
lion electric vehicles (EVs) are expected to be registered in Germany by 2030 [2]. A large
number of the EV batteries, which are connected to the grid, can be interpreted as a
virtual electricity storage [3]. With this assumed 15 million EVs, and an average avail-
able battery capacity of about 10 kWh per EV, [3] a potential capacity of 150 GWh can
be reached. Assuming that a private vehicle is only used for one hour a day on average
[4], a large potential to use the storage of the EVs is detected, which is currently unused.

Balancing power is an ancillary service and is used to keep the balance in the grid at a
frequency of 50 Hz [5]. In the current framework, this is primarily provided by large power
plants, mostly water, lignite, hard coal and gas [6]. The development of the energy tran-
sition, the increasing number of EVs and the high idle times offer a potential to use elec-
tric vehicles as decentralized battery storage for the provision of balancing power.

However, even if the theoretical potential is great, many prerequisites must be met in
order to provide balancing power through EVs in Germany. The actual availability of
electric vehicles is particularly relevant. Only if they are connected to the grid with the
appropriate infrastructure, they are able to actually provide balancing power.

Therefore, the aim of this thesis is to determine the potential and the requirements to
integrate private EVs, charging at home, into the balancing power market in Germany.
The work is limited to the ancillary service frequency containment reserve (FCR) at the
usage of the own wallbox at home.

This results in the research question: To what extent can private electric vehicles in Ger-
many be used for the provision of FCR? To answer the main research question, this
thesis addresses three further sub questions dealing with the technical, economical, and
legal dimension of the topic. These are as follows.

e To what extent is the implementation technically feasible in Germany at present
and in the future?

e How economical is the implementation currently and in the future regarding mar-
ket design?

e What are the current legal and regulatory framework conditions, and which are
necessary to provide FCR by private EVs in Germany?
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The structure of the thesis is as followed:

After the introduction, chapter 1 explains the technical and regulatory background. First,
the network structure in the German market is described. This is followed by a description
of the balancing energy market. Then the prequalification conditions, i.e., the participa-
tion conditions for the provision of system services relevant for EVs, are described. Fur-
thermore, a description of Vehicle-to-Grid is given. The required components, actors and
framework conditions are described, specified in more detail and the current and future
availability in the German market is researched.

Chapter 2 provides an overview of relevant literature that has dealt with the topic of con-
trol power from electric vehicles. This is followed by a presentation of current projects in
which the functionality of EVs for the provision of control power is being tested in Ger-
many, as well as a presentation of their results.

In chapter 3 the methodology is presented. First, the framework, the procedure and the
assumptions made, with which the simulation was carried out, are described. This is
followed by an explanation of the input data. The thesis is based on 2 existing tools, the
Load Profile Generator (LPG) by Dr. Noah Pflugradt [7] and the Charge Profile Generator
for e-Mobility (CPGeM) by Marian Spriinken [8]. The CPGeM was adapted within the
scope of the thesis and the input parameters were used based on the findings of the
literature research. Subsequently, a description of the simulation is given. In the simula-
tion, the results from LPG and adapted CPGeM are used to generate charging profiles
for household members of a number of representative households. The focus is on the
availability status of the vehicles, i.e., when they are connected to the grid at home and
ready for FCR. With the availabilities, simultaneity factors are generated for each time
step, which are then displayed and evaluated. The evaluation includes an economic con-
sideration, as well as an analysis of the supply time slices and charging patterns.

In chapter 4, the results are presented and discussed. First, the potential for EVs to pro-
vide frequency containment reserve was analyzed. Subsequently, these results were
used to determine the potential revenue from providing FCR in the German market in
2022. Furthermore, an analysis of the reduction of time slots and changes in charging
behavior was conducted. Based on this analysis, a concept was developed for the eco-
nomic, legal, and technical requirements under which private electric vehicles can offer
FCR. Finally, the limitations of the study and the limits that have been reached are pre-
sented.

Finally, a conclusion is drawn in chapter 5. It includes a summary of the findings as well
as an outlook.
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1 Theoretical background

For the development of a model for the provision of balancing power, the grid infrastruc-
ture, the balancing power market with the necessary prequalification procedures, and
the state of the art for bidirectional charging are important. The most important funda-
mentals are explained in this chapter.

1.1 Grid Infrastructure and ancillary services

The public power supply network is divided into seven functional levels. These are the
four voltage levels and the three transformation levels between the individual voltage
levels. The voltage levels are divided into the transmission networks of the extra-high
voltage level and the distribution networks of the high-voltage level, the medium-voltage
level and the low-voltage level [3]. Figure 1 shows the functional levels of the public
electrical power supply networks in Germany.

Extra-High-Voltage Level
380kV, 220 kV

O

N
1

High-Voltage Level
110 kV

|/%\|
e
T

Medium-Voltage Level
30kV, 20kW, 10kV

e

Low-Voltage Level
690V, 400V, 235V

Figure 1 Different voltage levels in the German power grid (Source: own illustration, based on [3]

Various system services are required to run the electricity transmission network. The
transmission system operators (TSO) define the system services required in their control
area [9]. These services, which are essential for the proper functioning of the power
supply, are referred to as ancillary services. A distinction is made between the four sys-
tem services: Operation management, frequency maintenance, voltage maintenance
and supply reconstruction [10].

The transmission grid in Germany consists of four zones. The zones are each assigned
to a transmission system operator. The four TSOs in Germany are 50Hertz, Amprion,
Tennet, and TransnetBW [11].The continental European transmission network of the
European Network of Transmission System Operators for Electricity (ENTSO-E) in-
cludes (02/2023) 39 members from 35 countries [12].
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1.2 Balancing Power

The task of the four TSOs is to balance supply and consumption in their control area to
keep the grid frequency stable. The goal is to keep the frequencies in the European grid
at a constant 50 Hz. A illustration of the grid balance is shown in Figure 2 [13]. In order
to fulfill this task, the TSOs define the demand for balancing energy and procure the
corresponding power reserve from suitable producers [5].

50 Hz
49,8 Hz | 50,2 Hz
/—-—"'Iq.\
generation consumption

Figure 2 Balance between consumption and generation in the power grid to maintain the frequency of 50Hz (Source: own illus-
tration, based on [13]).

Frequency maintenance requires two separate services, which are often summarized
under the term balancing power.

e Control work is the supply of the work [MWh] to balance the control area. Both
positive and negative control work is required to compensate for positive and
negative frequency deviations. A payment is agreed for the balancing power de-
pending on the energy supplied or purchased [14].

e Control power is the reservation of capacities [MW] so that in the event of an
imbalance, secured capacities are available to balance the control zone. If nec-
essary, a performance payment is made for the control reserve, regardless of the
actual deployment. In return, the providers enter into a commitment to maintain
the standard service for a certain period of time [14].
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1.2.1 Types of balancing power

Balancing power is provided in different stages. Figure 3 gives an overview of types of
balancing power.

30 sec 5 min 15 min 1h time

Figure 3 Schematic sequence of different types of balancing power (Source: own illustration, based on [15]).

Based on the European Network of Transmission System Operators for Electricity (EN-
TSO-E), the German TSOs procure the following types of control reserve [5]:

Primary control / Frequency Containment Reserve (FCR): The main task of the
primary control reserve is to stabilize the grid frequency as quickly as possible
after a disturbance event. The FCR is activated unselectively and in solidarity in
the entire network system and the full activation must occur within 30 seconds
[14].

Secondary Control / Automatic Frequency Restoration Reserve (aFRR): Unlike
primary control, which is exclusively frequency-controlled, secondary control
aims both at minimizing the grid frequency deviation from its setpoint and at main-
taining the agreed transfer services to the interconnected partners. The complete
provision must be provided within a maximum of 5 minutes [14].

For Tertiary Control / Manual Frequency Restoration Reserve (mFRR) the acti-
vation has to be made in 15 minutes. The aim is usually to replace aFRR that has
been activated over a longer period of time, so that the aFRR band is fully avail-
able again for short-term control interventions [14].

1.2.2 Regulatory and framework

At the international level, the ENTSO-E regulates the control area. It is defined in the
Continental Europe Operation Handbook — appendix 1 load frequency control and per-
formance [16].

Since the TSOs no longer have their own power plants due to unbundling, they have had
to contract the required balancing power on an open, transparent and non-discriminatory
market in accordance with the specifications of the Federal Cartel Office and the Federal
Network Agency [17]. The amount of balancing power to be held in reserve is deter-
mined by the TSOs. The procurement of balancing power is carried out as a competitive
bidding process on the German balancing power market with the participation of numer-
ous suppliers (both power plant operators and electricity customers). For this purpose,
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the German transmission system operators have set up ajoint Internet platform (www.re-
gelleistung.net) [5]. The requirement for participating in the bidding process is to have a
framework contract with the TSOs, which is entered into when the prequalified perfor-
mance exceeds the respective minimum offer size for a regulation reserve type [18].

In relation to FCR, the acquisition of control work and control power is done on a joint
market. Prior to November 3, 2020, the acquisition of control work and control power for
MFRR and aFRR were also procured on a combined market. However, a control work
market was established in Germany in November 2020. Daily tenders are conducted for
the procurement of FCR, aFRR and mFRR, with uniform procurement for all control re-
serve qualities offered in six distinct products. Each day is divided into time slices of four
hours each. FCR is procured as a symmetrical product, while positive and negative con-
trol reserves are tendered separately for aFRR and mFRR. FCR suppliers are required
to provide both power increase and reduction in the amount of the bid power. The addi-
tional amount of FCR must be provided from the pool and is dependent on how much
the current frequency deviates from 50 Hz. Revenues for FCR providers are determined
based on the requested service price, with the highest bid price for successful bidders
serving as the pay-as-cleared service price. If the bid is approved on the control power
market, a right to remuneration arises equivalent to the bid price for the provision of the
service [13, 19-21].

A summary of the types of balancing power and their specifications are in table 1.

Type of balancing FCR aFRR mMFRR

power

Provision ENTSO-E TSO TSO

Bidding Period daily

Time slices 6x4 hours per block

Minimum bid size 1 MW, symmetric 5 MW, positiv or nega- 5 MW, positiv or nega-
tiv tiv

remuneration Pay- as -cleared Working and perfor- Working and perfor-

power price mance price mance price

activation automated automated manual

Full power 30 seconds 5 minutes 15 minutes

Period to be covered  Up to 15 minutes From 30 seconds up From 15 minutes up to
to 15 minutes 60 minutes

table 1 overview of the characteristics of the types of balancing power: FCR, aFRR, mFRR (Source: [13, 19-21]).

1.2.3 Balancing power market in Germany

The average amount of balancing power required per day can be determined from ar-
chive data. Overall, the balancing power market is comparatively small in terms of vol-
ume; in 2021, the total volume of FCR tendered in Germany was 562 MW, in 2022 555
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MW [22]. By comparison, the positive aFRR in 2022 was 1995 MW [22]. Even if the entire
control reserve is seldom called up in operational network operation, the required control
reserve must be permanently held by the suppliers as a safety reserve for stable network
operation. As of January 2022, 6.94 GW of capacity was prequalified. For FCR, the share
of battery storage was 0.63 GW. For aFRR and mFRR 0.06 GW [6]. The development
of the power price in 2021 and 2022 is shown in Figure 4. The data is generated from
the datacenter of the regelleistung.net platform [22]. Historical result and tender data can
be retrieved there.

800 1 = average
700 A

600 4
500 4
400

€MIWh

300 4

200 1

100

0

0121 0521 10/21 0322 08/22
Time

Figure 4 Average value of the results of the tenders for FCR in Germany in 2021 and 2022 (Own illustration, data by [22]).

Evaluations show that for all three control reserve qualities, the bid for power procure-
ment exceeded the requirement at all points in time. On average, for both FRR and FCR,
the power bid in each case was about 2.5 times higher than the corresponding demand
in 2020 and 2021 [13].

1.3 Prequalification

The companies that supply balancing power must meet specific and generalized stand-
ards for providing power and energy. These requirements are referred to as prequalifi-
cation criteria. Suppliers must not only meet technical requirements, they must also en-
sure that the requested service can be provided under all circumstances. The prequali-
fication processes are carried out by the TSO in whose control area the plant is located
[13]. A balancing power provider can apply for prequalification for a reserve unit (RU) or
a group of reserve units (RG). A reserve unit is comprised of one or more power gener-
ation and/or consumption units, connected to the grid at a common point, and satisfying
the requisitions for offering frequency control reserve or fast reserve response. On the
other hand, a reserve group is composed of reserve units linked to distinct points on the
grid. The technical units (TU) that constitute an RU or RG are identified as power gener-
ation and consumption units and are organized into pools [11]. The connection between
the units is shown in Figure 5.
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HCF = Met Connaclion Point, TU = Technical Unit

Figure 5 Overview of reserve units, technical units, reserve groups and pooling system in the prequalification process for providing
FCR (Source: own illustration, based on [11])

There are many technical requirements that must all be met. The ones that are most
relevant to the provision of FCR by electric vehicles are mentioned here.

To offer various types of control reserves, a control reserve provider is required to es-
tablish a separate pool for each type. The composition of each pool cannot be altered
for at least 15 minutes, regardless of the specific type of control reserve. It is possible for
positive and negative primary reserve power to be supplied by different entities. Addi-
tionally, the reserve power can be supplied proportionally by either some or all of the
systems allocated to a pool, provided that the entire pool responds to frequency devia-
tions ranging from O to +/-200 mHz [11, 18].

For reserve unit or groups, including EVs, which have a limited storage capacity, there
are certain requirements that need to be met before participating in the FCR market.
These requirements comprise a minimum work capacity, the implementation of appro-
priate storage management practices, and appropriate sizing of maximum power and
power consumption. With a minimum activation time of 15 minutes, an RE or RG with a
marketable capacity of 1 MW must have a work capacity of at least 0.83 MWh in the
case of FCR in order to serve a full call of 15 minutes. Also, the maximum power must
exceed the marketable capacity by at least a quarter, so that full provision of FCR is
possible despite simultaneous storage management practices. This means, that if the
marketable capacity is 1 MW, the power must be 1.25 MW [11].

For RU and RG that have limited energy storage, it is essential to demonstrate their
usable work capacity during operation, which can be done through one of two options
explained below. The first option involves adding another hub after the second one and
providing capacity until the minimum required work capacity is proven. Figure 6 provides
an illustration of this method for the FCR scenario. Alternatively, the reserve provider can
repeat the hubs until the minimum required work capacity is demonstrated [11].
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Figure 6 Schedule to demonstrate the usable work capacity of a battery storage system to prequalify for providing FCR (Source:
own illustration based on [11]).

Currently, there are no official guidelines for EVs to participate in the FCR market. There
are suggestions which resulted out of a research project about bidirectional charging by
[18]. The authors suggested to improve the ability for provision by EVs. On is, that the
development of the prequalification conditions should consider the combination of the
charging station and the EV, and not just the charging station or the EV alone, to make
it easier for EVs to participate in the market. They also suggest, that the manual prequal-
ification process should be automated and streamlined to accommodate a large number
of EVs, and the costs of fulfilling the technical requirements for prequalification should
be minimized. Also, they suggested that the prequalification conditions for EVs should
not lead to any disadvantage compared to other market participants such as stationary
household battery storage systems [18].

1.4 Vehicle-to-grid (V2G)

Vehicle-to-grid (V2G) is based on the ability of the EV to be able support to the grid while
parked and connected to the electrical grid [23]. V2G enables energy exchange between
the battery of the EV and the power grid for EV charging or grid support [24]. Fundamen-
tally, V2G may collect energy from EVs and trade it to the power grid through the control
administration of a local aggregator. Figure 7 depicts the framework. The grid serves as
a one-way conduit for power to travel from generators to consumers. Electricity flows
from EVs back to the grid or in the opposite direction [23].

In addition to V2G, there are other terms that encompass vehicle regenerative power.
Vehicle-to-everything (V2X) summarizes different ways an electric vehicle can be inte-
grated into the energy system. Vehicle-to-Home (V2H) describes a scenario in which
private households with EVs leverage the EV’s battery capacity as additional flexible
energy storage system. Vehicle-to-Business (V2B) describes the integration of the EV
into a business fleet [24, 25].
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Figure 7 Overview of the connections in the V2G system between the individual components and actors (Source: own illustration,
based on [23])
The V2G function offers a range of new or expands existing use cases for both private
EV users and fleets like the optimization of local consumption/self-consumption, grid-
serving charging, marketing of electricity and ancillary services such as the provision of
FCR [26].

V2G systems involve the following technical components [24]:
e V2G chargers and power sources
e communication system
e electric vehicles
e power grid aggregator and power transmission system

Also, there are legal requirements, which must be considered as well as the impact of
different charging strategies. These points are described in more detail in the following
section.

