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Abstract

The passenger transport sector is undergoing a transition towards electric mobility to reduce
CO; emissions. One commonly mentioned challenge that could hinder the success of electric

vehicles is the availability of public charging infrastructure.

This work focuses on optimizing public car infrastructure from both technical and economic
perspectives, providing valuable insights for decision-makers and operators of charging infra-

structure.

It begins with a general analysis of mobility behavior in Germany, followed by an examination

of charging locations.

Subsequently, the stakeholders involved in public car charging infrastructure are identified,
and their goals are used to construct a set of key performance indicators (KPIs). These KPIs

enable a comprehensive assessment of public car charging infrastructure.

The identified KPls, including Economic Efficiency, Utilization, and Usability, are then applied
to an exemplary set of public charging points, showcasing the practicality of these metrics, and

offering valuable insights into their current situation.

The findings from the application of the KPI set, such as the critical economic situation of the
assessed public charging infrastructure, are integrated with potential improvement opportuni-

ties and concrete measures to achieve the set goals.

The work emphasizes the importance of charging demand and utilization rate as key factors
for the success of the evaluated charging stations, while also highlighting various other aspects

that can enhance the performance of any public charging station.

Keywords: public charging infrastructure, electric mobility, performance indicators, economic

efficiency, utilization, usability, performance enhancement
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1 Introduction

1.1 Presentation of the topic

The share of battery electric vehicles (BEV) in Germany is rising. In 2022, BEV accounted for
17.7 % of the newly licensed cars, rising from a share of 13.6 % in 2021 and 6.7 % in 2020 (cf.
Kraftfahrt-Bundesamt, 2023) (cf. Kraftfahrt-Bundesamt, 2022b). This significant change is
driven by multiple measures aiming towards a future passenger transport sector with less CO»-

emissions.

These measures, though seemingly small on paper,

have profound implications not only for drivers and their D‘m Electricity generation

habits but also for the energy sector. The transport sec- BT (P20 5]

tor which was self-contained before is now being cou- “
pled to the electricity sector. Electric grid

(grid operator)
This shift begins at the customer level, where charging l T

of electric cars replaces refueling. Subsequently, grid
operators play a crucial role in providing the necessary Eh? Charging infrastructure

grid capacity, while energy plants must supply the ad- “

ditional energy required for electric vehicles (see Figure m‘ Battery electric vehicle
1). In a theoretical future scenario where 100 % of pas- | © (consumer)
senger cars in Germany are BEV, this would amount to — Supply — Demand

100 TWh of energy per year (cf. Bundesministerium fir Figure 1 - Levels of energy supply for battery
Umwelt, Naturschutz, nukleare Sicherheit und Verbrau- electric vehicle (own representation)

cherschutz, 2020b).

But despite all the challenges that may appear with this significant change, electric mobility
holds promise for the future of transportation, at least in mainstream mobility, because of its

potential advantages in reducing CO.-emissions, compared to conventional combustion cars.

However, one doubt, that is mentioned on a regular basis when it comes to causes that could
hinder the success of electric vehicles, is the availability of public charging infrastructure. A
study conducted in 2020 with 1,200 interviewees revealed that, after high acquisition costs and
limited range, the availability of public charging infrastructure ranked as the third reason for not
purchasing a BEV (cf. Martin Kords, 2022).

As of January 1%, 2023, there were approximately 67,000 normal charging points and over
13,000 high power charging points available for public charging in Germany (cf. Bundesnet-
zagentur, 2023). Behind each charging point stands a so-called charging point operator (CPO),

a new player in the ecosystem between grid operators and BEV drivers.



Major CPOs in the high power charging (HPC) sector in Germany include EnBW, IONITY or
Fastned.

Municipal utilities play a significant role in operating normal charging points that typically oper-
ate with alternating current (AC) and have a power output of around 11 kW to 22 kW.

Some companies also operate their own public or semi-public charging infrastructure for their
employees, such as AUDI AG, which has installed over 400 public charging points around its

headquarters in Ingolstadt.

Like any other CPO, AUDI AG operates within a delicate balance between charging point avail-
ability and utilization rate, which is not only an economic consideration but also an ecological
one. Since electric mobility has the aim to be more environmentally compatible than means of
transportation using fossil fuels it is only logical that the necessary infrastructure also needs to
be assessed under environmental and sustainable aspects. Due to the continuing growth of

electric vehicles the optimum in this field needs to be reassessed continuously.
1.2 Status quo and target definition

The installation of the first public charging points at AUDI AG headquarters took place around
2013. By the beginning of 2023, the number of operational charging points had surpassed
2,200, with over 400 of them accessible to the public. This growth in numbers not only high-
lights the progress made but also signifies the need for a fresh perspective on the subject.
Initially, the focus was primarily on establishing new charging points to ensure charging avail-
ability and gain insights into the technology. However, as the number of charging points has
significantly increased, the charging landscape has reached a state of normality, necessitating

a reassessment and adaptation of the main objectives.

An optimized operation of the system needs to be focused. The goal of this master’s thesis is
to analyze the existing public charging infrastructure in the vicinity of AUDI AG headquarters

in Ingolstadt.

Subsequently, by identifying the factors that impact the operation and conducting an analysis
of the current charging system, key performance indicators (KPIs) will be aggregated to pin-
point areas for future operational improvements. This approach aims to approximate an opti-

mum for the charging infrastructure.
1.3 Structure of the thesis

The initial phase of the study will provide a theoretical introduction to the topic, laying the foun-
dation with insights into mobility behavior, the charging sector, and various charging solutions
(Chapters 2 — 3). Subsequently, a comprehensive analysis of relevant factors, such as utiliza-
tion and cost, will be conducted to establish a set of KPIs that facilitate the assessment and

optimization of (public) charging infrastructure (Chapters 4 — 5).



Once the general framework is established, the identified KPIs will be applied to analyze the
existing public charging infrastructure at AUDI AG (Chapter 6). This analysis will primarily rely
on data obtained from the charging infrastructure's backend, which will provide valuable infor-
mation on charging processes, user behavior, utilization patterns, and energy consumption.
Additionally, inputs from the CPO (AUDI AG) regarding acquisition and maintenance costs will

further enhance the understanding of the current system.