1.4.1 V2G chargers and power sources

In general, a difference between alternating current (AC) und direct current (DC) charg-
ing is made. EVs can be directly linked to a single-phase or three-phase AC grid thanks
to AC charging infrastructure. Low charging power (up to 43 kW, mostly used to 22 kW)
is a feature of AC charging infrastructures, while high-performance chargers for DC
charging can provide up to 350 kW of power [27]. There are other charger types, however
at the moment the DC systems—CHAdeMO and Combined Charging System (CCS) —
are the most pertinent charger types for V2G. Nissan, Toyota, and Mitsubishi were
among the Japanese businesses who backed the CHAdeMO system, which was the first
bidirectional charging system available. The CCS is another fast-charging system that
combines the AC charging connection with the DC fast charging pins in one inlet. In
Germany and the rest of Europe, CCS is the industry standard [28]. There are also two
approaches to implement bidirectional charging: either on the vehicle side or on the side
of the charging station. The difference is the place, where the electricity is converted
from direct current to alternating current [26]. In the case of on-board chargers (inte-
grated chargers), the bidirectional charging is implemented in the vehicle. Here, the
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inverter must ensure that the power can flow back. In addition, the communication stand-
ard must be adapted to ISO 15118-20 [29]. In the case of off-board chargers, the charger
is mounted on the charging station and the feed-in and feed-back takes place directly as
direct current through the charging station. Accordingly, this charging station must con-
vert the alternating voltage from the grid to direct current using an inverter. However,
communication must also be implemented [30, 31].

So, to realize the V2G mode of operation of EVs, either bidirectional on-board converters
or off-board charging stations are required. The biggest advantage on board V2G has,
is that EV owners do not have to pay for an expensive DC charging station. One of the
biggest benefits when off-board charging is enabled is that charging is faster and more
efficient. The biggest disadvantage is the price, mainly due to the expensive DC cable
and plug. Thus, depending on the charging technology, changes to the vehicle side or to
the charging equipment are necessary for the use of bidirectionality. These changes are
associated in each case with additional costs for the charging infrastructure or the vehicle
side [26].

The communication protocol standards currently used in the German automotive indus-
try are not yet designed for bidirectional charging in the published editions. The commu-
nication standard ISO 15118-20 [29], which is currently being finalized and will be used
by European and American vehicle manufacturers along with the CCS enables bidirec-
tional charging via both AC and DC. Bidirectional charging is already possible for multiple
years for the CHAdeMO technology [26]. As of February 2023, bidirectional charging
stations are not yet readily available in Germany. The current offerings from various
manufacturers are mostly announcements or products used as part of pilot projects.
There are some charging stations listed in table 2 that are expected to offer bidirectional
charging in the future and are expected to be available soon.

Name Manufactuer AC/DC Charger Power Price
Quasar 2 [32] Wallbox DC CCs 11,5 kw 3000 — 5000 €
Sono Wallbox [33] Sono DC CCs 11 kw Low 4-digit range
Motors
BDL [34] KOSTAL AC,DC CCSs 11 kw -
Sospeso&Charge EVtec DC CHAdeMO, 10 kw -
[35] CCs
ambiCHARGE [36]  ambibox DC CCs 11 kW -
22 kW
Honda Power Mana- Honda DC CCs 22 kw -
ger [37]

table 2 market overview: bidirectional wallboxes (Source: [32], [33], [34], [27], [36], [37]).



Theoretical background 12

In summary, as of 02/2023, no wallbox is yet available for residential customers, but it is
foreseeable that this will soon be the case. The announced wallboxes are mainly
equipped with CCS and have a power of 11 kW.

1.4.2 Communication system

A sufficient number of EV batteries, which are connected to the grid, can be used virtual
electricity storage system. Therefore, a bidirectional connection and intelligent manage-
ment and communication system for the EVs is needed [3]. Due to this enormous poten-
tial for storage capacities, both the technical and regulatory basis for this must be defined
[38]. There are a variety of communication protocols and standards which are introduced
in this chapter.

To communicate the maximum charging current permitted, the EV and charging station
at least use pulse-width modulation signals. The ability to functionally integrate electric
vehicles into the infrastructure and optimize the charging process is made possible by
digital and bidirectional communication via ISO 15118 [39]. The released version of ISO
15118-20, which was released in April 2022, specifically addresses the problems asso-
ciated with bidirectional charging or use cases including V2H/V2G/V2X. The technical
basis for this is, on the one hand, the ability of electric vehicles to transmit the required
information and, as well as, the infrastructure to process this information appropriately
and securely [38].

The IEC 61850 protocol can be utilized for communication between the grid and the
charging infrastructure. Depending on the voltage level, with or without an intelligent me-
tering system, this communication protocol facilitates data transmission between the net-
work operator and the customer's facility. Controlling the customer's facility, gathering
network status data (measurements, operational, and alarm messages), offering diag-
nostic functions to the network operator, exchanging the data model in the event of an
expansion of the data model, and firmware and parameter updating for addressing de-
tected security gaps are all supported by the functional model approach described in the
DIN EN 61850 standard [39].

Communication methods are already in use for communication between the charging
station and the backend system. For this use, the Open Charge Point Protocol (OCPP)
is a commonly used protocol. This protocol enables the charging station to receive que-
ries. The charging station reports its features, including authorisation, managing the
charging current, and querying events, measurements, and counters. Version 2.0.1 is
the most recent version (as of 02/2023), while version 1.6 is also extensively used [39].
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The schematic connection between ISO 15118, IEC 61850 and OCPP is shown in Figure
8 [40].

ISO/IEC 15118 IEC 61850

$
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[ OCPP

- S
+— Data
Backend

Figure 8 Schematic connections of the EV, charging station, network and backend with the communication standards OCPP,
ISO/IEC 15118 and IEC 61850 (Source: own illustration, based on [40]).

Other relevant communication protocols for bidirectional charging are EEBus, Modbus-
TCP, OpenADR and CHAdeMO [25].

EEBus regulates the communication between charging infrastructure and IT backend.
EEBus is used to standardize the interface between electrical consumers, generators,
storage units and the charging infrastructure. Modbus-TCP regulates the communication
between the charging infrastructure and the IT backend. In this context, Modbus-TCP is
a global industry standard and is used in EMS in larger buildings such as hotels or in-
dustry. Due to its flexibility, it allows for easy customization. OpenADR manages the
communication between the IT backend and the energy market. OpenADR is an open,
cloud-to-cloud communication protocol and transmits control signals between grid oper-
ators and aggregators. As mentioned earlier, there is also the CHAdeMO standard, the
Asian standard for DC charging, for communication between e-vehicles and charging
infrastructure. CHAdeMO is also used in Germany [25].

1.4.3 Electric vehicles

To participate in V2G, electric vehicles have to have the ability for bidirectional charging.
Many manufacturers have started to enable their vehicles for V2G. While some manu-
facturers already have the ability to use their vehicles for supplying electricity to small
consumers with the V2H function, the V2G functionality is only available for vehicles with
the CHAdeMO standard. Table y gives an overview of the current state of technology
among automotive manufacturers who already provide or are working on providing V2G.
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Description

Nissan 2VG
[41]

The two vehicles, the Nissan LEAF and the Nissan LEAF e+, have the
CHAdeMo charging standard which allows bidirectional charging for
them. The V2G technology has been successfully tested in a field study
with 13 Nisan LEAF and fitting charging stations.

Stellantis  [42, V2G
43]

The Citroen oli concept study has been announced to include both V2G
and V2L. FCA, Engie and the Italian power grid operator Terna have
inaugurated a V2G pilot project at the Drosso logistics hub in Turin with
the Fiat500e. The project will explore and test the interaction between
the used EVs and the lItalian power grid.

Mercedes [44] V2G

The EQS is in Japan able to charge bidirectional with the CHAdeMO
standard.

Renault  [45], V2G
[46]

A successful project test was carried out in Fernando de Noronha, Bra-
zil, with 2 Renault Zoe prototypes. The Renault Megane E-Tech Electric
is also expected to have the technical capabilities for V2G.

Honda [37] V2G

The bidirectional Honda Power Manager has demonstrated its V2G ca-
pabilities in several pilot projects. More information can be found in sec-
tion 3.2.

BWM [47] V2G

The BMW i3 V2G pilot project involved 50 specially equipped BMW i3
vehicles which were able to return power to the distribution grid.

Hyundai, Kia V2H
[48]

The Hyundai loniq 5 is already capable of V2H can charge or operate
electrical devices with up to 3.6 kW through an adapter. However, fur-
ther development and expansion of V2G is planned. It's the same for
the Kia EV6, which is its sister model.

All ID. models with the 77-kWh battery will be enabled for Vehicle-to-
Home technology in the future. For vehicles that have already been de-
livered, the technology will also be available via an over-the-air update.
The power transfer and communication will be carried out through a
special DC-BiDi wallbox.

VW [49] V2H
Ford V2H
[50]

The F-150 Lightning is capable of V2H. It is currently only available in
the USA and can be used as a backup power generator.

table 3 overview of V2G ready electric vehicles (Source: [41-50]).

In summary, there have been many successful tests and pilot projects and manufactur-

ers are showing that they are involved in the planning of V2G. Only CHAdeMo is currently

available or V2H solutions with slow AC charging power. Actual V2G vehicles have only

been used for pilot projects in Germany, as described in more detail in chapter 2.2.

1.4.4 Aggregation infrastructure

Not only must EVs be linked to the charging station, but they must also be interconnected

and intelligently linked, to control the energy, collect it and sell it.

These capacities can be combined in a variety of ways. There are two primary V2G

designs suggested in [51]. The first approach, the centralized approach, is that each EV

provides V2G services on its own, directly controls it, and connects to the TSO via power
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and communication connections. The second one, the decentralized approach, consists
of a framework that offers V2G using an EV fleet. The aggregator serves as a point of
contact for EV fleets and TSO. The aggregator, who has agreements with the EV owners,
has access to and control over the EV capacity and charging operations. The aggregator
establishes and maintains the standards and conditions for using V2G services [51] .
Figure 9 gives an overview about the 2 different systems. At the left side is the centralized
aggregation shown, at the right side the decentralized version.

a

B

f Traditional ancillary Services

§ v2G Integration

Figure 9 Difference between centralized and decentralized aggregation of EVs and power sources in the energy system (Source:
own illustration, based on [51]).

The aggregator mostly works as a virtual power plant (VPP): A virtual power plant is a
collection of decentralized units in the power grid that are coordinated through a shared
control system. These units can be power producers, consumers, and storage facilities,
including biogas, wind, photovoltaic, cogeneration, or hydropower plants, as well as
power-to-x plants (power-to-gas, power-to-heat). The purpose of a virtual power plant is
to collectively market electricity and flexibility from the aggregated plants. Each actor
producing, storing, or consuming electricity can be part of a virtual power plant. The
swarm of individual units is controlled by a central control system that coordinates the
individual plants, responds to grid conditions and command signals for regulation energy
by transmission system operators, and adjusts the power output to respond to price sig-
nals from electricity markets. Virtual power plants resemble large power plants in their
market role and can provide similar levels of power as one or more nuclear power plants,
but they are built on a network of renewable power generation plants, which are subject
to continuous variations in power output. The development of virtual power plants was
first theorized in the late 1990s but became possible after advances in computer tech-
nology and new regulations were introduced in Germany in the 2010s to facilitate the
energy transition to renewables [52].

VPP and aggregators, that have already aggregated several electric vehicles into a vir-
tual power plant in Germany are Next Kraftwerke [53] The Mobility House [54] or son-
nenVPP [55].
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Next Kraftwerke is a virtual power plant that connects decentralized energy producers
and consumers. If a battery or sub-pool of storage units has a power of at least 1 MW
and a one-hour storage capacity and is equipped with a remote control unit like the Next
Box, it can become part of the Next Pool virtual power plant. Next Kraftwerke provides
the remote control unit and handles the pre-qualification process for the regulation en-
ergy market. Integration costs are typically in the low to mid four-figure range. By mar-
keting the regulation energy from the battery storage with Next Kraftwerke, the owner
receives a portion of the performance price as compensation. The more flexible and
longer the time windows for regulation energy provision, the greater the potential addi-
tional revenue. Additional revenue can also be obtained through cross-marketing in the
intraday market. Since EVs don’t have a the required power alone, they are to small to
join on a regular base. Nevertheless has Next Kraftwerke integrated EVs into their VPP
in pilot projects [56].

The Mobility House has announced its connection to the European power exchange
EPEX SPOT SE to trade the flexibilities of 4,500 EV batteries (100 MW) using its own
EV Aggregation Platform. The technology company has been marketing the flexibilities
of stationary and mobile electric EV batteries since 2016 through its own platform or
partners in various countries and applications. The company's direct participation as an
official exchange member is necessary due to the increasing use of V2G applications.
The Mobility House's EV Aggregation Platform enables the identification of the storage
or flexibility potential of mobile electric EV batteries, providing valuable energy, network,
and system services during the EVs' stationary times. The technology is currently being
used in Germany, France, and the Netherlands and will soon be deployed in the UK and
the US. The platform will also be used in products that target private customers to enable
them to directly benefit from the energy markets' participation and the flexibility potential
of their EVs [54].

Sonnen's Virtual Power Plant connects thousands of sonnenBatteries to form a large
virtual power plant. Each battery is controlled and coordinated within the network using
special algorithms to actively participate in the energy market and stabilize the public
power grid. This was previously only possible for large power plants, but now even pri-
vate customers can contribute to the success of the energy transition. Sonnen has re-
ceived qualification for primary control power from the transmission system operator Ten-
neT, allowing it to use its network of home energy storage units, the sonnenVPP, for
further services in the power grid. Customers who have been using the tariff since 2020
are entitled to a share of the revenue generated by the sonnenVPP. Sonnen guarantees
a profit-sharing for the first 10 years, based on technical framework data of the sonnen-
Battery used. Additionally, all customers with sonnenFlat tariffs benefit financially from
their free electricity quantity, providing an economic advantage to the use of their son-
nenBattery. Sonnen specializes in PV and batteries as home storage but has also inte-
grated EVs into the VPP in initial pilot projects [55]. More their projects can be found in
chapter 2.2.
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1.4.5 Legal requirements

In addition to the communication standards and the requirements that must be observed
in general for the development of charging infrastructure, there are other legal require-
ments and obstacles that are relevant for V2G. In Germany, there are regulations for the
installation and operation of electric vehicle charging infrastructure, outlined in the VDE
Application Regulation VDE-AR-N 4100 for low-voltage systems and VDE-AR-N 4105
for systems that can feed energy back to the public grid. Charging infrastructure with a
capacity of 3.6 kVA or more must be reported to the grid operator, while charging sys-
tems with a capacity over 12 kVA require prior approval [39].

The treatment of electric vehicles at the transfer point as consumption or generation
plants is reflected in various metering concepts based on legal requirements. The cir-
cumstances for effective energy consumption and smart grid applications are created by
the implementation of intelligent metering systems (iMSys), which are also called smart
meters. Smart meters are intelligent metering systems made up of a digital electricity
meter and a Smart Meter Gateway (SMGW) communication unit that allows for data
exchange. The digital electricity meter and flexible consumption and generation devices
are linked to the smart grid through a smart meter gateway. The effective integration of
flexible consumers and generators into the energy system requires the rollout of iMSys.
However, the rollout has been slow so far. A new draft law by the Federal Government
is going to accelerate the rollout and thus the digitization of the networks while ensuring
data protection and IT security [57] [58].

Another legal issue is unequal treatment of stationary and mobile storage in terms of
energy surcharges, taxes, and levies, leading to economic disadvantage for mobile stor-
age. Bidirectional EVs can offer system services both during controlled charging and
during controlled vehicle discharge. In terms of the legal and regulatory framework, the
problem of potential double taxation for power fed back into the public grid from these
vehicles must be addressed, as well as the distinction between electric vehicles as end-
users (while charging) and feed-in users (when dis-charging and feeding back into the
grid). For stationary energy storage systems that are fed back into the public grid, there
are now exemptions to prevent double taxation; however, these benefits do not apply to
mobile battery storage and bidirectional electric vehicles. This means that bidirectional
EVs must pay the full taxes, fees, and charges, including network fees, for the power
they draw from the public grid, even if the stored power is fed back into the grid as V2G
[18].

The Bidirectional Charging Initiative found further regulatory obstacles and demands:
The current lack of definition for mobile battery storage and the differing legal frameworks
creates uncertainty for the legal classification of bidirectional charging electric vehicles.
The initiative calls for a clear legal definition to be created. The current regulation of
network operators only regulates consumption and not generation and doesn't utilize
market-based procurement. The initiative calls for bidirectional charging to be considered
in the regulation and to provide regulatory incentives. Also, a challenge is the lack of
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economic motivation for distribution network operators to adopt bidirectional charging,
due to the focus on capital costs in current regulations. Their solution is to consider the
operational costs of flexible energy storage and digitalization of the energy network in
regulation and incentivize the reduction of network expansion costs [59].

The goal of the German Federal Government's Masterplan Charging Infrastructure 2 of
2022 (number 47) is to enable bidirectional charging without discrimination. They are
therefore examining, how the legal, technical, tax, and economic framework conditions
can be improved to remove any obstacles to the non-discriminatory use of the possibili-
ties of bidirectional charging, initially mainly in the non-public space. They are examining
to what extent new regulations are required, so that they can be incorporated into the
framework for network- and market-friendly flexibilities [60].

1.4.6 Charging strategies

The literature on V2G charging has reported several strategies [57, 61]. These include:

¢ Dumb Charging: When EVs are plugged in, they are always charged to the max-
imum capacity that is available.

o Controlled Charging: The EVs are recharged in accordance with the require-
ments of both the system operator and the vehicle owners.

e Smart Charging: The EVs are also charged in accordance with the requirements
of both the TSO and the EV owner, but it is more sophisticated than controlled
charging because it makes use of an automated and management system

EV owners are always able to plug in and charge their vehicles with dumb charging. With
controlled and intelligent charging, the process can be done manually by the automobile
owner or automatically by an intelligent charging system. In manual controlled charging,
the owner chooses when and how to charge his EV, but the system operator can influ-
ence this decision through incentive schemes. In automated smart charging, a hierar-
chical management system chooses the charging profile to maximize the advantages for
the network and owners, either monetarily or technically [57, 61].

To make the best use of the battery capacity, driver and TSO can profit from the battery,
some form of control and communication must be implemented. A proposal of such a
control came from Kempton and Letendre in 1997 [62].They were among the first to
investigate the use of V2G and EVs as a potential source for grid services. They recog-
nized the potential of using EVs as storage and found the different requirements of EV
owners and TSO. The EV owners always want to be able to use the EV without re-
strictions, while the TSO wants to use as much capacity as possible. Therefore, the ve-
hicle owner needs a limit to discharge the vehicle [62].

Their approach was a computer-controlled dashboard in the EV. Here, the driver can
make various settings with the help of a dashboard. For example, he can plan the time
and the expected distance of the next trip. He can also reserve a buffer that must always
remain available. When the driver has enough battery capacity to meet his driving needs,
the rest can be used for ancillary services such as FCR [62].
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This approach has continued to evolve since 1996 and can be found in a modified ver-
sion the market today. There are many approaches how smart and user-controlled
charging works, which depends on the provider. It can be implemented either directly in
combination with a smart wallbox or through a separate smart charging platform provider.
Different use cases are in focus, such as price-controlled charging, peak shaving for
fleets, or grid-friendly charging. These functions can also be used in pilot projects to
provide FCR. There are many different providers in the European market, who offer con-
trol, charging management and smart charging platform solutions. One example of a
provider who has used their app in a pilot project to provide FCR is Jedlix. The Dutch
smart charging platform operator has developed an app that aims to ensure that custom-
ers charge their EVs when it's most cost-effective. In their app, users must indicate when
they need their EV to be fully charged, and it happens when it's the cheapest. The Smart
Charging APl was used for this in a pilot project (s. 2.2) [63] [64].

1.4.7 User acceptance and economic benefits

The financial value of offering FCR is dependent on several factors, including payment
plans, market structure, operating strategy, degradation costs, unavailability fines, and
penalties brought on by an increase in peak load that results in technical problems with
the distribution grid. Because of this, the financial advantage for specific EV owners
may differ [65].

There are different possibilities of business models. Basically, the VPP receives money
from the TSO when it offers control power and is commissioned. The VPP returns this
money to the EV owner, usually with a retention of a share. As described in 1.4.4, there
are different possibilities how the payment between VPP and EV owner can work. For
example, the VPP retains a share of the revenues or the EV owner uses the infrastruc-
ture of the VPP and pays a flat fee for it [66].

The attitude and acceptance of EV towards V2G applications is an important success
factor for the successful implementation of V2G [67].

Since the topic of V2G is relatively new and has not yet reached everyday life, its ac-
ceptance has not yet been studied in such detail. Nevertheless, the results thus far how
crucial user approval is for the adoption of controlled charging solutions. The motives
and concerns of potential users, as well as various consumer categories and use
cases, must therefore be taken into account, especially when developing charging sys-
tems for supplementary services [68]. There are several studies that have dealt with
user fears and acceptance criteria. The results are quite similar and show financial in-
centives as being very relevant, fear of reach and fear of restrictions as obstacles.

Motivators which have be found in [68] for participating in an electric mobility program
include financial incentives such as payouts, discounts, subsidies or guarantees, envi-
ronmental protection, bonuses or rewards for using electric vehicles or related technol-
ogies, testing new technology or using specific app features, more efficient energy use,
and contributing to network stability. Participants may also benefit from a positive social
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status. However, there are concerns about financial costs, battery wear and tear, re-
duced flexibility and mobility, loss of control over processes and systems, transparency
and privacy issues, and potential security risks to personal and technical systems [68].

In the Netherlands, a study about factors which determine the acceptance of vehicle-
to-grid was conducted with 20 EV drivers [69]. The items most frequently cited by users
to accept V2G were financial compensation, transparent communication, and reliable
system control. Negative influences on acceptance have range anxiety and fear of bat-
tery overuse and degradation [69].

A project, in which secondary control power with 20 bidirectional charging systems, was
provided (INEES), the user acceptance was found to be an important factor, with users
needing to be able to customize charging plans to meet their needs using a mobile app
or the EV's interface. To ensure success, three factors were identified: frequent charging,
releasing some battery capacity, and planning future departure times. A financial incen-
tive was found to be the most important factor in encouraging participation [70].

A study conducted with early adopters of electric vehicles to determine their attitudes
towards charging, self-generation, and management found out, that majority (80%) of
the 432 respondents expressed interest in charging management, but some were not
interested due to existing management practices or lack of control. Energy providers
were seen as the most likely party to manage charging, with compensation for manage-
ment varying in importance to respondents. The study found no clear preference for
compensation levels, which suggests a lack of understanding of the value of such incen-
tives in the market. The study also found that respondents were open to the idea of tariff-
based charging but had no clear preference for specific tariffs. Finally, it was investigated
which discounts on the electricity bill could motivate electric vehicle users to participate
in an electric mobility program. The largest group, with around 25 percent of respond-
ents, wanted a discount of at least 10 to 20 percent [71].

To summarize, the literature review suggests that the technical prerequisites for V2G are
mostly in place but are not yet fully implemented in the market, particularly in terms of
communication and infrastructure. The necessary components, such as electric vehicles,
charging stations, communication devices, and VPP, that can provide ancillary services
through V2G, exist and are technically usable. Additionally, there are also charging strat-
egies, software providers and their apps that can control smart charging. Nevertheless,
the implementation of V2G is for private individuals without an aggregator currently not
possible, but the development of regulations and legal proposals suggest that it could be
implemented in the near future. The implementation of the secure communication stand-
ard ISO 15118-20 and the Smart Meter Gateway rollout could help to make V2G possi-
ble. Nevertheless, to utilize V2G, enough EV must be connected to the grid and available
for use through a VPP or aggregator.
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2 State of research

Many studies with various focuses and input data have been written regarding how EVs
provide ancillary services, especially FCR. Particularly the economic viability of EVs is
researched in the literature. Significant ones are briefly summarized in chronological or-
der. The results of some recent research projects are then presented.

2.1 Literature review

Kempton and Tomic [23] developed a model to assess the potential for grid power gen-
eration from EVs vehicle-to-grid V2G in the US in the year 2005. This model takes sev-
eral variables into account, including the revenues and expenses related to V2G elec-
tricity as well as the technological viability and financial drivers for adoption of this tech-
nology. Based on certain assumptions, such as a high vehicle availability, a connected
load of 15 kW, and a daily connection period of 18 hours, the model's findings indicate
that there is a sizable potential profit to be earned via V2G, with an estimated profit of
over 2,500 $ per EV per year. However, it should be highlighted that rather than real
driving profiles, these results were based on average driving values of 32 miles per day.
The model also considers various payment options for V2G electricity [23].

In 2011, Anderson et al. [72] looked into the extent to which plug-in hybrid electric vehi-
cles can offer grid services through primary, secondary, and tertiary frequency control.
Using information from 2008, the study examines the potential revenue that plug-in hy-
brid electric vehicles can generate in the balancing power markets of Sweden and Ger-
many. The behavior of 500 distinct vehicles was modeled using a Matlab simulation. It
was estimated that each day, the automobiles would drive for around 35 minutes, or
about 1 hour, and then participate in the regulated power market for the remaining day.
The findings indicate that in Germany, the average monthly revenue per vehicle range
from 30 $to 80 $. The high revenues are a result of the assumption that the vehicles had
a low amount of daily driving time and were able to participate in the regulating power
market for most of the day. The study does not consider the costs of infrastructure or
V2G equipment [72].

In 2013, Schuller and Rieger [73] investigated the economic potential of providing bal-
ancing power with EVs in Germany. They did an economic analysis of bidirectional EVs
participating in the German energy market. They calculated the revenues using infor-
mation from 2011 and 2012. Nine potential EV market entry strategies were taken into
account, and a daily driving distance assumption of 40 kilometers was made. The input
data for the analysis includes energy and capacity payments for three different balancing
power products for the months of March through December 2011 and the entire year of
2012. Assumptions of an availability for 18h each day for 365 days are used. The results
show that negative regulating energy, which involves charging the EV at a lower price,
has the highest economic potential for both the secondary and tertiary regulating energy
markets. Annual revenues of up 730 € per vehicle could be reached. For the provision
of FCR, the revenues are up to 250 € per year. The sensitivity analysis also indicates
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that the connection power, availability times on the grid, and variable storage costs are
relevant factors, regarding how attractive the EVs are [73].

The business case of providing negative aFRR for balancing power on the German mar-
ket by a pool of EVs was examined by Jargstorf and Wickert [74] in 2013. A so called
agent based java model was used. Vehicle drive according to driving patterns. Driving
distances are taken from the study about mobility in Germany in 2008 by the institute for
applied social sciences [75] with a profile containing business trips and a profile contain-
ing private trips. The aggregator has a certain number of vehicles under contract which
he can activate as long as their customers offer him capacity for activation. As an output,
the model calculates the available capacity for every time step for a given number of
vehicles. Then the minimum capacity available during one week in each period deter-
mines the capacity which the aggregator can offer as reserve to the TSO. The simulation
displays an annual revenue of less than 60 € per EV. Fully charged batteries are recog-
nized as a significant bottleneck for a secondary reserve provision. Costs associated
with communication and customer compensation are also a concern. Based on the sim-
ulation results, it is stated that these small units shouldn't be used to enter the secondary
reserve market. In this study, the vehicle does not immediately begin to load when linked
to the grid. Instead, the driver tells the vehicle when and at what load level it will be
needed again. The loading is subsequently postponed by the EV's energy management
system (EMS) as far as feasible to accommodate the driver's need for mobility. About
10,000 vehicles can offer 2 MW of reserve during peak time and less than at least 1 MW
during off-peak time [74].

In 2017, Hoogvliet et al. [76] conducted research on the Dutch market's potential for
electric vehicle owners to supply reserve and regulating power. They were interested in
regulating the value that EVs may produce with this kind of power as well as how it would
affect the customers. For the years 2014 and 2015, they created a model in which four
different EVs participated in the Dutch reserve power market on a minute-by-minute ba-
sis. Three distinct user groups were developed by the researchers’ using data from ear-
lier studies on the characteristics of Dutch EV drivers, each having predictable daily
travel habits and energy usage. They assumed daily energy use of 56% of the battery
and two journeys per day per EV, when defining charging sessions for each user type
based on their travel habits. To comprehend the potential financial advantages and ef-
fects on the batteries of the EVs, the researchers constructed two dispatch scenarios. In
the first scenario, the EVs were charged to capacity, whereas in the second scenario,
the charging schedule was changed depending on settlement pricing for reserve power
to add value for the EV owner. According to the findings, depending on the EV and user
group, providing reserve power might result in yearly advantages of 120 € up to 750 €
per EV owner. This was followed by increased battery utilization and decreased state of
charge distributions, however the latter had minimal effect on the projected travel re-
guirements of the EV users [76].

In 2019, Huhne et al. [77] studied the optimal delivery of system services using V2G. As
part of a pilot project, they analyzed the achievable economic value from the delivery of
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system services for electric fleets. Furthermore, it was based on a simulation method
and an optimized charging strategy. The optimization model considers the markets for
primary and secondary power provision. The development of charging strategies consid-
ers not only the need for regulation services and energy, but also the mobility demand,
and the prices to be paid or achieved. On the supply side, a distinction is made between
the representative fleet types of Retail (vehicles used by private households) and Car-
Sharing (vehicles of commercial providers). The vehicles are divided into three groups:
Parked vehicles connected to the grid, Parked vehicles without connection to the grid,
and Vehicles in use. 200 identical vehicles with 40 kwh and 11 kW charging capacity
are used. The individual charging or discharging operations are set by the algorithm so
that both the necessary charging level for mobility requirements and the punctual deliv-
ery of regulation services can be ensured at all times. The simulation of FCR retrievals
uses the frequency deviations measured second-by-second over a 12-month period
(July 2019 to June 2020). The results show a revenue of 402 € per year and per vehicle.
Fleet operators can raise value potentials or consumers can benefit from lower costs for
system services [77].

In 2020, Pavic et al. [78] discussed EVs as frequency containment. The objective of their
paper was to examine the use of EV fleets as a source of balancing reserve for the grid.
To achieve this, a mathematical model was established that optimizes the energy cost
for purchasing power in the day ahead market and the sales of FCR up and down ca-
pacities. The model considers variables including the EVs' current state of charge (SOC),
individual EV behavior, and restrictions. Three distinct vehicle sizes were used in a total
of seven case scenarios, which ranged from uncontrolled charging to bidirectional regu-
lated charging with asymmetrical FCR provision and considered both slow and fast
chargers. The study was constrained by charging and energy considerations and used
activation data and FCR market pricing from the French power system. The value and
frequency of attaining the maximum or minimum SOC are calculated by the model. The
findings show that adding controllability through V2G discharge or FCR providing signif-
icantly lowers the total cost of charging the EV fleet. When compared to uncontrolled
charging, unidirectional control without FCR reserve provision cuts the overall cost in
half, while symmetrical FCR provision further cuts the overall cost by 10%. The study's
conclusion is that improving the capability for FCR reserve provision rather than selling
energy is where V2G dispatching's true worth lies [78].

In 2020, Bafiol Arias et al. [65] analyzed the economic benefits for electric vehicle owners
who provided FCR in the Nord Pool market. Together with operational tactics that sim-
plify the provision of the service, a heuristic strategy for optimizing the power bid that
optimizes the income for EV owners was put forth. The revenue from the standpoint of
the EV owner is the subject of the economic analysis in this study. In order to examine
the behavior and prospective financial benefits that each EV may provide to the owner
when supplying frequency control reserve, the algorithm is separately run for each EV.
The study suggests three methods for maintaining the battery's operational range while
performing services and figuring out how to operate the EV most profitably in terms of
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availability and battery life. The findings show that EV owners can generate sizable in-
come and estimate yearly advantages of a range between 100€ and 1100€ per vehicle
[65].

The impact of FCR flexibilization on the economics of operating an EV fleet is the subject
of a study by Figgener et al., conducted in 2022 [79]. The authors studied the electricity
delivered by commercial EVs for regulation in 2022. The study used driving logbooks
from more than 460 commercial fleet vehicles in 14 different economic sectors, as well
as data from 22 commercial EVs across several years. The researchers created a sim-
ulation model using this information to determine how much electricity an array of EVs
could produce. The model simulates how electric vehicle drivers connect to the grid using
charging stations and reserves a particular amount of battery capacity for each vehicle.
Its capacity consists of a 30% buffer in addition to the required SOC for the subsequent
trip. For grid services, the remaining battery capacity is used. The simulation model dis-
tributes trips' timings and distances at random, correlating them to the vehicles. The
models allowed the researchers to determine how shorter service durations might affect
the amount of power available and the power uncertainty of the EV pool. The study dis-
covered that the uncertainty is low, particularly when the pool power is considerable,
showing that commercial fleets can deliver a highly stable power profile during specified
service periods. The researchers also looked at the potential earnings of a group of 121000
EVs with 11 kW of charging capacity, giving FCR in the German market. The authors
found out, that the average revenue per EV starts at 263 € per year with weekly service
periods and decreases to 232 €/a for daily service periods, but increases up to 640 € per
year with four-hourly service periods [79].