By thoroughly examining the present KPI values for different subsystems or groups of charging
points, a comprehensive assessment of the system's current state will be presented. Each KPI
will then be scrutinized to identify areas with potential for improvement (Chapter 7). In conclu-
sion, specific optimization measures will be outlined for each performance category, such as

enhancing economic efficiency and utilization.



2 Theory of the charging sector

This chapter serves to provide a comprehensive overview of the charging sector, establishing
a foundation for understanding the necessity of charging infrastructure. It begins by analyzing
the mobility behavior of individuals in Germany to derive insights into potential charging re-
quirements. Furthermore, it delves into the various types of charging locations and offers a
glimpse into the future trajectory of the charging sector.

By presenting these essential elements, this chapter establishes the groundwork for the sub-
sequent analysis and optimization of charging infrastructure, empowering readers with a com-

prehensive understanding of the subject matter.
2.1 Definitions, distinction, and general information

This section aims to establish the necessary definitions for key terms that will be utilized in the

subsequent chapter and consistently throughout the thesis.

¢ A charging process is defined as the successful transfer of energy from any kind of
charging infrastructure to a battery electric vehicle. It is important to note that while

this process often involves payment, it is not necessarily a requirement.

e Home charging refers to the charging process that occurs in a private context and
location. It involves a charging infrastructure operated by a private individual, typically
the owner of the BEV. Home charging processes are usually not connected to a pay-

ment process, such as when using a private wall box at a single-family house.

e Public charging, on the other hand, involves charging processes that take place in
public locations. The charging infrastructure is operated by a company or institution
and is accessible to any BEV driver. Public charging processes typically involve a
payment process, such as public charging station at a public parking lot or along a

highway.

e Semi-public charging refers to a situation where the charging infrastructure is not
owned by the BEV driver, but access to the charging point is restricted (e.g., a wall

box at an apartment building operated by the property owner).

e The term charging station (CS) is most commonly used in the public charging sector
to describe a location where charging is possible. A keyword charging pole refers to
the pole-shaped charging hardware, which is a subset of the charging station. A
charging station can consist of several charging poles.

The term charging point (CP) refers to the smallest subset, representing an access
point where a car can be charged. Some charging poles have two or more charging

points. In most cases, these terms can be used as synonyms.



In some cases, especially when discussing quantities, it is important to know the dif-
ference, for example when a charging station consists of five charging poles, each
with two access points (charging points), resulting in a total of ten charging points
(5 x 2 = 10).

2.2 Mobility behavior and charging needs

Normally, every charging process is preceded by a mobility requirement. Charging is never
performed in isolation, but rather as a response to the need or desire for transportation. Con-
sequently, this chapter will conduct a qualitative analysis of mobility (behavior) and the corre-
sponding charging needs. The subsequent section, Chapter 2.3, will establish a link between

these needs and the available charging solutions.

Battery electric vehicles, which require recharging, are primarily utilized in the passenger car
sector. It is worth noting that other forms of transportation, such as trains, may also rely on
electricity but employ different technological approaches (e.g., overhead contact lines) that

eliminate the need for a separate charging process.

The existing charging infrastructure predominantly caters to battery electric passenger cars,
reflecting their current dominance in the market. However, for other vehicle types, such as
heavy goods vehicles (HGV), the charging infrastructure is still in the early stages of develop-
ment and planning (cf. Nationale Plattform Zukunft der Mobilitat, 2021, pp. 4-6) . Hence, this
mobility assessment will primarily focus on passenger cars and their associated charging de-
mands. (With the development of the battery electric vehicle market and the expansion into

other sectors, this assessment needs to be reevaluated.)

Dominance of passenger car in personal transport

According to the Mobilitét in Deutschland (MiD) report, in 2017, cars, as a transport medium,
accounted for 57 % of all ways and 75 % of all passenger kilometers traveled (cf. Follmer and
Gruschwitz, 2019, p. 13). The Federal Environment Agency also highlights the predominance

of motorized cars in passenger transportation (cf. Umwelt Bundesamt, 2022a).

Currently (2022), a significant share of these cars runs on petrol or diesel. Calculations of the
Federal Environment Agency show that until 2030, around 16 million passenger cars and light
duty vehicles running on fossil fuels need to be replaced with electric vehicles to reach the set
climate goals in the traffic sector (cf. Umwelt Bundesamt, 2022b). Given the assumption that
battery electric vehicles will fulfill similar purposes as their fossil predecessor, it is relevant to

examine current mobility profiles.

Energy demand of battery electric passenger cars

On average, a passenger car in Germany covers a distance of 14,700 km per year (cf. Nobis

and Kuhnimhof, 2019, p. 4). By considering an average energy consumption of a BEV in



kWh/100km, the demand for this mobility need can be approximated (in terms of energy). The
ADAC provides a current list of BEV with electric consumptions ranging from 16.7 to 30.9
kWh/100 km (cf. Wieler, 2022). Based on these figures, it would require approximately 2,455
to 4,542 kWh of energy to cover the annual distance of 14,700 km.

Approximation of necessary charging power

By combining the available charging times with the energy need, a minimal charging
power can be deducted. The charging power of charging equipment is the main fea-
ture from a technical point of view.

For the purpose of a preliminary theoretical approximation, no assumptions about the
availability of charging infrastructure will be made, but only the hypothesis that the
car can only be recharged when it is not in motion (parking state).

According to a study, cars are in a parking state for an average of more than 23 hours
a day (cf. Nobis and Kuhnimhof, 2019, p. 5). With the said assumptions and an aver-
age charging efficiency of 0.95, a minimal charging power of less than 1 kW can be
deduced, as shown in Equation 1.1.

4,542 kWh/,

E

t 230/, x365d/,

It is important to note that the applicability of this theoretical value to reality is limited,
as the calculations are based on averaged values, assume a uniform mobility de-
mand, and do not consider the availability of charging infrastructure. However, it pro-
vides an initial indication that the lower threshold for charging power will likely be
determined by factors such as charging efficiency (standby losses), driver comfort,
and the availability of charging infrastructure, as they play a bigger role than the sim-

ple energy requirement.

Trip purposes
The next step is to delve deeper into differentiation and examine how varying assumptions

impact the expected charging solutions and properties, such as charging power. To accom-
plish this, a look will be taken at different possible charging locations. The MiD-Report provides
a breakdown of seven different driving purposes, which will allow to draw conclusions about
possible charging locations. Figure 2 illustrates the shares of passenger car travels associated
with these trip purposes. The related starting or end points for these trip purposes, such as

work, or public places like a shopping center, are possible locations for charging.



One location that is not explicitly depicted in

the Figure is "Home." Unlike work or leisure,

it is not considered a trip purpose but serves ‘
as a major starting or ending point for drives.

On average, more than 20 hours a day the

Volume of traffic (ways)

car is parked at the domicile. (%]

Additionally, the study finds that in small

towns or villages, 90 % of the cars park on
. Official Business

. Apprenticeship

Shopping

. Transaction

Figure 2 - Distribution of passenger car traffic regarding

parking spot (private/public) are expected to trip purposes (based on Nobis and Kuhnimhof, 2019, p.
71)

private property, whereas in metropole areas
50 % of the cars park in public areas (cf.
Nobis and Kuhnimhof, 2019, p. 5).

The nature and ownership structure of the

significantly influence the resulting charging

solution.

Another important location to consider in this assessment is the workplace. Its significance is
evident from the fact that about two-thirds of the traffic activity of the working population on
weekdays is work-related (cf. Nobis and Kuhnimhof, 2019, p. 6). Approximately 50% of all
passenger car journeys are related to work, including work commutes, official business, and

apprenticeships (cf. Nobis and Kuhnimhof, 2019, p. 71).

Further locations are associated with leisure trips (24 %) and shopping or other transactions
(21 %) (cf. Nobis and Kuhnimhof, 2019, p. 71). Due to the diverse nature of these trip purposes,
a detailed examination of the related parking locations would result in a large number of sub-
categories (e.g., shopping mall parking lot, theater parking spot, hospital parking deck). How-
ever, for the purpose assessing possible charging locations (and for the further derivation of
charging solutions) this granularity is unnecessary. It will be demonstrated that adopting a
broader categorization of these parking spots as public is sufficient, since they have a similar

requirement profile.

Long distance travels

An exception to the previously discussed approach relates to the distance traveled, rather than
being deducted from trip purposes.

Especially for long distance travels the charging need is fundamentally different than at other
public places. On a long-haul route, one of the main aims of the driver is to reach its destination
as quickly as possible. If the range of the BEV is smaller than the total travelling distance to be
covered, interim charging becomes necessary. Recharging the battery of the car is then the

main reason for the stop — which is the first difference to general public charging where the



charging part is not necessarily the main reason for a stop (but more of an add-on to the public

parking spot).

Furthermore, the aim of reaching the destination soon automatically translates into the main
objective of the long-distance charging need: minimizing the charging time. The time required
for the charging process and the amount of energy transferred to the car become essential key
performance indicators. This marks the second significant difference compared to other public

charging needs.

Although drives longer than 100 km only account for 1 % of total drives, they contribute to 25
% of the overall traveled kilometers (cf. Nobis and Kuhnimhof, 2019, p. 4). Because of the high
relevance of these cases (for the driver) and the specific profile of the charging need this cat-

egory will be considered separately in the subsequent steps.
2.3 Charging locations and solutions

This chapter provides descriptions of the charging solutions related to the location categories

summarized in Figure 3.

@Public (rome substitute)

@Home Charging location if no private parking
spot is available

Varying parking time
Varying charging power

Charging location related to the domicile

Long parking time
(typically from afternoon to morning)

Low charging power

@PU blic (occasional)

@vo . oia

.
(typically from morning to afternoon)

@Highway
Charging location on long-distance travel
Short parking time

High charging power

Figure 3 - Charging locations (own representation)

Home charging

The first and most important charging location is “at home”. Parking spot and charging equip-
ment are privately owned and generally not open for public access. In 2020, the German Na-
tional Centre for Charging Infrastructure claimed that up to 85 % of all charging processes
happen at home (cf. Nationale Leitstelle Ladeinfrastruktur, 2020b).

The VDA expects the share of private charging processes to descend to 60 — 70 % with pro-

ceeding market penetration of BEV (cf. Verband der Automobillindustrie e.V., 2019, p. 3).



The importance of said location can also be seen from another fact. On average, 75 % of
private passenger cars in Germany are parked on a private parking space. However, for the
subgroup of BEV, the share is significantly higher at 92 %.

That means in this stage of transition to electric mobility, BEV are particularly beneficial and
appealing to users who have the convenience of charging at home (cf. Nobis and Kuhnimhof,
2019, p. 80). The data indicates that drivers without access to private parking spaces, which
are necessary for a private charging infrastructure, are more hesitant to purchase a BEV as

they rely on public charging infrastructure.

Compared to other options, home charging offers the highest reliability and convenience for
EV drivers. Additionally, it provides the opportunity to integrate the battery electric vehicle into

the home energy (management) system.

A common use case is overnight charging, where the car is connected to the CS after work
and left charging until the next morning. Due to the extended parking duration, the required

charging power with alternating current (AC) is typically low, ranging from 3,7 — 11 kW.

Work charging
The next category, “at work”, encompasses the charging infrastructure that enables the em-

ployees to charge at their workplace. Depending on the employer and the ownership structure
for the CS, access to the charging point may be restricted or public.

Studies indicate that the workplace is the second most important location for charging (in terms
of frequency), following home (cf. Wietschel et al., 2022, p. 7) (cf. EVBOX, 2022, p. 55).

Moreover, according to the Fraunhofer-Institute, charging at work significant potential for emis-
sion reduction in the transportation sector. In a typical scenario, the vehicle is connected to the
CS in the morning before the start of work and remains connected until the end of the workday
in the afternoon, complementing the typical charging times at home. The flexibility in the timing
of the charging process allows for the direct utilization of electricity generated from photovoltaic

(PV) plants, thereby facilitating emission reduction (cf. Keller et al., 2022, p. 30).