In contrast to the studies presented Schill et. al. [80] did not take the approach of gener-
ating revenue through vehicle fleets, but instead took a holistic approach. They did a
study in 2016 on how EVs will contribute to Germany's power grid in 2035. They evalu-
ated the potential of a fleet of 4.4 million EVs in delivering balancing power using a sim-
ulation model (DIETER) using hourly profiles of energy usage and charging availability
from a previous project. Two power plant scenarios and several methods of supplying
balancing power, including with and without energy feed-back from EV batteries to the
power grid, were explored. Calculations revealed that even in the absence of energy
feed-back, the EV fleet could significantly contribute to cost-effective power balancing
[80].

To summarize, the core question to be investigated is how private EVs in Germany can
provide FCR services. There have been many studies that examine the provision of grid
services by electric vehicles and calculate the potential revenues. While most of the stud-
ies calculate the potential revenues, the focus is very different, which is reflected in the
results. The results range from 100 to 1000 € per vehicle per year and the differences
result largely from the different market conditions (other countries, other years) as well
as the different assumptions about the availability of the EVs. Many of the literature fo-
cuses on technical aspects and not on actual availability. There are many different ap-
proaches to calculate the driving performance, which often use average assumptions or
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actual driving data. The economic analyses mostly focus on high-level, average vehicle
utilization times and not on model-based or actual driving data. Average assumptions
were used in [23], [72] and [73] such as how many hours a day the EVs are standing or
driving. The actual impact of vehicle availability is less discussed. There are studies that
use actual driving data or simulation models, but operate in completely different markets,
such as [65] on the Nord Pool market or [76] in the Netherlands. Other studies also use
real driving data but for secondary reserve [74] or they focus on commercial fleets [79].
On the other hand, [78] and [80] take a holistic approach to integrating BEV into grid
services in the most meaningful way possible and focus less on feasibility.

Due to the rapid advancement of technology and the shifting nature of the market, the
issue of how private EVs in Germany might supply FCR has not yet been systematically
investigated. The possible availability of independent private houses with an emphasis
on feasibility, therefore, has a study gap. By exploring the broad potential of private EVs
for supplying FCR in Germany and offering details on the accessibility of EVs that can
be charged at home, this thesis seeks to supplement earlier research. Also, the techno-
logical, legal, and financial viability are highlighted. The difficulty is to have a sufficient
number of EVs connected to the grid. These must have a SOC that on the one hand
keeps enough capacity available to act a FCR provider and on the other hand be suffi-
ciently filled, to meet the needs of their owners.

2.2 Pilot Projects

The INEES research project demonstrated the technical viability of employing a fleet of
EVs that can generate electricity to make up for short-term variations in power grid fre-
guency that call for secondary control power. To accomplish this, a concept for second-
ary control power was developed, and after discussion with a German TSO, it was tested
in a one-year fleet experiment. For this use, Solar Technologies AG created a limited run
of 40 units of a bidirectional DC charging station. Additionally, Volkswagen AG built com-
munication between the charging controller and Volkswagen's backend and fitted 20 e-
up!s with a bidirectional charging capability. As a user interface, an app was developed.
The integration of the vehicles was added to the SchwarmDirigent® by Licht-Blick SE,
creating a connection between the EVs and energy market [70].

Electric automobiles also can be utilized to supply balancing power, as demonstrated in
2022 in Germany by a project by Hyundai, Next Kraftwerke, and LG Electronics. In this
project, secondary balancing power in Amprion's balancing zone was provided by eight
charging stations and eight Hyundai lonig 5 EVs. It intends to demonstrate how tiny units
and V2G may both significantly contribute to supplying balancing power and so stabiliz-
ing the German electricity system. The cooperation's objectives were to prequalify EVs
and offer backup balancing power. To properly forecast when EVs would be at charging
stations and hence ready for regulating energy supply, LG Electronics has developed an

app [81].
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Five Porsche Taycans were successfully connected to the power grid and connected to
a cloud-based pooling system as part of a pilot test conducted by Porsche, TransnetBW,
and the consulting company Intelligent Energy System Services in 2022 in Germany.
The measurements, in accordance with Porsche, demonstrated that the grid balancing
system's goal values were met [82].

In a pilot project with Next Kraftwerke, Honda has become the first automaker in Europe
to receive certification of a fleet of production electric vehicles for prequalification of pri-
mary control services by Amprion in Germany. In the pilot project, Honda e electric vehi-
cles provided FCR for the TSO and qualified to support network stability. In addition to
the six Honda e, also six Honda Power Managers were also used in the project. The
Honda Power Manager is a bidirectional CCS charging system [37].

Honda also demonstrated in a joint project with the V2X Suisse consortium the central
role that EVs and bidirectional charging can play in future energy management. The
company supplied 50 Honda e and 35 Honda Power Manager, which were used by car-
sharing provider Mobility at various locations in Switzerland as part of a V2X project [37].

A project by TransnetBW, Next Kraftwerke and Jedlix has shown that the connection
works not only under fleet or laboratory conditions but also with vehicles at different lo-
cations. They have completed a large field test for providing regulation services through
electric mobility. A total of 155 electric vehicles participated in the practical test between
June 2021 and June 2022. The results show that the provision and delivery of regulation
reserve from a virtual power plant made up of a variety of pooled electric vehicles is not
only theoretically possible, but also practical. The activation of the pool and individual
vehicles based on set values from the TransnetBW network control system was done
according to the requirements for the quality of regulation reserve. Through the EV-Fleet
project, the partners tested the technical and communicative infrastructure for providing
and activating regulation reserve by electric vehicles placed in various locations. They
also explored how charging processes can be controlled in the future so that they con-
sider the current local distribution network conditions and do not create network bottle-
necks through system-friendly controlled charging. Here the field test was successful but
the prequalification has not yet taken place [64].

In 2023, Energy company sonnen has integrated EVs as part of a virtual power plant for
the first time, using them to help stabilize the German electricity network. The VPP re-
lies on EVs in the sonnenCommunity to provide short-term regulation of energy fre-
quency fluctuations. EV batteries in the community can supply primary regulation pow-
er within 30 seconds to compensate for power load changes. In the sonnenCommunity,
EVs from various manufacturers are used in different households for daily activities,
while also being integrated into the sonnenVPP to provide primary control power to bal-
ance the load changes and frequency fluctuations in the power grid. This is achieved
through an intelligent charging process, without causing additional battery wear through
discharging. Currently, some vehicles in TenneT's network area are already integrated
into the sonnenVPP. The next step is to expand the program to include 5,000 more
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sonnenCommunity households with an EV and a sonnenCharger, which, along with the
sonnenBatteries in the homes, will create a potential of approximately 80 MW [83].

An initial literature search and review of current research projects indicates that feasibility
is technically possible. The regulatory requirements for widespread use are not yet in
place but are expected in the next few years based on the projects. Besides the technical
and regulatory feasibility, the actual availability of private EVs is a very relevant aspect,
which is the focus of this thesis.
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3 Methodology

This chapter describes the methodology. First, the framework and approach are defined,
including limitations and assumptions. Afterwards, the databases and tools used are dis-
cussed. Then, the simulation is described, which was conducted using Python as well
as Microsoft Excel (hereinafter referred as Excel) and Visual Basics for Applications
(hereinafter referred as VBA). Finally, the evaluation is presented.

3.1 Definition of the framework

The simulation is used to determine the potential for private electric vehicles to provide
FCR in Germany. The following approach is taken: Two existing tools are used and mod-
ified to generate input data: the Load Profile Generator (LPG) [7] by Dr. Noah Plugradt
and the Charge Profile Generator for e-Mobility (CPGeM) [8] by Marian Sprinken, which
is built on base of the LPG. The input data used for the two tools is based on the previous
literature research. Using these two tools, a pool of 117 representative German mobility
profiles, based on [8] is simulated. Based on the simulated mobility profiles, a simulation
was conducted to determine the availability of the EVs. It is determined, at what time the
household members are out-of-home with their vehicles and when they are at home. The
assumption is made that vehicles are available for FCR when they are at home, are
plugged in but are not charging. As a result, simultaneity factors (SF) are calculated for
15-minute time steps for the year 2022, to determine how many vehicles are available
for FCR. In addition, a charging pattern is considered that simulates charging behavior
to ensure sufficient SOC for mobility needs.

Basend on these reuslts, the required pool size is determined to provide the minimum
offer quantity, considering the requirements and prequalification conditions of the Ger-
man FCR market. In addition to the minimum offer quantity, the uncertainty over a year
is simulated and resolved. The economic feasibility is then examined, and potential rev-
enues are calculated that could have been generated with a pool of 500 vehicles in 2022.
Furthermore, an analysis is performed on the reduction of time slots and a different
charging pattern. Figure 10 shows the framework of the thesis.

Framewaork
Database concept
Technical
Load profiles
Simulations Potential
Medelling Analysis Economical

Economical

data

Figure 10 Schematic structure of the thesis (Source: own illustration).
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The investigation of the availability on the basis of simulated, private EVs has not yet
been carried out in this form in the literature. What findings have been simulated by most
of the reviewed literature, is the revenue per year per car. In order to make the results
comparable, the annual turnover per car is also simulated. A pool of 500 vehicles is
chosen as 100 is too small to meet the minimum bid amount.

To reach the minimum bid quantity, the decentralized aggregator model described in
chapter 1.4.4 is selected [51].The aggregator has a certain number of vehicles under
contract which he can activate if they allow to use their capacity for activation. The ag-
gregated capacity is sold to the TSO [77]. The framework is shown in Figure 11.
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Figure 11 Decentralized framework. The vehicles are connected to the TSO collectively via an aggregator (Source: own illustra-
tion, based on [77]).

As described in chapter 1.3, the aggregator must provide at least 1.25 MW of capacity
for each 4-hour time slice [11]. The aim is to offer this capacity with as few EVs as pos-
sible to increase the average payment per EV. To ensure the availability of enough power
and capacity, the number of EVs is determined based on the time when the least number
of EVs are available. Therefore, the model must calculate the available number of EVs
for each time step. The minimum available capacity during each 4-hour time slice then
determines the capacity that the aggregator can offer to the TSO as a reserve.

For a better understanding, figure 12 shows the principle [74]. The x-axis represents the
time period, and the y-axis represents the SF, or how many EVs are available. A 4-hour
period is depicted. The minimum SF in this example is 42%. Accordingly, only 42% of
the total pool power can be offered throughout the entire 4-hour slot, even if more vehi-
cles would be available during the other three hours.
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Figure 12 Presentation of the principle that the minimum availability determines the total availability for each 4h time slot (Source:
own illustration, based on [74]).

Thus, household profiles are generated in the LPG, as a base for the charging profiles
which are generated with the CPGeM. For the simulation, 100 representative households
are chosen, which are representative of the non-urban, village area, since [4] has shown
that this type most often has its own parking space and does not park in the public street
space. This is relevant, since only home charging at the private wallbox is taken into
account, which doesn’t require parking in the public parking lots. The script of the
CPGeM was adapted, which is explained in detail in chapter 3.3.4.

It is assumed that each vehicle has its own bidirectional charging station at home with a
charging and discharging power of 11 kW. This assumption is based on the literature
research in chapter 1.4.1 that wallboxes available in Germany soon might be offered with
11 kW CCS. The average assumed capacity per vehicle is 60 kW. This value was chosen
based on the findings in chapter 1.4.3 and corresponds to the Nissan Leaf e+ [41]. This
one of the few vehicles in 2023 that can charge bidirectionally. It is assumed that the
vehicles are immediately connected to their wallboxes as soon as their driver arrives at
home. This assumption is made because the revenues that can be generated by provid-
ing FCR, compensate the EV owners for the effort, to plug in the EV directly upon arrival.

To ensure that the main benefit of private vehicles, transportation [62], can still be guar-
anteed, a charging pattern is implemented in the simulation. Since studies have shown
that vehicles in Germany are parked on average 95% of the day [4], a large part of the
battery is usable for further use but it is still important to ensure that availability for trans-
portation is guaranteed at all times. Therefore, the following charging pattern was imple-
mented. As soon as the vehicle arrives at home, it is charged to 60%. The 60% was
selected because within this SOC the everyday activities in the simulation can be fully
covered. During this charging time, the EV is not available for FCR. Before it drives off,
it is charged to 80%. The 80% was chosen because of two different circumstances:

First, the depth of discharge (DOD) has a significant impact on how long battery cells
last. The DOD is the total charge applied throughout a cycle. In comparison to routine
operation with 80% DOD cycles (meaning the battery is always kept between 10% and
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90% charge level), complete full cycles (100% DOD) minimize the total allowable charge
utilization by about 20%. The usual DOD for EV batteries ranges from 60% to over 90%
[84].

Second, the charging speed decreases as the battery approaches full capacity. There-
fore, manufacturers recommend charging the vehicle only up to 80% for regular use [85].

The charging time after an ooha is calculated with the GPGeM. It depends on the dis-
tance of the ooha [8]. The charging time, before leaving for the next ooha, is calculated
as followed: Assuming a total capacity SOCr,¢,; Of 60 KWh per vehicle, a SOC of 60%
(S0Chpaintaining) corresponds to 36 kWh. A SOC of 80% (SOCeqving) COrresponds to 48
kwh. Accordingly, 12 kWh still need to be recharged. With a charging power of 11 kW,
the charging time t.pq,4ing i calculated in equation 1.

ASO CLeaving—Maintaining

Lcharging = Pcharg ng
i

SOCrotqr = 100% = 60 kW
SOCpeqving = 80% = 48 kWh
SO0Cumaintaining = 60% = 36 kWh (1)
ASOC caving-maintaining = 48 kWh — 36 kWh = 12 kWh
Peharging = 11 kW

12 kWh
tcharging = W =

Accordingly, 1.1 hours are blocked from each departure time, during which the vehicle
is not available for FCR but is being charged.

Meanwhile, while the vehicle is parked at home, it is available for FCR. FCR must be
offered in parallel amounts [13]. Since the positive and negative flows usually balance
out over time, it is assumed that the SOC remains at a constant level within this range,
and the power flows from FCR almost cancel each other out due to the expected almost
symmetrical calls [77]. Figure 13 shows the charging behavior [79]. When the EV arrives
home with a low SOC after the out-of-home activity (ooha) it is plugged in and charged
to 60% (not available). It is then available for FCR (available). 1.1h before it leaves, it
charges to 80% SOC (not available).
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Figure 13 Schematic representation of the charging pattern from arrival at home, through charging, provision of FCR and departure
(Source: own illustration, based on [79]).

The aim of the simulation is to determine how many vehicles are simultaneously at home,
plugged in and can be used to provide FCR. To do this, it is important to identify how
many vehicles it will take to provide 1.25 MW.

In equation 2, the amount of energy E ,qiianie PEr vVehicle that can be used for FCR is
determined. The total capacity SOCy,:q; IS 60 kWh. The gray area above 80% SOC
(SOCypperLimit) and below 20% (SOC,werLimic) IS NOt usable. The SOCygintqining Of 60%
SOC is marked in red. The differences between the SOCy4intaining, @nd the upper and
lower limits are usable. Since the supply must be symmetrical [13], the side with the
lower usable quantity determines the total quantity.
SOCrotq = 100% = 60 kW
SOCyppervimic = 80% = 48 kWh
SOCiowerLimit = 20% = 12 kWh
SOChyaintaining = 60% = 36 kWh
(2)
ASOCyppervimit—Maintaining = 48 kWh — 36 kWh = 12 kWh
ASOCypperLimit—maintaining = 36 kWh — 12 kWh = 24 kWh

Eqvaitabie = 2 * 12 kWh = 24 kWh
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Figure 14 shows the EVs battery schematically [79].
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Figure 14 Usable battery capacity for FCR of one vehicle with a 60 kWh battery (Source: own illustration, based on [79]).

Thus, per EV with a capacity of 60 kWh, 24 kWh can be used for FCR. If the SOC limit
is extended to 90% or a larger battery is used, then even more capacity can be used. In
chapter 1.3, the requirement was found out that 0.83 MWh capacity must be kept avail-
able per MW power offered [11]. Extrapolated with 11 kW power and 12 kWh capacity in
one direction per EV, this condition is fulfilled.

There are limiting factors for providing FCR, which can be the following [79]:
¢ the charging power of the wallbox or the EV
o the useable capacity of the battery
e the connected time

For the simulation, bidirectional charging is assumed, which is a prerequisite for the pro-
vision of FCR. Equation 3 [79] calculates the minimum power that determines the limiting
factor Py imitation- HEre Py Stands for the power of the EV, P is the power of the wallbox,
Eqvaitanie 1S the available battery capacity and t.pqrgingiS the connected time of the EV.