The expected parking duration and the resulting charging power are comparable to the home
use case.

Public charging

If private charging equipment it not available and the option to recharge at work is not acces-
sible, a public charging station (CS) serves as a substitute for home charging. This scenario is
particularly relevant in metropolitan areas where 50 % of cars are parked in public spaces (cf.
Nobis and Kuhnimhof, 2019, p. 5).

The classic use case for this scenario is known as "Laternenparker" or street parking. In this
case, the BEV driver chooses a public parking spot near their residence that is equipped with

an electric charging infrastructure. The CS is installed at the roadside.



For public charging locations, the parking duration and charging power are similar to overnight
parking at home (11-22 kW AC). However, there are a few differences that may cause discom-
fort for the driver, including the distance to the residence, potential time restrictions for the

parking spot, and uncertainty about the availability of the CS.

To address the potential discomfort, another option for public charging as a substitute for home
charging has been introduced, known as the charging hub. These hubs are located in urban
areas and offer high charging powers (~150 kW or more), utilizing infrastructure working with
direct current (DC). Instead of extended parking times with low charging power, the charging
hub provides a short stay with high charging power. Unlike other public charging processes,
the charging event at a hub is the main purpose of the visit or is closely related to it, reducing
the impact of free-rider effects.

If the charging hub is the sole charging opportunity for a customer the visit will be repeated
periodically (e.g., once a week) to fulfil the mobility needs. According to the German National
Centre for Charging Infrastructure in 2030 those urban charging hubs could account for ~ 16
% of all publicly charged kilowatt hours (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a,
p. 68).

The utilization of the before mentioned public home substitute is depending on its attractive-
ness for the BEV driver as well as the mobility profile and the availability of other public infra-
structure which coincides with other activities and enables occasional charging.

This occasional charging “at public” heavily relies on the free-ride effect, where the charging
event is seen as an additional service during other activities such as shopping or visiting a
restaurant. The associated public charging location serves as the customer's parking spot.

In line with this, the assessment of the German National Centre for Charging Infrastructure
suggests that BEV users will not charge their vehicles significantly longer than their retention
time at a public place(cf. Nationale Leitstelle Ladeinfrastruktur, 2020a, p. 42). This means that
the vehicle is disconnected from the charging infrastructure when the main activity concludes,
regardless of the amount of energy transferred or the car's state of charge. Charging serves

as an add-on to the primary transaction, such as shopping.

Highway charging

The last charging location is related to long distance travels and commonly occurs “at high-
ways” or at transport axes.

To facilitate quick stops, the CSs (at highways) are equipped with high power infrastructure of
up to 350 kW (DC), similar to the charging hubs in urban areas. However, due to the distinct
requirements for highway charging this location is hardly comparable to other public charging
facilities. Assessments conducted by the German Federal Cartel Office and the European

Commission indicate that this differentiation between highway charging and other public charg-
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ing not only makes sense from a charging solution point of view but also from a market stand-
point. They also recognize that the charging needs of BEV drivers at destinations like shopping
centers are distinctly different from the needs of those recharging their vehicles on a highway
(cf. Bundeskartellamt, 2021a, pp. 17-18) (cf. European Commission, 2019, p. 45).

2.4 Development of the charging sector in Germany until 2030

Following the logic derivation of different charging locations and the qualitative description of
the charging solutions, this chapter will give a quantitative overview of the development and
significance of the charging sector in Germany retrospectively and in the projected period until
2030.

As previously mentioned, the charging infrastructure is closely linked to the mobility require-
ments fulfilled by a battery electric vehicle. Therefore, the left side of Figure 4 illustrates the
growth of the BEV fleet volume in Germany from 2013 until 2022 (cf. Kraftfahrt-Bundesamt,
2022a). Starting around 2018, a clear rise in BEV numbers can be seen. Together with that
the quantity of public charging points is displayed from 2017 until 2022 (cf. Bundesnetzagentur,
2022b).
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Figure 4 - Development of BEV-Fleet and public charging points in Germany next to BEV/CP Ratio (own represen-
tation based on Kraftfahrt-Bundesamt, 2022a and Bundesnetzagentur, 2022b)

Compared to the vehicle development which rises exponentially the infrastructure grows more
linearly. That fact can also be seen in the ratio between BEV and public CP displayed in the
right part of Figure 4.

It shows how many BEV share one public charging point in theory. As a guide value the Euro-
pean Alternative Fuels Infrastructure Directive from 2014 calls for a proportion of ten or less
BEV for each public charging point (cf. Directive 2014/94/EU on the deployment of alternative
fuels infrastructure. European Parliament and Council of the European Union, 2014).

The graph indicates that this threshold was already surpassed in early 2022, with approxi-
mately eleven cars competing for each public charging point (coming from 4.4 cars in 2019).
The strategy for sustainable mobility of the German federal government aims at 15 million BEV

and one million public charging points operational by 2030 (cf. Presse- und Informationsamt
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der Bundesregierung, 2022), which would result in an increased ratio of 15 BEV per charging

point.

However, the German National Centre for Charging Infrastructure predicts that the current
trend (of 2019-2022) will continue until 2030, with approximately 20 cars per public charging
point. They argue that this may not necessarily be a problem due to two main factors. Firstly,
they anticipate better availability of private charging infrastructure, which would alleviate the
burden on public charging infrastructure. Secondly, they observe an increase in the charging
power of vehicles, which leads to shorter charging times and reduces the number of charging

points needed for the same number of BEVs (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a,
p. 5).

The statement of Timo Sillober, former chief sales officer of EnBW, a major operator of public
charging infrastructure in Germany, supports this perspective. Sillober believes that to meet
the demand for public charging infrastructure in 2030, approximately 130,000 to 150,000 high-
power charging (HPC) points are needed, rendering the government's goal of one million public
charging points outdated. Sillober justifies his assessment by pointing to technological ad-
vancements and changes in user behavior, among other factors (cf. Timo Sillober, 2023).
Jan Strobel from the Federal Association of the Energy and Water Industry (BDEW) shares a
similar view, stating that the rapid deployment of HPC stations has led to a significant increase
in installed charging power, thereby rendering the government's goal obsolete (cf. Schaal,
2023).

The report on charging infrastructure after 2025/2030 (Nationale Leitstelle Ladeinfrastruktur,
2020a) provides a broader perspective on this topic. The development and need for public
charging infrastructure is evaluated for six different scenarios. One major variable that influ-
ences the public setup is the number or availability of private charging stations, as mentioned
before. In the reference scenario, the German National Centre for Charging Infrastructure es-
timated that there would be 7,068,000 charging points available at the private residence in
2030 (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a, p. 64).

Tracking the number of private charging points until and around the present year 2023 is not
as straightforward as tracking public charging points because it is not reported. However, an
indication can be derived from the number of applications for the KW support program 440,
which subsidized the purchase of a charging stations or “wall boxes” for residential buildings.
Between November 2020 and October 2021, a total budget of 800 million euros was issued to
promote the installation of approximately 900,000 charging points (cf. Nationale Leitstelle
Ladeinfrastruktur, 2021b). The outpayment of the subsidy was only granted after the com-

pleted installation.
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When combined with the quantity of private charging points that were set up before the support
program or abstained from it, a total number of over 1,000,000 private charging points can be

estimated.

Newer initiatives and support programs of the Federal Ministry of Transport are either directed
at other target groups, such as municipalities, or focused on different use case, such as high
power charging locations. For example, the “Deutschlandnetz” aims to establish 1,000 new
high power charging locations with around 8,000 charging points to make HPC nationwide

available (cf. Nationale Leitstelle Ladeinfrastruktur, 2021a).

The development of the HPC segment is also one variable in the aforementioned report on
charging infrastructure after 2025/2030. The Figure below (Figure 5) shows four of the studied
scenarios, including the number of private and public charging points, as well as the quantity
of charging points at work. In addition to the standard or reference scenario, the influence of
low or high availability of charging infrastructure “at home”is displayed. The last scenario eval-

uates the influence of additional HPC hubs in urban areas.

m Private mWork © Public
[in thousand charging points]
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7068 7068
5446
2618 2507 2664 2652
843
711 I 615 I 437
Reference scenario Low abvailability of High availability of High power charging
private CP private CP

Studied scenarios in 2030

Figure 5 - Need of charging infrastructure in Germany in 2030 (based on Nationale Leitstelle Ladeinfrastruktur,
2020a, p. 64)

The key findings of this comparison are, on the one hand, that additional private charging
infrastructure relieves the burden on public charging locations and, conversely, it becomes
more essential if fewer private CPs are available. On the other hand, it can be observed that
charging at urban HPC locations can significantly decrease the overall number of needed pub-
lic CPs, from 711,000 to 437,000 (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a, pp. 64—-65).
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Energetic development

Independent of the ratio between public or private charging points, the amount of energy
needed to charge the BEV fleet is a significant factor. In 2020, the Federal Environment Min-
istry estimated that if the entire passenger car fleet (45 million) consisted of BEV, the electricity
demand would be 100 TWh, approximately one sixth of Germany’s the current gross electric
consumption (cf. Bundesministerium fur Umwelt, Naturschutz, nukleare Sicherheit und Ver-
braucherschutz, 2020a).

Additionally, an assessment of Germany's future elec- 800 39

tricity consumption was conducted on behalf of the Fed- 700 68 mmm . 558
eral Ministry for Economic Affairs and Energy. The re-
search indicated that in 2030, electric road mobility will
consume around 70 TWh of electricity, with approxi-
mately 44 TWh attributed to electrified passenger cars.
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The reference scenario of the report on charging infrastructure after 2025/2030 predicts that
in the year 2030, more than 12 TWh per year will be recharged at home, complemented by 8
GWh loaded at the workplace and around 10 TWh of electricity at public charging stations.
Charging hubs in urban areas as a subgroup of the public charging infrastructure will be the
emporium for about 1.5 TWh per year, as will the hubs at highways (cf. Nationale Leitstelle

Ladeinfrastruktur, 20203, p. 68).

A subsequent analysis examines the average amount of transferred energy per charging point
per day (see Figure 7). Regardless of the simulated scenarios, the average daily energy trans-
fer at home ranges from 5.1 to 5.2 kWh. In the workplace, the daily demand is nearly double,
ranging from 8.8 to 10.3 kWh. For urban charging hubs, the range is between 161.5 and 222.1
kWh per connector per day, while for highway hubs, it falls between 197.0 and 236.4 kWh. At
other public charging stations, such as customer parking or roadside locations, the daily re-
charge volume varies from 24.3 to 40.6 kWh (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a,
p. 69).
@Highway Charging Hubs I, 2364
@Urban Charging Hubs [N 2221
@Public (occasional) [/ 406

@work |l 10.3

@Home § 5.2 B Min % Max
Transferred Energy per connector per day [kKWh/d]

Figure 7 - Average transferred energy per connector in 2030 (own representation based on Nationale
Leitstelle Ladeinfrastruktur, 2020a, p. 69)
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3 Further theory of the public charging sector

After the general assessment of mobility behavior, charging locations for electric vehicles, and
the development of charging infrastructure, this chapter will take a closer look on public charg-
ing infrastructure.