EBattery,usable (t)

Pimitation(t) = {min ; Peys Pcs}

charging
Pgy = 11 kW
Pes = 11 kW
Egattery = 60 kWh 3)
Eqvaitapie = 12 kWh x 2 = 24 kWh
tcharging = 15min = 0,25h

24 kWh
0,25h
= min{96 kW; 11 kW; 11 kW?}

PLimitation = {mln 5 11 kW, 11 kW}



Methodology 34

The minimum is 11 kW, so therefore the limiting factor is the charging power of the EV
and the charging station. In equation 4, the minimum required number of vehicles in the
pool is calculated.

1. The maximum power P, is equal to the number of vehicles N,, multiplied by the
charging or discharging power P pqyging-

Bnax = Ny * Pcharging 4.1)

2. The maximum power must be equal to at least 1.25 MW to guarantee the 25%
buffer.

Prax = 1.25 MW (4.2)

3. With the charging or discharging power P, =11 kW (0.011 MW), the required
number of vehicles can be calculated as follows.

P. 1,25 MW
N, = —max__ — =114 (4.3)
Pcharging 0,011 MW

4. With a buffer B = 10% the minimum vehicle quantity is 126 vehicles.

Nymin = Ny * B=113x1,1 =126 (4.4)

This formula is used to determine the required pool size with the simulation results in
order to be able to provide minimum supply quantity for 4-hour time slots. Also, the SF
of available EVs is examined on a weekly basis to determine the median values, the
deviations, and the uncertainty. To investigate the economic viability, potential revenues
are calculated that could have been achieved with a pool of 500 vehicles in 2022. Fur-
thermore, an analysis of the reduction of the supply size as well as the influence of a
different charging pattern is performed.

To calculate the revenues, the following method based on [79] is used. The first step is
to determine the required SF per timestep. Once the SF has been determined, it is mul-
tiplied by the charge/discharge power of 11 kW. Since the pool contains only 100 vehi-
cles so far, it must be extrapolated to 500, by multiplying the calculated power with 5. To
ensure a buffer of 25%, the extrapolated value is divided by the factor 1.25. To enable
complete bids, the calculated value is rounded down to 1 MW. Once the storage capacity
has been determined, it can be used to calculate potential revenues. To do this, the
available offering power in MW is multiplied by the revenue value per time slice. The
revenues for all time slices are then summed up to calculate the annual revenues.

focus of the thesis is on the potential availability of private vehicles and an estimation of
their potential. Therefore, there are limitations and restrictions that have been made. The
assumption that EVs are always plug in when they are at home is based on the
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motivation of drivers to receive revenue for their readiness. Furthermore, only pure bat-
tery electric vehicles are considered in the simulation, and bidirectional charging infra-
structure is assumed, which is not available for private individuals nowdays. In addition,
the evaluation of economic potentials does not include distribution network-related re-
strictions, taxes or other payments. Also not considered are legal issues regarding war-
ranties and liability if the vehicle battery is misused. Additionally, costs such as the finan-
cial additional cost for new wallboxes for EV owners or costs due to battery wear are not
considered.

3.2 Database

The following chapter is divided into the chapters Mobility data and Economical data.
The chapter Mobility data describes the LPG by Dr. Noah Pflugradt [7] and CPGeM by
Marian Sprinken [8], which were used to simulate the mobility data. The chapter Eco-
nomical data describes the economic data used for the revenues which were possible to
generate with FCR in 2022 in Germany.

3.2.1 Mobility data

The CPGeM is used to generate the driving profiles. The CPGeM is based on the output
of the LPG. The generated profiles are used as input for the simulation. They are used
to simulate the driving behavior of the EV owners and households. This results in the
availability and the grid connection of the EVs via their wallbox at home.

3.2.1.1 Load profile generator (LPG)

The CPGeM (chapter 3.2.1.2) builds on the LPG by Noah Pflugradt. The LPG is a tool
for modeling household energy consumption. It is a tool for creating synthetic load pro-
files for households. The household profiles can be resolved every minute or every quar-
ter of an hour. A household is composed of one or more household members. A specific
list of activities has been assigned to each member. There are 60 predefined German
households but it's also possible to define an own household with the list of activities.
Activities include for example taking a shower or watching TV. Therefore, the required
amount of electricity, hot and cold water is simulated. In summary, synthetic load profiles
can be created with the LPG, in which the load profiles of all household consumers are
listed. In addition, it is possible to identify at what time which persons were out of the
house and which out-of-home activities were performed. This aspect is particularly rele-
vant to the thesis, as it is based on which EV is home and which is not. The output are
csv files and additionally various different reports like thoughts of the household mem-
bers. The thoughts can be used to determine which activity the simulated person is per-
forming at the simulated time. The LPG is available on https://www.loadprofilegenera-
tor.de/ and free of charge [7].
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3.2.1.2 Charge Profile Generator e-Mobility (CPGeM)

The GPGeM was created by Marian Spriinken as a result of his master’s thesis. The aim
of the thesis was to develop a Charge Profile Generator for e-Mobility (CPGeM), which
can create unique load profiles for e-mobility. The CPGeM is based on the LPG by Noah
Pflugradt [7], which is discussed in chapter 3.2.1.1. The CPGeM may generate distinct
load profiles for families and their members using a behavior model. Based on these
characteristics, e-mobility charging profiles that are synchronized with simulated house-
hold load profiles are generated. Moreover, information from the Mobility in Germany
(MiD2017) [4] research was used in the CPGeM's creation, which analyzed the mobility
behavior of various household types in different regions of Germany. The CPGeM cre-
ates charging profiles based on the actions of the household members after classifying
homes based on their mobility behavior based on the findings of this study. Distances
traveled, the EVs' predetermined energy consumption levels, and the typical household
EV use are included in this. The CPGeM uses a variety of input characteristics, including
the share of EVs, the diverse charging habits of homes, the average battery capacity of
EVs, and the average usage of the household EV, to generate synthetic charging pro-
files. While Python is used to implement the CPGeM, Excel and csv files are used to
manage the data [8].

The structure of the folder is shown in Figure 15 [8].

csv_output 16,10.2022 17:41 Dateiordner

diagramms Dateiordner

haushaltsprefile Dateiordner

member_profiles Dateiordner
[# 12122021_CPGeM_SoCSimulation Python File &9 KB
[# 14122021_CPGeM_MaobilityBehavicr 21.12.2022 13:31 Python File 111 KB
!@capacity_and_cnniumptinn 21.12.2022 13:31 Microsoft Bxcel-C... TKE
!@ dynamic_out_of_home_activities 21.12.2022 13:3 Microsoft Bxcel-C... 2KB
!@ INPUT_Parameter 21.12.2022 13:31 Microsoft Excel-A... KB
!@ out_of_home_activities 21.12.2022 13:31 Microsoft Excel-C... 4KB
!@ static_out_of_home_activities 21.12.2022 13:31 Microsoft Excel-C... 2KB

Figure 15 Structure of the CPGeM folder (Source: [8]).

The CPGeM consists of two Python files. In the first script CPGeM_MobilityBehavior the
mobility behavior is simulated, while in the second script CPGeM_SoCSimulation syn-
thetic charging profiles are simulated using the mobility behavior and the household pro-
files. The generated profiles from the LPG are stored in the folders household profiles
and member_profiles as described in the instruction. The csv files dy-
namic_out_of home_activities, out_of home_activities and static_out_of home_activi-
ties are also generated from the LPG [8].

The CPGeM is designed so that different scenarios can be created using various input
parameters in the Excel file INPUT_Parameter. The first part allows the user to set the
region type and the mobility behavior of households. The second part involves setting
the average battery capacity, wallbox power, and charging behavior of household
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members. Additionally, a wallbox power can be specified, and the charging behavior of
household members can be defined using five input parameter [8].

The Excel file Capacity_and_consumption provides an overview of the EVs in the simu-
lation and their capacity and consumption data [8].

The structure of the CPGeM_MobilityBehavior script works as follows: First, the csv files
are read in, including the generated csv files from the LPG, csv files with out-of-home
activities, and the input parameter Excel file. Then, important information is sorted, and
households are categorized based on their characteristics. EVs are assigned based on
household properties, and daily distances are calculated, with the average daily dis-
tances being allocated to household members. Then, the routes are assigned for each
out-of-home activity. After simulating mobility behavior, the files are outputted, with csv
files always being saved. In order to generate output diagrams, a confirmation must be
made in the input Excel file before the simulation [8].

The Python File CPGeM_SoCSimulation is structured as follows: First, the csv files that
were previously generated are read in. The overview_member_ooha dictionary is cre-
ated from the imported csv files, which lists all out-of-home activities, including all house-
hold member information. Then, parameters are processed, and wallboxes and EVs are
assigned. The SOC is then calculated: every minute, it is checked whether an out-of-
home activity is taking place at that time. Once the algorithm finds an out-of-home activ-
ity, consumption is calculated based on the distance traveled and subtracted from the
SOC. After the out-of-home activity is completed, it is decided again whether the electric
vehicle should be charged. Then, the household profiles are summed with the charging
profiles. The results generated by the script are three diagrams and two csv files. The
Python file CPGeM SoC Simulation was adapted for this master thesis, which is de-
scribed in chapter 3.3.4. Figure 16 shows the structure of the CPGeM [8].

CPGeM Mobility Behavior CPGeM SoC Simulation

read csv files
read csv files _
) N *  Allocation of the wallboxes and e-cars
nuul slft:‘::s?;?nﬂte s and categorization —I +  Calculation SoC and charging power
; R +  Calculation of the household profiles
Caleulation of daily distance per househeld member + Calculation of household profiles with e-Mobility

*  Allocation of trips per cut-of-home activity Output of the results

| Mobility in Germany (MiD) 2017 LPG (Pflugradt) I

Stafisics, weighting factors, region and household type - " .
: jent Simulation of the synthetic Household Profiles

Figure 16 Overview of the CPGeM: Connection between CPGeM Mobility Bevavior, CPGeM SoC Simulation, MiD 2017 and LPG,
(Source: own illustration, based on [8]).

3.2.2 Economical data

The simulation considers different historical market prices and demands of FCR for each
4-hour time slot of the year 2022. These data serve as input to the model, and chapter
1.2.3 explains in detail how the FCR tendering process works. The daily FCR auctions'
results are published by the TSOs in the form of anonymous bid lists on their website
[22]. These lists contain only the winning bids, while the offers of bidders whose units
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are above the limit price are not published. The data used in the model is historical data,
meaning that the generated profits and energy transactions made are theoretically pos-
sible if EVs had been on the market. The pay-as-cleared principle is followed in this
process, and the revenue value for each time slice is taken from the website and stored.
A visual overview of the results of bid lists for FCR in 2022 with the maximum and mini-
mum per 4-hour time slot is provided in the figure 19. The data used in the simulation
can be found in the digital appendix and are named resultsFCR2022.xIsx.

400 4 = Minimum
Maximum

300 1

Revenues per 4h sot [€]

T T T

o > >
28 2y o

o
L L

date

Figure 17 Results of bid lists for FCR in 2022. Maximum and minimum per 4-hour time slot (Source: own illustration, data from
[22)).

Forecasts are hard to tell but analysis platforms expect similar FCR revenues per MW in
2023 as in 2022 [86].

3.3 Simulation

The simulation is used to determine simultaneity factors per time step, when the vehicles
are at home and available to provide FRC. The simulation is done using the LPG [7],
Python, VBA and Excel. First, household profiles and charging profiles are generated
with the LPG [7]. Then the CPGeM [8] of Marian Sprunken is used and further modified
and developed. The results are exported to an Excel file Planned_charging.xlsm with
multiple worksheets and macros for formatting and filtering. Subsequently, a Python
script Calculation_of SF.py, which was newly created within the scope of the master
thesis, reads in the formatted spreadsheets, and determines a SF for each time step.
With these results, plots are created, and an evaluation is done: the required EVs to
provide FCR are calculated and the economic efficiency is determined. In addition, anal-
yses are carried out to determine the impact of reducing the time slices and to change
the charging pattern.

Figure 18 provides an overview and serves as an overview of this chapter.
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4.3.1. LoadProfieGenerator.exe
Simulation of 117 Households for 1 year

Householdprofiles, Member_profiles

4.3.2. Input Parameter
INPUT_Farameter xlsx
Capacity_and_consumption.csv
Dynamic_out_of_home_activities csv
Qut of_home_activities. csv
Static_out_of_home_activities.csv

|

4.3.3. CPGeM_MobilityBehavior.py

Csv_output: Moblile member files,

over\rifw file

4.3.4. CPGeM_SoC Simulation.py

Csv_output: Output.csv

*

4.3.5. Planned_charging.xlsm
- Formation of the excel file

:

4.3.3. Calculation_of_SF.py

'

4.3.6. Result: SF_100_HH_1year .xlsx

L]

'

resultsFCR2022 xlsx

Plotting.py
- Generation of Diagrams

4.3.7. Evaluation of the data (folder Evaluation)
- Calculation of necessary EVs to provide FCR
- Calculation of the potential revenues for 500 EVs in 2022 {revenues 100 HH

2022.xlsm)

- Determination of the unceriainty for a week within a year (Average_SF.py,
Uncertainties.py & Median 100 HH 2022.xlsx)
- Analysis of the impact of the charging pattern (output_total_potential.xlsm)

39

LPG

output

Figure 18 Stucture of the Simulation, including all input and output data, tools and file names (Source: own illustration, based on

(8.

The folder structure of the thesis is shown in figure 19. The files and folders highlighted
in red were newly created as part of the master thesis. The green files were used from
[8] but modified in this thesis. The files and folders that are not colored were used from
[8] without modification.

csv_output
Economics
haushaltsprofile
member_profiles
[# 13122021_CPGeM_SoCSimulation
[# 14122021_CPGeM_MobilityBehavior
[ Calculation of SF
ﬁ\ capacity_and_consumption
lf“ dynamic_out_of_home_activities
ﬁ;\ INPUT_Parameter
£ out_of_home_activities
!53 output_planned_charging
ﬁs output_total_potential
£ static_out_of_home_activities

New

modified

Figure 19 Structure of the modified CPGeM folder. The differences between adopted parts from [8] and own work are marked in
different colors (Source: based on [8]).
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3.3.1 LoadProfileGenerator

To ensure that the results are representative for Germany, new profiles were simulated
with the LPG, but the number and distribution were taken from [8]. Analogous to [8], 117
households were simulated with the LPG. The simulation took place over 52 weeks, from
03.01.2022 to 01.01.2023. The period was chosen in order to be able to map complete
weeks (Monday - Sunday). With the help of the 117 households, it is possible to simulate
a representative network for each of the seven region types. For the thesis household
shares of RT2.3 in table 4 were used. Table 4 was taken from [8] and shows the respec-
tive share of household categories in the network regions. The household pool also con-
sists of 12 different modular households “CHR04, CHR08, CHRO07, CHR27, CHSO04,
CHRG60, CHR55, CHR18, CHR39, CHR35, CHR51, CHR31” [8]. The resulting Thoughts
files of the household members were stored in the folder member_profiles, the resulting
files for the electricity consumption profiles in the folder haushaltsprofile (German for
household profiles) [8]. The thoughts can be used to determine which activity each
household member is performing at the simulated time. The thoughts will serve in the
simulation to determine when a person performs an ooha.

Furthermore, a test pool with 25 households was simulated. This pool was used once to
test the functionality of the scripts to increase the speed due to the smaller amount of
data. Furthermore, it was used to investigate the analysis of the charging pattern. The
test pool consists of the same households only in smaller numbers. For the test pool also
only one week was simulated, the period from 03.01.2022 - 09.01.2022.

HH category RT1.1 RT1.2 RT1.3 RT1.4 RT2.1 RT2.2 RT2.3
Young HH age <35 11% 11% 6% 4% 6% 4% 4%
years

HH only adults 36% 34% 32% 31% 32% 33% 36%
HH in age >65 34% 37% 40% 41% 45% 42% 38%
years

Family HH with at 18% 17% 21% 23% 16% 19% 22%

least one child

Table 4 Household shares in the seven different region types [8].
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3.3.2 Input Parameter

The input parameters which are entered in the CPGeM are shown in Figure 20:

Input Parameter fiir die simulation des Mobilitdtsverhalten

Region region_type_city Ismalltu:uwn, village area
Mobility behaviour MiT2017

coverage_rate_lcar (D) 1

coverage_rate_2car (D.s) 0

elecrrification_ratio (e,) 1

Input Parameter fiir die simulation der Ladeprofile

average battery capacity &0 |_':.-: Minimum ist ouf 17kl

sigma battery capacity 10 Fir jedes mobile Houshalt.

Wallbox power 11 |—' 5 Wallbox Ladeleistung
state of charge [%] charging probability [%a]

charging decision socgreaterti 60 0

charging decision between 100

charging decision soc smallertl 60 100

Figure 20 Input Parameter of the CPGeM (Source: [8]).