The Charging Station Decree defines every charging point as publicly accessible if it is located
in public road space or if “the parking space associated with the charging point can actually be
used by an indefinite or only generally identifiable group of people” (cf. Verordnung liber tech-
nische Mindestanforderungen an den sicheren und interoperablen Aufbau und Betrieb von
Offentlich zugénglichen Ladepunkten fiir elektrisch betriebene Fahrzeuge. Bundesministerium
fur Wirtschaft und Energie, 2016). Conversely, this means that public charging infrastructure
must allow access to the charging point for all individuals without limitation to a specific group.
This definition applies (or can apply) to the before mentioned charging locations or use cases
of the “public home substitute”, “occasional public charging”, “highway charging”, and “charg-
ing station at work”. For the last category, a semi-public operation scenario is also possible
where the charging stations are only available for employees. If this is the case, the regarding
charging points are not considered public since the employees are a specifically defined group.
The common characteristics, as well as the relationships of public charging infrastructure

within the charging sector, will be shown in the following chapters.
3.1 Structure of the public charging ecosystem

The public charging ecosystem has many participants as shown in Figure 8. A successful
charging process requires the transfer of both energy (red arrows) and a substantial amount
of information (black arrows). To facilitate this, a comprehensive chain of participants must be

established and effectively coordinated.

EV Driver
Subscription e,
. Bilateral roaming T :: Electricity
< » -
agreement 37 contract
msp cro Electricity
(Mobility Service Provider) (Charge Point Operator) Supplier
~
Collaboration via -t
Roaming hubs U. y
HUB CPO Backend € Electricity
(Roaming Platform) (Software) » Data

Figure 8 - Structure of the public charging ecosystem (own representation)
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Electric vehicle driver

The electric vehicle driver (EV driver) serves as the initial and driving participant in the chain.
Based on their charging requirements (see Chapter 2.2), the charging infrastructure is dimen-
sioned. The various mobility profiles and the use cases for different charging locations — with
public charging being one of them — were shown in Chapter 2.3. Public charging infrastructure
can be regarded as an option available to the EV driver, which they will seek out if it aligns with

their specific situation.

Charging station

If the driver, or then customer, relies on public facilities, their primary interaction occurs at or
with the charging station. Electric energy is transferred from the charging point to the car, and
the payment processing takes place (see more in Chapter 3.3).

As of January 2023, there are approximately 80,000 installed public charging points in Ger-
many, each labeled with an individual Electric Vehicle Supply Equipment Identification (EVSE-
ID). Out of those EVSE-IDs, more than 13,000 belong to high power charging points (cf. Bun-
desnetzagentur, 2023).

The theoretic ratio between publicly installed charging points and licensed BEV is one of the
characteristics that allows for comparing the development of charging infrastructure across
different markets or over time. In Chapter 2.4, a ratio of around eleven BEV per public con-

nector in Germany was shown as of the beginning of 2022.

Charge Point Operator

In most cases, but not all, the owner of the charging infrastructure also acts as the Charge
Point Operator (CPO). The German Charging Station Decree § 2 Nr. 8 defines a CPO as the
entity ,that in consideration of legal, economical and actual circumstances acts with determin-
ing influence on the operation of a charging point” (Verordnung (iber technische Mindestanfor-
derungen an den sicheren und interoperablen Aufbau und Betrieb von &ffentlich zugdnglichen
Ladepunkten fiir elektrisch betriebene Fahrzeuge. Bundesministerium fur Wirtschaft und Ener-
gie, 2016).

In 2022, the Charging Station Register listed 4,813 different CPOs for the public charging sta-
tions in Germany (cf. Bundesnetzagentur, 2022a). Those CPOs can establish charging net-
works. The five largest CPOs, in terms of the number of charging points, namely EnBW mo-
bility+ AG and Co.KG, E.ON Drive GmbH, EWE Go GmbH, Westenergie Metering GmbH,
Stromnetz Hamburg GmbH, collectively operate just over 10,600 charging points (cf. Bundes-
netzagentur, 2022a), which corresponds to 15 % of the public charging infrastructure in Ger-
many.

This highlights the high fragmentation of the market, with many CPOs operating at regional
level, such as municipal energy suppliers. In the subset of public charging infrastructure on

highways, which primarily focuses on high power charging levels shows, a more concentrated
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oligopolistic competition can be observed. Major participants in this field in the German market
are lonity, EnBW, Fastned, Allego or E.ON.

Electricity supplier

One key requirement for a CPO is to establish a contract with an electricity supplier to ensure
a reliable energy source for the charging station. Due to their position in the market, many
energy suppliers leverage their expertise to become CPOs themselves. According to the Ger-
man Federal Cartel Office, approximately 80 % of the charging stations are provided by energy

suppliers (Bundeskartellamt, 2021b, p. 10).

CPO Backend

If the number of operated charging infrastructure reaches a certain threshold, the use of a CPO
Backend becomes essential. This backend software enables the operation and monitoring of
the charging stations. It allows for the configuration of settings for different users or user
groups, as well as adjustments of tariffs. In a few specific cases, the backend may not be
necessary, such as when the charging station is not the primary focus but an additional service
in the main field of operation (e.g., single public charging station at a supermarket). In such
cases, it may also coincide with the situation where the customer is not billed for energy trans-

ferred.

Mobility Service Provider

If the charging process is not free of charge (as in most cases), EV drivers have various options
for payment.

The first and most common option is to use a Mobility Service Provider (MSP), sometimes also
referred to as E-mobility Service Provider (EMP). The MSP negotiates different charging prices
with CPOs and then consolidates them to offer customers a standardized charging tariff across
all participating CPOs. This provides with the advantage of knowing the pricing, even if they
are not familiar with a particular CPO. Additionally, they can use the same payment method,
such as an RFID card issued by the MSP, at different stations, eliminating the need to register
with each individual CPO. Chapter 3.3 will discuss other payment methods and the MSP-CPO

relationship via roaming agreements.

It is worth mentioning that in some cases, CPOs also operate as MSPs or vice versa. For
example, EnBW is a company that not only operates multiple charging points but also offers
an MSP-solution. It is important to note that their MSP tariff provides payment options for public

charging in general, not limited to EnBW charging stations.

The market structure of the public charging sector in Germany is characterized by the complex
relationships among all market participants, unlike the more familiar dependencies in the fuel-
ing sector. Additionally, the sector involves the processing of a significant amount of infor-

mation.
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3.2 Charging station decree

The legal obligations, primarily of the charge point operator, are outlined in the Charging Sta-
tion Decree. This decree includes requirements such as the obligation to register public charg-
ing stations with the regulator, which in Germany is the Federal Network Agency. It also sets
standards to ensure interoperability between charging infrastructure and electric vehicles.

Additionally, the decree provides essential definitions for the operation of charging infrastruc-
ture, including the threshold for “fast charging”, defined as “> 22kW” (cf. Verordnung (iber tech-
nische Mindestanforderungen an den sicheren und interoperablen Aufbau und Betrieb von
Offentlich zugénglichen Ladepunkten fiir elektrisch betriebene Fahrzeuge. Bundesministerium

fur Wirtschaft und Energie, 2016). These definitions will be referenced throughout this thesis.

3.3 Payment and pricing
Ad-Hoc Payment

As previously mentioned, customers have various options for payment during the charging
process. One of these payment methods is known as "Ad-Hoc Charging".

According to § 4 of the Charging Station Decree, CPOs are required to offer this payment
solution. As the name states this option is designed for spontaneous charging events or cases
where the EV driver does not want to enter into a long-term contract with any party.

For a single charging event, the primary parties involved in the transaction are the EV driver
and the CPO directly. To facilitate the payment of an “Ad-Hoc Charging event’, the CPO can
provide either an established card payment service or a web application that customers can
access via smartphone. The latest edition of the Charging Station Decree makes the card
payment option compulsory for all charging point going into operation on or after July 1%t, 2023
(cf. Bundesnetzagentur, p. 1).

In the case of the web application solution, a Quick Response (QR) code is placed on each
charging station. It is important to note that exceptions to the Ad-Hoc requirement only apply
to public charging stations where the energy is provided free of charge. This scenario does not

apply to commercially operated stations.

MSP payment
Another and more common method is facilitated by an MSP (as described in Chapter 3.1). In

this scenario, the end-user has already entered a contract before the charging process takes
place. The primary parties involved in this contract are the EV driver and a Mobility Service
Provider of their choice. This arrangement allows the customer to make payments via
smartphone or with a personalized RFID-Card provided by their MSP at different charging
stations, without the need to share personal or payment-related data with each new CPO.

In addition to handling data exchange, the MSP also sets the prices for the customer, ensuring

consistency across charging location.
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The necessary contractual relation between the MSP and CPO can be achieved in two ways.
The first is through a bilateral roaming agreement, which defines the conditions for charging
events of customers of a specific MSP at stations operated by a particular CPO. In this case,
the charging points of the CPO become part of the MSP’s network, enabling payment pro-
cessing for the MSP’s customers.

However, due to the large number of CPOs (and MSPs), bilateral roaming agreement may not
always be in place. In such a case, a roaming platform provider comes into play, allowing
MSPs “to offer their customers to charge their EV at public EV Charging Stations that are not
part of the charging network [...] using the same identification [...]” (European Commission,
2019, p. 46).

If neither of these options is available to facilitate payment, the MSP contract of the EV driver
may be declined by the CPO, and the customer may need to resort to the less convenient "Ad-

Hoc Charging" method.

Pricing

For the different payment methods, the price for the end-customer is influenced by various
parties. In case of the “Ad-Hoc Charging”, the pricing process starts with the CPO, who is the
owner of the charging station. The CPO determines the minimum price based on their internal
business case, considering factors such as costs for infrastructure, charging hardware, and
electricity expenses. In addition to these costs, a margin is included to compensate the Pay-
ment Service Provider (PSP) for handling the payment through a web application or card pay-
ment service. The pricing logic and flow of money are illustrated in Figure 9.

(For illustrative purposes, only a kWh-based price scheme is shown as an example. Other tariff
schemes, such as those involving singular connection fees, will be briefly discussed in Chapter
6.2.1.)

Customer Pricing logic
(EV-Driver) ‘ - mmmm) Flow of money

EV-Driver to PSP: PSP to CPO:
X ct/kWh (1-Y) X ct/kWh
(e.g., 40 ct’/kWh) (e.g., 36 ct/kWh)

Example

-Y % Margin
(e.g., 10 %)

Figure 9 - Pricing mechanism for Ad-Hoc charging (own representation)
In many cases, the price of an "Ad-Hoc" tariff is significantly higher for the EV driver compared
to using an MSP. This price difference is inherent to the nature of this payment option. As

previously mentioned, "Ad-Hoc Charging" is designed for individual, spontaneous charging

events. In such cases, customers do not have a contract with an MSP, and they typically rely
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on the specific charging station they are using. These factors give the CPO a strong market

position, allowing them to set higher prices.

Different from that are the scenarios that involve an MSP. In these cases, the MSP acts as a
representative for a group off potential customers and negotiates charging prices with various
CPOs. If a CPO offers excessively high charging prices, they run the risk to be excluded from
the MSP network and losing out on a significant number of customers.

In all the cases where an agreement is reached between MSP and CPO, the prices are con-

solidated, and the MSP provides the EV driver with a uniform pricing structure (see Figure 10).

=

Customer

Al m— I
=

EV-Driver to MSP: MSP to CPO A: Y ct/kWh (e.g., 27 ct/kWh)
X ct/kWh MSP to CPO B: Z ct/kWh (e.g., 25 ct/kwh)
(e.g., 30 ctzkWh) MSP to CPO C: W ct/kWh (e.g., 28 ct/kWh)

Pricing logic

mm Fow of money

Example

Figure 10 - Pricing mechanism in case of payment via MSP and bilateral roaming agreement (own rep-
resentation)

Because of the bundling and the complex internal business model of an MSP the price set by
a CPO and the price presented to the EV driver are, in a sense, decoupled. This is different
from “Ad-Hoc Charging”, where the price set be the CPO is the one directly presented to the
customer, only supplemented by a fixed margin of the PSP.

For a configuration where no bilateral roaming agreement between the CPO and MSP exists,
an additional party is introduced into the structure (see Figure 11). Particularly for smaller
CPOs, the Roaming Platform Provider steps in to handle the bundling and offer a uniform tariff
to the MSP. Regional CPOs benefit from this arrangement as their charging points are more
likely to be included in a widespread MSP network, making them more attractive to a larger

customer base. Similarly, the MSPs benefit from increased CPO coverage within their network.