For the input of the mobility behavior, the option MiT2017 is chosen. Since this simulation
is only about households with electric vehicles, only households that own an EV are
relevant. Accordingly, the coverage rate, as well as the electrification rate, is set to 1 to
avoid generating unneeded households without an electric vehicle in the simulation. For
the input parameters for the simulation of the charging profiles, the average battery ca-
pacity is set to 60 kWh. The wallbox power is 11 kW and the decision from when to
charge is 100% once it is below 60% SOC (according to chapter 3.1).

3.3.3 CPGeM MobhilityBehavior

To determine the mobility behavior, the script is executed unchanged. In the script, the
input csv files are read in, household properties and categorization are performed, and
the assignment of mobility behavior is carried out. Also, the calculation of the daily dis-
tance per household member and an assignment of trips per non-domestic activity is
performed.

3.3.4 GPGeM SoCSimulation

In the script CPGeM_SoCSimulation, the charging behavior is adjusted. As seen in the
previous case, a charging decision was made as soon as the vehicle ended an ooha. If
the vehicle meets an SOC according to the input parameters, it is decided to charge the
vehicle up to 100%. In the thesis, the script was modified so that the vehicle is always
charged up to an SOC of 60% only. Figure 21 shows the charging behavior: when a
vehicle performs an ooha, the SOC decreases to a new value determined by the
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performed ooha. When the vehicle arrives home, the SOC status is queried. If the charge
level is greater than 60%, no charging occurs. If the SOC is less than 60%, it will be
charged up to 60% SOC.

Query of EV status
' ¥
_ EVY is on an out of home
EV th oh
is at home (no ooha) activily

EV discharges according

Query of the S0C io the way distance

S0C ==60 % 50C =60 %

EV is charging
until SOC = 60%

Mo charging

Figure 21 Modified Script Sequence of the file GPGeM SOCSimulation (Source: own illustration, structure is based on [76] and
data is based on [8]).

Subsequently, new csv files will be generated with contents that are relevant for the cal-
culation in the simulation. First, auxiliary files will be generated per household, which will
be created in the SOC_and_power_files folder. These will then be combined into a sum-
mary csv file called output.csv, which will be stored in the csv_output folder. The out-
put.csv file will be formatted in the next step.

3.3.5 Output Planned Charging

The goal of formatting is to specify how many vehicles are available for FCR per time
step. For this purpose, it is necessary to determine per time step when vehicles are at
home, when they are charging and what SOC they have. Since these data cannot be
taken from the CPGeM in this form, a formatting is carried out with the help of macros in
order to bring the data into the desired form. For this output.csv is loaded into the Excel
workbook output_planned_charging. Here, the resulting output.csv file is opened in the
workbook and the macros are executed on worksheet 1 in sequence. The result is a
formatted Excel spreadsheet that results for each time step on a 15-minute basis whether
a vehicle is available for FCR deployment. For a better understanding, the results look
like showed in figure 22: Per 15-minute timestep is specified, weather an EV is available
(=at home, plugged in, not charging) or not available (=either out of home or at home,
plugged in but charging).
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4 A B E] o E F 2} H | d K L 7] W
1

2 |Time asinteger Date Time HHO4 HHOT HH1D HHT HH1E HHz2 HH43 HHS3 HHS4 HHSS HHT3

3 B037TME00 Mareag,d.Jaruar2021  00:00:00 atHome  atHome  atHome  atHome  atHome  atHame  atHome  atHome  atHome  atHome  atHame
+ 1603715700 Montag,d.Januer2021  00:15:00 stHome  stHome  atHome  atHome  atHome  stHome  stHome  stHome  atHome  atHome  atHome
5 1603716600  Montag, 4. Januar 2021 00:30:00 atHome  atHome — atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
3 BOI7T?S00 Mareag,d.Jaruar2021 004500 atHoms  stHome  atHoms  stHome  atHome  atHame  atHome  atHome  stHome  atHome  atHame
T 1603718400 Montag, 4. Januer2021  0100:00 stHome  astHome  atHome  stHome  atHome  astHome  stHome  stHome  atHome  atHome  atHome
8 B0ITI9300 Montag, 4. Januar2021 01500 atHome  atHome  atbome  atHome  atHome  atHome  atome  atHome  atHome  atHome  atHome
k] 1603720200  Montag,d.Januar2021  0130:00 stHome  atHome  atHome  stHome  atHome  atHome  atHome  atHome  stHome  stHome  atHome
n 160372100 Montag. 4. Januar 2021 014500 atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
[ 1609722000 Mortag, 4. Jaruar2021  0200:00 atHome  atHome  atHome  atHome  atHome  atHome  atHame  atHome  atHome  atHome  atHome
2 1603722300 Montag.d.Januar2021  02:15:00 stHome  atHome  atHome  stHome  atHome  atHome  atHome  atHome  stHome  stHome  atHome
1 16037236800 Montag, 4. Januar 2021 02:30:00 atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
. 1603724700  Montag,d.Januar2021  02:4%:00 stHome  atHome  atHome  stHome  atHome  atHome  atHome  atHome  stHome  stHome  atHome
L] 1603725600 Montag,4. Januar2021  03%00:00 atHeme  atHeme  atHome  atHome  atHome  atHome  atHome  atHome  astHome  atHome  atHome
1 109726500 Momtag, 4. Januar2021 031500 aHome  aHome  atHome  atMome  atHome  abome  atHome  atHome  atHome  atHome  atHome
L3 1603727400  Montag,d.Januar2021  03%30:00 stHome  atHome  atHome  stHome  atHome  atHome  atHome  atHome  stHome  stHome  atHome
® 1603728300 Montag. 4. Januar 2021 03:45:00 atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
1 609729200 Mortag,d. Jarwar2021 04:00:00 atHome  atHome  astHome  atHome  stHome  atHoms  atHome  atHome  atHome  atHome  atHome
20 1603730100 Montag, 4. Januer2021  04:15:00 stHome  atHome  atHome  stHome  atHome  astHome  stHome  stHome  atHome  atHome  atHome
2 B0ITII000 Montag, 4. Januar2021  04:30:00 atHome  atHome  atHome  atHome  atHome  atHome  atome  atHome  atHome  atHome  atHome
2z 603731900 Montag,d.Januer2021  04:45:00 stHome  stHome  atHome  atHome  atHome  stHome  stHome  stHome  atHome  atHome  atHome
22 1603732800 Montag,4. Januar2021  0%:00:00 atHeme  atHeme  atHome  atHome  atHome  atHome  atHeme  atHome  astHome  atHome  atHome
24 109733700 Mortag, 4. Januar2021 051500 atHome  aHome  atHome  atMome  atHome  abome atHome  atome  atHome  atHome  atHome
%5 1603734600 Montag,d.Januar2021  05:30:00 stHome  atHome  atHome  stHome  atHome  atHome  atHome  atHome  stHome  stHome  atHome
26 1603735500 Montag, 4. Januar 2021 05:45:00 atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
o7 1B09736400  Mortag,d. Jarwar2021 08:00:00 stHome  atHome  atHome  atHome  astHome  atHome  atHame  atHome  atHome  atHome  atHome
28 1603737300 Montag,4.Januar2021  06:1%:00 atHome  atHome  atHome  stHome  atHome  atHome  atHome  atHome  stHome  stHome  atHome
2 1609736200 Montag, 4. Januar2021  06:30:00 atHome  atHome  atHome  atMome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
30 BO3739100  Montag,d.Januer2021  06:45:00 stHome  stHome  atHome  atHome  atHome  stHome  stHome  stHome  atHome  atHome  atHome
a1 1603740000 Montag. 4. Januar 2021 07:00:00 atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
(3 1603740900 Mortag, 4. Jarwar2021  O7:15:00 atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
3 1603741300 Morag.d. Januar2021  OT:30:00 notHome  atHome  atHome  stHome  atHome  astHome  atHome  stHome  atHome  stHome  atHome
a4 1603742700 Mant. Januar2021 0T-4%:00 notHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome  atHome
5 1609743600 0%:00:00 notHome  natHome  stHome  atHoms  notHome  atHome  atHame  atHome  atHome  atHome  atHome
3 1603744500 08:15:00 notHome  notHome  atHome  atHome  notHeme  atHome  notHeme  atHome  notHeme  atHome  atHome
a7 1609745400 08:30:00 notHome  notHome atHome  atHome  notHome atHome  notHome  noiHome  notHome  atHome  atHome
8 1603746300  Moneag,d.Januar2021  084%:00 notHome notHome  notHome  notHome  notHome  atHome  notHome  notHome  notHome  stHome  atHome
bt 1603747200 Montag. 4. Januar 2021 03:00:00 notHome notHome  notHome  notHome  notHome  atHome  notHome  notHome  notHome  notHome  atHome

Figure 22 result sheet of the Excel file output_planned_charging.csv after using different macros for formatting (Source: own
illustration).

The functionality of the macros and formatting is described in the following and can be

found in detail in the digital appendix in the neuCPGeM folder in file out-
put_planned_charging.xlsm.

The file contains six workbooks: description and macros, output, outputResult, Home-
AndNotCharging, Results and SOC. Firstly, the csv file output in the folder csv_output is
loaded into an empty spreadsheet. Then, the macros are executed in sequence, and the
remaining empty worksheets are filled automatically. An overview of the macros is illus-
trated in figure 23.

: copyComu ] soc
Outofhome replaceHH Charging "‘:ﬂn HomeAndN Combine_ Optional,
Chects for e the Chechs for Conies the Chodka I timesteps checks if
each car and each car and opt i Summarizes each S0C is
timestep, if it headers for a timestep, if it relevant each caris from 110 15 betueen
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figure 23 overview of the macros and sheets in the file output_planned_charging.xlsm to format the file (Source: own illustration).

The worksheet output is exported from GPGeM and contains all households in the sim-
ulation. Column 1 contains the timestep as an integer. Column 2 contains the household
number. Each household is described in 7 columns. They show the household number,
when an out-of-home activity takes place, the charging power and the SOC.

The macro outofhome formats the columns in the output sheet, so that it is determined,
at which timesteps exactly an EV is out of home.
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Currently, the household number is only listed in the rows but not in the column headers.
The macro replaceHH writes the household number in the respective column header for
the sake of clarity in the output sheet.

The macro charging blocks 65 timesteps (1.1 hours) before the next out-of-home activity.
This means that in column 5, which already indicates whether the EV is out-of-home, it
also shows when the EV is being charged.

Now, the outputResult sheet is created. For each household, columns charging/outof-
home, charging power and SOC are taken and copied to the new sheet by copyColumn
macro.

The macro HomeAndNotCharging fills the HomeAndNotCharging sheet. The household
numbers and timesteps are taken from the outputResults sheet. Then it checks whether
a vehicle is available or not.

In the 15 Min resolution sheet, the previous minute-by-minute resolution is summarized
into a 15-minute resolution by combine_timesteps macro.

The SOC macro is optional and serves to check whether the SOC is between 20% &
80%. Since the charging behavior is planned so that the vehicle charges directly upon
arrival to 60% and can only be used for FCR after that, this case should not occur and is
only for checking. Since the case has never occurred in the simulations for computational
capacity reasons, the macro can be optionally ignored, but is included for completeness.

3.3.6 Results SF

The script Calculation_of SF determines the simultaneity factor at which the 100 EVs
are available for the provision of FCR for each 15-minute, 1-hour and 4-hour interval. For
the 1- and 4-hour interval, the minimum value of the 15-minute interval is always deci-
sive. Figure 24 shows an example of the data frame of the total power. The index shows
the 15-minute time steps.
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Figure 24 Part of the Python simulation Calculation_of_SF to determine the minimum SF per interval (Source: own illustration).

The SF column contains the simultaneity factors on a 15-minute basis. The Minimum4h
column contains the minimum value for the entire 4-hour interval. This means that only
the value 60 is assigned to the entire interval. Similarly, the same applies to the Mini-
mumZl1h column, which assigns the minimum value on a 15-minute basis to each 1-hour
interval. The columns of the Dataframe with the respective time steps as the index are
plotted in diagrams and exported.

The result of the simulation are simultaneity factors and stored automatically in an output
file called SF.xIsx. These will be further analyzed and evaluated in the subsequent steps.

3.3.7 Evaluation of the results

The simulation provides the SF as a result on a 15-minute basis. For a simulation with
100 households over a year, the results are evaluated and analyzed as follows:

Simultaneity factor for each 15-Minutes: The SF results per 4-hour, 1-hour, and 15-mi-
nute time slots for the year 2022 are analyzed. The SF is used to determine when and
how many vehicles can be used for FCR and serves as the basis for further analysis. To
provide an overview, the SF for a year, a month, and a week are displayed in a graph.
The SF plotting calculation is performed in the script SF_Calculation.py.

Uncertainties: The result of the SF table is divided into 3 sheets: 4-hour, 1-hour and 15-
time increments. To determine the uncertainty, the values are analyzed and broken down
on a weekly basis. To display the values on a weekly basis, the Median_SF Python file
is first executed. This reads the SF.xIsx and adds new worksheets where the SF is
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broken down to a weekly basis (called Average). Then the Python file Uncertainties.py
is executed. The newly generated SFs on a weekly basis are read in, and a median is
calculated for each time step. In addition, the 50th and 25th percentiles are calculated
for each time step. The results are displayed in a diagram.

Calculation of the necessary vehicles to provide FCR for one year: To calculate the re-
quired number of vehicles to provide FCR, the minimum SF value is determined, which
represents the minimum number of vehicles available simultaneously for FCR.

Financial Analysis: Calculation of revenue in 2022 with different pool sizes. In chapter
3.2.2, it was shown how much revenue could have been generated per 4-hour interval
in 2022 through the provision of FCR. The revenues were combined with the call proba-
bilities.

Analysis of the time slices: 4h vs. 1h vs. 15 minutes: This analysis examines the impact
of decreasing the offer time slots to 1 hour or 15 minutes.

Impact of charging pattern: So far, it has been assumed that the EVs are not available
while charging. This applies to the time after it arrives home and is charged to 60%, as
well as the time before departure to charge it to 100%. With an improved charging pat-
tern, the time can also be used to charge the vehicle according to the availability for FCR.
Therefore, the analysis investigates how an increase in availability affects the SF. For a
better understanding, figure 25 illustrates such a charging behavior. When the vehicle
finishes its ooha, it is available for FCR until it sets off again. In the process, it is charged
in line with the grid. Nevertheless, only a 20% - 80% range is available. The formatting
and calculation are analogous to the calculation of the SF before, in the file out-
put_smart_charging.xlsm. A detailed description can be found in the digital attachment
in the file output_total_potential.xlsm. For the analysis of the impact of the charging pat-
tern, the test pool with 25 vehicles, described in chapter 3.2.1, is used.
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I
At home and connected fo the C5

Figure 25 Schematic representation of the charging pattern from arrival at home, provision of FCR and departure with a modified
charging pattern for an increased availability (Source: own illustration, based on [79])
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4 Results and Discussion

In this chapter, the results are presented and discussed. First, the potential for private
electric vehicles to provide FCR in Germany in 2022 was analyzed. Subsequently, these
results were used to determine the potential revenue from providing FCR in the German
market in 2022. An analysis of the reduction of time slots and changes in charging be-
havior was then conducted. Based on this analysis, a concept was developed for the
economic, legal, and technical requirements under which private electric vehicles can
offer FCR. Finally, the limitations of the study and the limits that have been reached are
presented.

Out of the simulated 117 households, 100 households were used to represent coverage
of small-town and rural areas. The simulation was conducted over 52 weeks (January 3,
2022 to January 1, 2023) from Monday to Sunday. The simulation using LPG included
daylight saving time, which was not considered in the results, and the results were cal-
culated for 52 weeks with 7 days and 24 hours each.

The simulation results are presented and analyzed here. The complete results can be
found in the digital appendix in folder Simulation 110 HH 1 year. The data sets for 100
households and one year were too large for a single simulation, the steps were broken
down into 2-month intervals for ten households each. Additionally, a test was conducted
with 25 households. The results of this test can also be found in the digital appendix in
folder Simulation 25 HH 1 week. Also, the whole simulation files, including the modified
CPGeM can be found in the digital appendix in the folder modifiedCPGeM.

4.1 Potential analysis: Availability, revenues and uncertainty

In the following chapter, the theoretically available power based on the simultaneity fac-
tor is analyzed. As vehicles perform several out-of-home activities throughout the day,
the available total pool power fluctuates.

4.1.1 SF 15-Minutes resolution for 1 year, 1 month and 1 week

For a first overview, Figure 26 shows the simultaneity factors of 100 households over
one year, one month (January), and one week (January 3, 2022 to January 10, 2022).
The resolution is done in 15-minute time steps.
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Figure 26 Overview of the SF in 15-Minutes resolution for 1 year, 1 month and 1 week (Source: own illustration).

Here, differences between weekends and weekdays as well as day and night can be
observed. Over the course of the year, the nights (at the top of the diagram) are always
covered with at least 95% availability. Throughout the day, minimum values of up to 24%
are reached. A more detailed analysis is carried out in chapter 4.1.2.

The results can be found in the digital appendix, file SF 100 HH 1 year.xlsm.

4.1.2 Uncertainties: Days of the year over a period of one week

Figure 27 shows the days of the year (52 weeks) over a period of one week. The display
starts at Monday 0:00 and ends on Sunday 23:59.
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Figure 27 Graph of the simultaneity factors: 365 days of the year 2022 represented over a period of one week (Source:
own illustration).

The dark red line in Figure 27 represents the median, and the light red shaded area
shows the range where 50% of the values lie. The gray shaded area represents the full
range of values. The availability fluctuates throughout the year, with a minimum SF of
24%. The median during the day on weekdays is around 50%, while the median during
the day on weekends varies between 55% and 75%. The median during the night is
around 95%. The SF is defined as the difference between the maximum and minimum
SF within a certain period of time. Both profiles show higher uncertainty during the day
than during the night.

As described in chapter 3.2.1 the household composition consists of households with
only adults, as well as family households with children, young households, and house-
holds aged <65. These different household types exhibit different profiles. Nevertheless,
many profiles represent household members working in a typical 9-5 job, which is indi-
cated by the weekday spikes during the day. As the simulations cover complete years
with the LPG, the deviations are relatively high. Many of the activities only occur several
times a week, per month, or even only a few times a year. Thus, there are significant
differences in the distribution. To mitigate the downward fluctuations, it is possible to
selectively exclude vehicles with particularly high absence times. Due to the heteroge-
neous household profiles and different times, it is still possible to cover a large part.

The results can be found in the digital appendix and are called Median 100 HH.xIsx.

4.1.3 Calculation of the required vehicles to provide FCR

As the minimum number of available vehicles determines the total available power for
FCR provision, the next step is to investigate how many vehicles are required in a pool
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to reliably provide the minimum offer size of 1.25 MW. The simulation with 100 vehicles
was extrapolated for these calculations.

Scenario 1 describes being able to provide FCR all year, i.e., 8760 hours. Within this
year, the minimum value reached is 24%. The required number N,.¢qyireq Of VEhicles in
the pool is calculated to have a sufficient amount of EVs at all the time. The power
Ppoo1,1009 Must be high enough to ensure that 1.25 MW are still available at P4y 249
The calculation is performed in equation 5.

N. Ppool,loo%
required —

Peharging
To cover one year (8760h) :
Ppoor2a% = 1,25 MW
Ppoot,100% = 521 MW
with: Peparging = 11 kW = 0,011 MW

521 MW
Nrequirea = ooii MW -

()

474

To ensure that 1.25 MW is still available at an SF of 24%, the total pool size must be
able to provide 5.21 MW of power at 100%. With 11 kW per vehicle, this corresponds to
a total pool of 474 vehicles. To provide a 10% buffer, this scenario would require 521
vehicles to reliably provide 1 MW of FCR throughout the year 2022. Figure 28 shows the
SF over a year broken down into 4-hour intervals. The blue line represents the minimum
of 24%.

SF

Minimum 1.25 — —
A %] 5 1 " 13
MW at 24% @%@ @0 @ oV

Time

Figure 28 The SF in 4 Hour resolution over a year. The minimum simultaneity factor that is reached is marked (Source: own
illustration).

The calculation is performed similarly to determine the number of vehicles the pool would
need to offer 1 MW of power for 75% and 50% of the year 2022. The minimum required
SF is calculated in the Uncertainties Python script by calculating the SF of the 50th and
25th percentiles (see digital appendix, Uncertainties.py).
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Table 5 shows how many vehicles are needed for the full year, 75% of the year, and
50% of the year.

100% of the year 75% of the year 50% of the year
Hours 8760h 6570h 4380h
Minimum SF 24% 45% 61%
Pioov 5.21 MW 2.77 MW 2.05 MW
Vehicles required 474 251 187
Buffer included 521 277 205

table 5 difference between the required EVs, depending if 100%, 75% or 50% of the year 2020 are covered.

In summary, this means that with around 40% of the vehicles, 50% of the year can be
covered. The calculation can be found in the digital appendix, file Revenues 100 HH
2022 .xlIsx

4.1.4 Economical analysis

In the next step, a theoretical pool of 500 vehicles is created. The 100 simulated vehicles
are extrapolated to 500, and the potential revenues for 500 vehicles for the year 2022
are calculated. Figure 29 shows a section of the calculation, where the calculation of
theoretical revenues for the 4-hour intervals in the year 2022 is determined.

Figure 29 shows the calculation of the revenues. The Time column lists the time from
January 3, 2022, to January 1, 2023, in 4-hour intervals. The Per4h column contains the
revenue values per 4-hour interval for FCR in Germany in 2022, taken from re-
sults2022.xIsx [22]. The SF column contains the simultaneity factors per 4-hour interval
per 100 vehicles. In the Theoretical Power 500 EVs [MW] column, the number of vehicles
is multiplied by the power (11kW) and extrapolated to 500 vehicles. In the Offering [MW]
column, the division by 1,25 takes place, to represent the necessary buffer of 25%. In
the Rounding [MW] column, the values are rounded down to reflect the 1 MW bid sizes.
Then, in the Revenues column, the MW offered are multiplied by the potential revenues.
At the bottom of the sheet, the sums are formed, per year.
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A B C D E F G H |

1 Time Per 4h SF Within 50% Within 75% Theoretical Power 500 Evs [MW] Offering [MW] Rounding [MW] Revenues (€)
2 | 2022-01-03 00:00:00 122,20 a7 122,2 1222 5,335 4,268 4 4BE.B
3 | 2022-01-03 04:00:00 137,40 70 1374 1374 3,85 3,08 3 4122
4 | 2022-01-03 08:00:00 110,67 41 ] ] 2,255 1,804 1 110,67
5 | 2022-01-03 12:00:00 110,00 45 ] 110 2,695 2,156 2 220
6 | 2022-01-03 16:00:00 82,00 46 0 ] 2,53 2,024 2 164
7 | 2022-01-03 20:00:00 93,34 73 93,34 93,34 4015 5,212 % 280,02
8 | 2022-01-04 00:00:00 89,50 92 89,5 89,5 5,06 4,048 4 358
9 | 2022-01-04 04:00:00 99,00 77 99 99 4,235 3,388 3 297
10 | 2022-01-04 08:00:00 52,40 52 ] 52,4 2,86 2,288 2 1048
11 | 2022-01-04 12:00:00 56,67 44 0 ] 242 1,936 1 56,67
12 | 2022-01-04 16:00:00 55,60 37 ] ] 2,035 1,628 1 55,6
15 | 2022-01-04 20:00:00 55,00 &4 55 55 3,52 2,816 2 110
14 | 2022-01-05 00:00:00 101,60 92 101,6 101,6 5,06 4,048 4 406,4
15 | 2022-01-05 04:00:00 120,89 73 120,89 120,89 4,015 5,212 & 362,67
16 | 2022-01-05 08:00:00 53,17 52 0 53,17 2,86 2,288 2 106,34
17 | 2022-01-05 12:00:00 91,41 42 ] ] 2,31 1,848 1 91,41
2183| 2023-01-01 00:12:00 96,43 57 0 96,43 3,135 2,508 2 192,86
2184 2023-01-01 00:16:00 48,40 59 0 484 3,245 2,596 2 96,3
2185| 2023-01-01 00:20:00 115,17 92 115,17 115,17 5,06 4048 4 450,68
2186

2187 |renenues/a [€] 201504 94111 141127 450283
2188 | number vehicles 229 305 500
2183 revenue/vehicle[€] 411 463 900,57
2130 | with probability 2,5 [€] 164,39 185,08 360,23

Figure 29 Extract from the table revenues 100 HH 2022.xIlsm. Revenues per year and per vehicle are calculated (Source: own
illustration).

The same calculation is performed for the 1-hour time slices and 15-minute time slices.
However, in these cases, the revenue values of the 4-hour intervals are divided by four
and 15, respectively, to determine the revenues on a 1-hour and 15-minute basis.

The theoretical revenue for 2022 is 450,283 € for a pool size of 500 vehicles and even
distribution, assuming no revenue for the aggregator. This corresponds to about 900 €
per vehicle. In chapter 1.2.3 it was shown that there are 2.5 times as many providers for
FCR compared to the amount that is actually called. This value of 2.5 was considered
as the probability of retrieval and it is also examined how the revenues behave with this
probability of retrieval. Therefore, including the factor 2.5 of the call probability a potential
revenue per vehicle of 360 € could have been reached.

Figure 30 shows the revenues over the year 2022. In blue, the revenues are shown that
could potentially have been generated with the supply of 1 MW. The revenues that could
potentially have been generated with 500 EVs are shown in gray. One can see that in
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most cases more than 1 MW can be offered. Revenues up to 1600€ per time slice could
be reached.
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figure 30 Theoretical revenues in 2022 for 1 MW (blue) or a pool of 500 vehicles with up to 5 MW (gray) (Source: own illustration).

4.1.5 Analysis of the time slices

Currently, the supply size needs to be provided for 4-hour time slices. As the number of
vehicles within the time slice varies greatly, the next step is to investigate how a reduction
in time slices affects revenues. 1-hour time slices and 15-minute time slices are exam-
ined. Figure 31 shows the month of January 2022, and Figure 32 shows the first week
of January.
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Figure 31 SF resolved the month January 2022 for 4h, 1h and 15 minute time slices.
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Figure 32 SF resolved over the first week of January 2022 for 4h, 1h and 15 minute time slices (Source: own illustration).

The red lines represent the SF on a 15-minute basis, the blue lines on an hourly basis,
and the gray lines on a 4-hour basis. It is already evident that the simultaneous factors
in the 4-hour interval are lower compared to the others. This is even more visible in Fig-
ure 33. Here, the gray blocks represent the 4h SF, while the blue blocks represent the
1h SF. It can be indicated that the minimum value of a 1h time slice determines the
minimum value of the 4h time slice.

100 4

20 4

Hours of the day

Figure 33 Influence of the reduction of time slices from 4h to 1h. Displayed over one day (Source: own illustration).

Similarly, in Figure 34, the 1h time slices are represented in blue, and the 15-minute
time slices are represented in red.
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Figure 34 Influence of the reduction of time slices from 1h to 15 minutes. Displayed over one day (Source: own illustration).

The diagrams already show that reducing the time slices will increase the overall SF.
This relationship is illustrated again in the following diagram, Figure 35.
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Figure 35 boxplot of the different time slices: 4h, 1h and 15 minutes and their impact on the SF and the median (Source: own
illustration).

Figure 35 shows a box plot of the time slices. The boxes represent the interquartile range,
which includes the middle 50% of the data. Here, for the 4-hour intervals, the interquartile
range is between 45% and 86%. The median value is 60%. The lower and upper limits
of the box represent the first and third quartiles. The maximum value for the 4-hour in-
terval is 100% and the minimum is 24%. For the 1-hour interval, the upper limit of the
interquartile range is 92% and the lower limit is 52%. The median is 71%, and the upper
and lower values are equal. For the 15-minute intervals, the upper limit of the interquartile
range is 93%, the lower limit is 55%, and the upper and lower values are the same. The
median is 75%.

One can see that there are much smaller differences between the 1-hour and 15-minute
intervals compared to the 4-hour and 1-hour intervals. The upper and lower extremes
also remain the same, as the dataset contains the same values but in smaller intervals.
Additionally, the median is higher for smaller time intervals.
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These results show that the smaller the time slice offered, the more vehicles are available
on average. This is because only the minimum pool size can be offered in the time slots.
The analysis suggests that the smaller the time slice offered, the more profitable it is.
Therefore, the next step is to analyze the revenue potential of the smaller time slices.
The results can be found in table 7. The theoretical annual revenue increases from 4h to
1h by 75 €, while the revenue from one hour to 15 minutes only increases by 21 € per
year and per vehicle.

4h 1h 15 min
Revenues/a [€] 450,283 544,620 570,113
Revenues/EV max. [€] 900 1089 1140
Revenues/EV min. [€] 360 435 456

Table 6 Impact of the reduction of time slices on potential revenues in 2022.

4.1.6 Impact charging pattern

So far, it has been assumed that a vehicle is not available to provide FCR while charging.
In chapter 3.1, the adaptation of the charging behavior was shown schematically. It is
investigated how the total availability changes if the vehicle is always available when it
is connected.

Figure 36 shows the first week of January in 2022 with a reduced pool of 25 vehicles.
The previous charging behavior is shown in orange. There, the vehicle is only available
when it is connected to the wallbox at home but not charging. The blue line shows the
optimized charging behavior. Here it is assumed that the vehicle is always available
when it is connected to the wallbox at home. The intelligent charging behavior assumes
that charging is controlled in such a way that it is charged when FCR provision is not
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figure 36 impact of the changing of the charging pattern. Higher SF can be reached through the modification of the connection
time. (Source: own illustration).
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One can see that the availability increases during the day and the SF increases. The
figures also confirm this statement. While an average SF of 68% was achieved with the
old charging pattern during the week, it has increased to 76% with the new charging
pattern.

It should be noted that this observation is only valid for an initial assessment since the
pool of 25 vehicles is not representative. An extended simulation with 100 vehicles can
determine the additional revenues due to the increased availability.

4.2 Discussion on future implementation concept

While the results of the simulation were described and explained before, the discussion
takes place in the context of the implementation concept. Findings from literature re-
search and simulation are combined and the technical, economic and legal prerequisites
for the participation of private EVs in the FCR market in Germany are examined within
the framework of an implementation concept.

4.2.1 Technical

As part of the master thesis, various actors and components were identified that must be
present for the implementation of FCR through electric vehicles. These are schematically
and exemplarily depicted in figure 37 and will be described subsequently. Since the prin-
ciple is still quite new, there are many different approaches and providers to implement
and link the components. The shown linkage of the components is an option, how such
a concept can be built up. It is based on the results worked out in the literature recherche.
Furthermore, several of the components can also be taken over by a provider or com-
bined into one application, e.g. metering, the controlling platform and the VPP.

+——» Energy
+— Data
+—» Money
Compaonent
I Player

Figure 37 Overview of a concept for the implementation with consideration of technical components and players, payment flows
and framework conditions DGO = Distribution Grid Operator (Source: own illustration).
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Electric Vehicle and Wallbox: One necessary component for the implementation of FCR
is the electric vehicle, which must be able to perform bidirectional charging. Additionally,
a wallbox is also necessary, which in combination with the vehicle, allows bidirectional
charging. The vehicle can be charged and discharged with either DC or AC. The exact
difference between the two is explained in chapter 1.4.1. Currently, the number of EVs
that support bidirectional charging is still limited, but more models are expected to be
announced soon, as described in chapter 1.4.3. The availability of bidirectional wallboxes
is also currently limited to a few models that are not yet available for purchase as of
02/2023, as described in chapter 1.4.1. However, based on many product announce-
ments, their availability is expected soon.

Distribution Grid: As shown in chapter 1.1, the vehicle is connected to the distribution
grid at the network level. It receives power from the grid and feeds it back into the grid.

Metering: For V2G, smart meter systems are needed for effective energy consumption
and integration of flexible consumers and generators into the grid. They consist of a
digital electricity meter and a smart meter gateway for data exchange with the smart grid.
The rollout is currently slow. Detailed information can be found in chapter 1.4.5.

Controlling: To make the best use of the battery capacity, so that the driver and the TSO
can benefit from the battery, some form of controlling and communication must be im-
plemented. There are various approaches to this, as described in chapter 1.4.6, via in-
tegrated overall solutions or independent apps. Basically, however, information such as
the charging behavior and status from the wallbox and the meter reading must be trans-
mitted to the back end. There, an energy management system or an intelligent charging
platform can be connected for control. In addition, the control system must be able to

react automatically to frequency fluctuations [11].

Aggregator/VPP: A 1.25 MW minimum capacity is required to compete in the FCR tender
[11]. It is required to combine electric vehicles because each one has no sufficient ca-
pacity. It needs an aggregator, such a virtual power plant (VPP), to manage, certify, and
market them (see chapter 1.4.4).

TSO: the TSO prequalifies the pool. The aggregator is responsible for the prequalifica-
tion process with the TSO for the entire pool of electric vehicles. The prequalification
process is described in detail in chapter 1.3.

Communication Infrastructure: For a successful implementation, a standardized and
functional communication between the components and actors is relevant. The following
protocols for communication between vehicle and wallbox (ISO 15118, CHAdeMO), be-
tween wallbox and grid (IEC 61850), between wallbox and backend (OCPP, EEBuSs,
Modbus-TCP) between backend and energy market (OpenADR) were identified in chap-
ter 1.4.2 as particularly relevant for V2G and thus also for the integration of EVs into
ancillary services [25, 40]. These are still being developed and implemented.

Implementation: Various pilot projects have demonstrated that the provision of electric
vehicles is technically feasible. The necessary technical components are available, and



Results and Discussion 59

prequalification for V2G services was successful in test cases. The simulation in the the-
sis confirms and expands upon the results found in the literature. In the simulation, a
pool of 521 vehicles, was able to offer 1.25 MW of FCR be offered over a year, but the
available power fluctuates over time due to the high variability of available vehicles. Dur-
ing the day, a median of 50% was reached for the weekdays, during the night a median
up to 95%. Also, the battery SOC was identified as a critical factor, as FCR must be
offered symmetrically [11], meaning that the SOC of the vehicle cannot be high or too
low to be equally available in both directions. The losses incurred in providing available
power were also analyzed, including time, transmission, and battery capacity that can be
utilized. Time can be optimized by connecting the vehicle to the grid not only at home
but also at other locations such as the workplace. The charging power can also be opti-
mized both on the vehicle and wallbox sides. To increase the usable capacity, a larger
battery capacity or a SOC of 50% would be a more sufficient choice. However, looking
at the EVs announced to be bidirectional in the next few years, they mostly have at least
a 60 kWh capacity. Furthermore a potential obstacle could be the 15-minute criteria,
which requires that the same vehicles must be available in the pool for each 15 minutes
call [11]. This would mean that vehicle owners would need to commit to having their
vehicles connected for at least the specified time when in use or planned for use. Fur-
thermore, in the literature was found that it is essential to ensure that both the driver's
and the VPPs and TSOs needs are met. The driver wants to meet their mobility needs,
while the VPP and TSO wants to utilize the battery capacity [62]. In the simulation, an
average SOC of 60% was appropriate for a sufficient battery capacity for the EV owners’
everyday activities while also allowing the VPP to have sufficient buffer to utilize the
vehicle for FCR provision.

V2G is one of the main prerequisites for the use of EVs for providing FCR. Since the
supply must be generated symmetrically, it is not possible to offer only unidirectional
power. However, it would be possible to offer ancillary services in combination with sta-
tionary home storage, as sonnen does [55] (as mentioned in chapter 1.4.4). Thus, the
part of the discharging process could be done via the EV and the part of the charging
process via the home storage, as long as the bidirectionality is not yet given.

The availability of additional V2G-capable automobiles on the market is one of the most
crucial requirements for the wide-scale implementation of V2G. With the estimation of
[87], that 25% of EVs can charge in both directions by 2035 and an average of 40% of
those vehicles are available for usage at the electricity market, the usable power will be
28 GW.

4.2.2 Economical

Today, the vehicle battery still accounts for about one third of the vehicle acquisition
costs and is typically used for driving for less than 10% of the time. During periods of
inactivity - given that the EV is connected to the power grid - the battery is ideal for
providing short-term flexibility to the power system [26].
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The thesis calculated the theoretical revenues that could be generated by a pool of 500
private EVs providing FCR while charging at home. Simulations were conducted to de-
termine potential revenues for 2022 and found that a total of 900 € per EV and year could
be earned, with each individual EV potentially earning a proportion of this revenue. As
shown in Figure 37, the financial flows are channeled through the aggregator or VPP
since individual vehicles cannot be directly connected. When a bid is accepted, the VPP
receives the revenue for the offered power quantity, which is then distributed to individual
EV owners according to the business model. The thesis assumed that all revenues would
be distributed equally among EV owners, regardless of how much time their vehicles are
actually connected and available. In this thesis revenues for the VPP and additional costs
such as infrastructure, taxes and fees were not considered. In practice, however, a share
of the proceeds for the VPP is conceivable. Therefore, these costs may further reduce
potential revenues.

In addition, the thesis examined how to optimize the economic benefits. Currently, 4-
hour time slots are required for FCR [11]. The simulation showed that it would be more
profitable to sell in 1-hour increments and that the difference between 1h and 15 minutes
is nhot as significant as between 4h and 1h. The average SF could be increased from
60% (4h) to 71% (1h) and to 75% (15 mins). While with 4-time slots, revenues of 900 €
per vehicle and year could have been reached in the simulation, for 1-h time slots 1089
€ would have been possible and up to 1140 € for the 15-minutes intervals.

The fewer vehicles participate, the less the revenue is divided. Therefore, it makes sense
to include vehicles at night or for periods when the supply of flexibility is high. High pen-
alties can be imposed for not meeting FCR requirements, so including battery storage
for security could be beneficial. Optimizing the charging pattern could also lead to higher
revenues. However, the commitment of EV owners is also of crucial importance in this
regard. With a sufficiently large pool of EVs, availability can also be ensured. However,
a smaller pool makes more sense to increase revenues per user. If users are willing to
plan and communicate their travel times and SOC, revenues can be increased even
further. Furthermore, pools can be selectively put together depending on household pro-
files, and vehicles with too low a utilization rate can be excluded. Up until now, an aver-
age value per EV owner has been calculated. A proportional compensation based on
connection time is also conceivable.

The presented calculations were based on current result data from the tenders for FCR
in Germany. Therefore, it is important to assess how prices will develop in the coming
years to determine the future potential. In recent years, there has been a clear upward
trend in the prices that can be achieved for FCR. The future price development has a
significant influence on the resulting FCR revenues. In chapter 3.2.2, similar prices to
those in 2022 were predicted for the year 2023 [86], which would also mean total poten-
tial revenues of around 900 € per year and EV, based on the simulation for 500 EVs.

Literature research has shown that user acceptance plays a significant role [67, 69, 71].
In chapter 1.4.7 the motivators of financial incentives and the limitations of range anxiety
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were highlighted the most. Therefore, in the next step, it needs to be investigated how
high the incentive must be for users to be willing to not fully charge their EV (due to range
anxiety), and how high the incentives must be for users to plug in their EV every time
and make it available for the grid.

Currently, the unclear definition of energy storage systems still prevents the economic
feasibility of electric vehicles. The double burden of energy storage systems in EVs with
taxes, fees, charges, and surcharges does not make any economic sense.

4.2.3 Legal

In Germany, the development of vehicle-to-grid (V2G) charging infrastructure is subject
to various legal requirements and obstacles, which must be carefully considered to en-
sure its successful implementation.

Firstly, regulations for the installation and operation of electric vehicle charging infra-
structure must be observed. Charging infrastructure with a capacity of 3.6 kW or more
must be reported to the grid operator, while charging systems with a capacity over 12
kW require prior approval [39].

Secondly, the implementation of intelligent metering systems, such as smart meters, is
crucial for the effective integration of flexible consumers and generators into the energy
system. However, the rollout of these systems has been slow so far. To address this
issue, a new draft law by the German Federal Government aims to accelerate the rollout
while ensuring data protection and IT security [60].

Thirdly, there is an unequal treatment of stationary and mobile storage in terms of energy
surcharges, taxes, and levies, which leads to economic disadvantage for mobile storage.
This issue creates a challenge for bidirectional EVs, which can offer system services
both during controlled charging and during controlled vehicle discharge. To overcome
this issue, the German Federal aims to improve the legal, technical, tax, and economic
framework conditions to enable bidirectional charging without discrimination [18].

To conclude the legal aspects, the successful implementation of V2G charging infra-
structure in Germany requires careful consideration of various legal requirements and
obstacles, such as regulations for the installation and operation of charging infrastruc-
ture, metering concepts, and taxation. The German Federal Government aims to over-
come these challenges and enable bidirectional charging without discrimination.

4.3 Limitations of the research

The aim of this work was to determine the potential and requirements for the integration
of private electric vehicles into the balancing power market in Germany. The work is
limited to the ancillary service FCR, as the simulation and analysis of other types would
go beyond the scope.

Another research need arises from consideration of the costs incurred. The thesis does
not include the revenue that the VPP receives for its service. Nor does it consider the
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costs, such as the cost of new wallboxes for EV owners or costs due to battery wear and
tear.

The assumption that EVs are always plugged in at home is based on drivers' motivation
to receive compensation for their willingness to do so. For this assumption to work in
practice, there is a need for further research that examines the actual revenues after
deducting costs and charges to the VPP in practice with potential users.

The reader should note that this work is based on a profile of 100 households. Due to
the large amount of data and the high computational effort, 100 households were chosen
as the maximum number. However, for an optimized simulation of the theoretical reve-
nue with 500 EVs, an even higher number would be more sufficient.
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5 Conclusion

This chapter includes a summary of the results as well as an outlook.

5.1 Summary

The aim of this thesis was to determine the potential and the requirements to integrate
private electric vehicles into the balancing power market in Germany. The work is limited
to the ancillary service FCR at the usage of the own wallbox at home. To this end, after
a literature review, a simulation was developed and the theoretical potential based on
the availability of EVs, i.e. connection to the home network, was determined with a sim-
ulated pool of 100 EVs. Furthermore, the technical, economic, and legal feasibility was
examined.

To answer the research question, the following procedure was followed. The thesis
builds on 2 existing tools, the Load Profile Generator (LPG) by Dr. Noah Pflugradt [7]
and the Charge Profile Generator e-Mobility (CPGeM) by Marian Sprinken [8]. The
CPGeM was further developed as part of the thesis. The input parameters were chosen
based on the findings of the literature review. With these two tools, a pool of 117 repre-
sentative households and corresponding charging profiles were simulated. Based on the
simulated profiles, the availability is determined. Using simulation files developed with
Python, Excel and VBA, it can be determined when household members are out of the
house with their vehicles and when they are at home and available for PCR. The result
is simultaneity factors for 15-minute time steps, which indicate how many vehicles per
time step are available for PCR. Charging patterns are considered, which simulate the
charging behavior to ensure sufficient SOC for mobility needs. From the results of the
availability, the required pool size for providing the minimum offer amount was deter-
mined, taking into account the requirements and prequalification conditions of the Ger-
man PCR market. In addition to the minimum offer amount, the uncertainty over one year
was also simulated and presented. The economic feasibility was then examined, and the
potential earnings that could have been achieved with a pool of 500 vehicles in 2022
were calculated. Furthermore, an analysis of the reduction of time windows and a differ-
ent charging pattern was carried out. The simulation is based on the following framework
conditions: It is assumed that the vehicles are connected to the network directly after
arriving at home. Furthermore, it is assumed that the vehicles are available for FCR when
they are at home but not charging. Charging and discharging are done with a charging
power of 11 kW, and the EVs have an average battery capacity of 60 kWh.

To answer the research question to what extent private electric vehicles in Germany can
be used for the provision of FCR, the literature review and the simulation based on it
provide the following results. First, the overall potential is discussed, then the three sub-
research questions on the technical, economic, and legal aspects are answered.

The high theoretical potential determined in the literature due to the long service life is
partially confirmed in the simulation. The potential depends strongly on availability. Since
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only the wallbox and thus the usage time at home was considered, an average SF of
60% is achieved in 2022. The paper concludes that availability of the EVs fluctuates but
can be increased by targeting specific time periods, such as nighttime hours. Accord-
ingly, targeted coverage segments and area wide V2G are required for optimal utiliza-
tion. Differences are observed between weekends and weekdays, as well as day and
night. Nights were covered with at least 95% availability for the entire year 2022. During
the day, minimum values of up to 24% are achieved. Availability fluctuates throughout
the year. The median weekday daytime availability is about 50%, while the median week-
end daytime availability varies between 55% and 75%. To ensure that sufficient vehicles
are available throughout the year to always provide FCR, a pool size of 521 vehicles was
determined with a minimum size of 1.25 MW. Optimization can also be achieved by ex-
tending the charging time, for example by integrating a different charging location or in-
creasing the charging power.

The question, to what extent is implementation in Germany technically feasible at present
and in the future can be answered as followed. From a technical perspective, the imple-
mentation of EVs for V2G services is technically feasible, with successful pilot projects
and available technical components. These components include an electric vehicle that
can be charged bidirectionally, a wallbox, a distribution grid, a smart meter, a back-end
energy management system, and an aggregator or VPP. Communication between these
components is critical, and new communication protocols are being developed to facili-
tate V2G implementation. Widespread deployment of bidirectional charging and ensuring
that the needs of both EV owners and VPP or TSOs are met are important considerations
for large-scale V2G deployment. In the simulation, an average SOC of 60% was suffi-
cient to provide adequate battery capacity for EV owners' day-to-day activities while
providing the VPP with a sufficient buffer to use the vehicle for FCR provisioning.

The question of how the economic implementation is currently and in the future regarding
the market design can be answered as follows. The theoretical revenues for the year
2022 amount to 450,283 € with a pool size of 500 vehicles and even distribution, assum-
ing no revenues for the aggregator. This translates to about 900 € per vehicle. With the
call probability of 2.5%, this represents a potential revenue per vehicle of 360 €. Reve-
nues could be optimized by the possibility of a smaller offer slice. Currently 4h must be
offered. There are much smaller differences between the 1-hour and 15-minute intervals
compared to the 4-hour and 1-hour intervals. Thus, the average SF can be increased
from 60% (4h) to 71% (1h) and to 75% (15 mins). The potential revenues also increase.
While with 4-time slots, revenues of 900 € per vehicle and year could have been reached
in the simulation, for 1-h time slots 1089 € would have been possible and up to 1140 €
for the 15-minutes intervals. By optimizing the charging behavior, the availability can be
increased by up to 9%.

Furthermore, the question is answered, which legal and regulatory framework conditions
are currently given, and which are necessary to provide FCR by private EVs in Germany.
It was shown that V2G technology, which is essential for the provision of FCR, currently
still faces obstacles in Germany. These are regulations for the installation and operation
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of charging infrastructure, the treatment of electric vehicles as consumption or genera-
tion units, and the unequal treatment of stationary and mobile storage in terms of energy
surcharges, taxes and levies. The deployment of intelligent metering systems (iMSys) is
necessary for effective energy consumption and smart grid applications but is slow. Clear
legal definition and regulatory incentives are being called for by various initiatives to en-
courage the adoption of bidirectional charging, which is also being explored by the fed-
eral government.

The results of this thesis tie in with the literature reviewed in recent years on the provision
of FCR. The study of the simultaneity factor and availability on a simulated private EV
basis has not been done in this form in the literature, so it is difficult to compare these
results directly with other studies. However, one result that is included in almost every
study is the revenue per year per car. Since the studies examined on the provision of
balancing power by electric vehicles were conducted in very different markets, at differ-
ent years, and with different assumptions about driving pay, large differences in the re-
sults were therefore to be expected, and they have come to pass. The financial result is
a higher value than in the other studies, which is due to the high FCR revenues in 2022.

In summary, it is not yet possible for private electric vehicles to be used to provide FCR
in Germany. The technical framework is in place or mature, but the regulatory hurdles
are still there. Nevertheless, there is great potential in terms of removing the hurdles.
Sufficient availability of EVs could also be confirmed with the simulation. Due to the dif-
ferent household profiles, there are strong time-dependent fluctuations in the course of
the day, week and year, but by selecting suitable supply slices, the time slices can be
used when the availability becomes high. However, cooperation with the EV owner is
important in this regard. With a sufficiently large pool, performance could be guaranteed
even without planning and commitment from the EV owner. With a smaller pool, in order
to increase economic efficiency, planning of the charging times by the EV owner is rele-
vant. Furthermore, the commitment of the EV owner to plug in was identified as a critical
success factor, as only then the EV can be used for the provision of ancillary services
such as FCR.

5.2 Outlook

Even though the provision of FCR in Germany for private EVs is not yet possible, with
the current market and policy developments, it is very likely that integration will be pos-
sible in the future. The increasing number of announced bidirectional EVs and charging
stations suggest that the technology will also be available to private users in the coming
years. V2G is also conceivable with regulatory adjustments.

The simulation showed that the potential is there, and high revenues can be achieved,
but user acceptance and commitment to connect the vehicle to the grid are crucial fac-
tors. In terms of user acceptance and feasibility, as indicated by the limitations, it may be
worthwhile to investigate this further. The thesis depends on the availability and willing-
ness of the EV owner to plug in their EV, whenever they arrive at home. In this work, it
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was assumed that the revenue is high enough to make the contribution attractive to the
EV owners. Accordingly, in a further step, it can be investigated to what extent the in-
centive of the revenue after deducting the costs and the flat VPP is interesting for poten-
tial users and how the connection times are realized in practice.
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e Literature as PDF
e Figures, lllustrations and Diagrams.pptx
e Simulation instruction.xlsx
e Simulation Data
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o modifiedCPGeM: folder with the modified CPGeM

o Simulation 100 HH 1 year: results of the simulation of 100 households
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