Roaming
((I:El\l’,slt;r?::rr) Platform CPO
IR L provicer [ 2

Pricing logic

s Flow of money

EV-Driver to MSP: MSP to Roaming Platform Provider: | Roaming Platform Provider to CPO: ©
X ct/kWh Y ct/kWh Z ct/kWh &

il

(e.g., 30 ct/kWh) (e.g., 28 ct/kWh) (e.g., 26 cttkWh) af

Figure 11 - Pricing mechanism in case of payment via MSP and roaming platform provider (own representation)
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For customers, both structures that include an MSP work well and enable fair charging prices.
However, the decoupling of customer prices and CPO prices, resulting from the bundling of
different tariffs (particularly with roaming platforms), also poses challenges for the charging

market, especially when it comes to reversing an upwards price spiral.

It has been observed that this mechanism can prevent disproportionately high prices
by excluding specific CPOs. However, it cannot prevent a uniform price increase
across the entire sector. This was evident in 2022 when many CPOs and subse-
quently MSPs had to raise their prices due to increasing electricity costs. The flaw lies
not in the inability to prevent upward price spirals affecting the entire sector, but in the
inability or significant inertia to reverse that upward trend. This is because the uniform
pricing structure prevents CPOs from offering price incentives that may not immedi-

ately or directly impact the customer.

For instance, if a CPO is willing to offer lower prices (e.g., coming from the high price
levels in 2022), those specific conditions will not be reflected in the mixed calculation
of the MSP. As a result, the end-customer will not benefit from these lower prices or
even be aware of them, but will remain on the same MSP tariff as before. Only if
enough CPOs simultaneously and consistently lower their prices, the MSP tariffs will
eventually reflect this trend, leading to a decrease in prices for end-customers (albeit
with a delay). However, even in such a scenario, EV drivers will not be able to differ-
entiate between a CPO that quickly adapted and lowered charging prices and one
that did so later. It becomes evident that CPOs have no incentive to lower their prices
first compared to their direct competitors. Therefore, the only mechanism to mitigate
the price level is the risk for individual CPOs of being excluded from various MSP
networks if they wait too long and their conditions significantly exceed the market
price. This indirect mode of action, stemming from the bundling approach, delays the
revision of an upward price spiral compared to a scenario where the price would di-

rectly impact the customer.

The understanding of the various payment options, the relationships between the involved
parties, and the pricing logic in different scenarios will be crucial for the following discussions,
particularly in Chapter 7, where different potentials for improvement will be identified, and spe-

cific measures will be recommended and analyzed for their effectiveness.
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4 Stakeholder analysis

To optimize outcomes for an operation or organization, it can be helpful to identify stakehold-
ers. These individuals or groups are affected by or can affect the actions, objectives, or policies
of the organization. Conducting a structured analysis of stakeholders and their goals can pro-
vide valuable insights, enable better anticipation of possible dilemmas, and improve the pro-
spects of success by effectively engaging and managing expectations. Therefore, this chapter

will identify all relevant stakeholders for public charging infrastructure and evaluate their goals.
4.1 Commercial Stakeholder

Many stakeholders can be identified based on commercial dependencies. Economic relation-
ships often involve duties and responsibilities that impact at least one of the parties involved.
In the context of public charging infrastructure, these stakeholders can be visualized in Figure
8. The EV driver, CPO, and electricity supplier/network operator are directly affected by or
have an impact on the operation of a charging station, and they are referred to as primary

stakeholders. The following subsections will outline their objectives and interests.

41.1 Customer/ EV driver

EV drivers have a vested interest in public charging infrastructure as they rely on it to recharge
their electric vehicles. The availability and quality of charging infrastructure directly impact EV
owners' mobility behavior and routines. Conversely, charging stations depend on EV drivers

using them, as charging is their primary function.

The main goal of an EV owner is to charge their vehicle at a public charging station with mini-
mal effort. That includes having convenient and accessible charging options, reliable and effi-
cient charging, and a reasonable cost (financial effort) for the recharged energy. Those wishes

can be fractionated and related to the following charging station or process properties:

o Power: EV drivers are interested in a charging process that is efficient in terms of both
time and energy. They prefer a high charging power that enables a shorter charging
time and a greater amount of energy replenished. The desired level of charging power

may vary depending on the specific use case (see Figure 3).

e Price: The cost of charging an electric vehicle constitutes a significant portion of the
vehicle's operational expenses. Therefore, EV drivers aim to minimize these costs and

seek affordable charging options.

e Usability: Usability encompasses various aspects related to customer satisfaction and
convenience. EV drivers desire charging stations that are user-friendly, easily accessi-
ble, reliable, and predictable. These factors contribute to enhancing customer comfort

and overall satisfaction.
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In different use cases, these aspects hold varying levels of importance for EV drivers.
Figure 12 shows a qualitative rating of those factors for the four defined use cases or charging

locations, public home substitute, public occasional, highway, and work.

mPower mPrice © Usability

Public home substitute Public occasional charging Highway Work (public)

Figure 12 - Importance of different aspects for EV drivers in different use cases (own representation)

Beginning with the charging power, it can be observed that at work or public charging stations
used as a home substitute, the expected charging power is relatively low. That is due to the
long parking times at these locations. On the other hand, highway charging locations have a

high demand for charging power, as discussed in Chapter 2.3.

The importance of pricing levels shows almost the opposite behavior. Locations that are used
more frequently for recharging, such as home substitute and work, are associated with higher
price sensitivity among customers. The same tendency applies to occasional charging, which
is only chosen if it is economically attractive and aligns with other activities.

However, at highway charging stations, the situation is different. Long-distance travels are less
frequent for most people, and during such trips, the focus is on charging efficiency ("l want to
charge as much energy in as little time as possible.") and usability, as there may be limited
local alternatives or time constraints. In these scenarios, there is a higher willingness to pay,
making the price less important. At other charging locations, where alternatives are available,
the dependency on a specific charging location is lower, resulting in lower demands regarding
usability.

Chapter 5.4 and 5.5 provide indicators that can measure these aspects more precisely.
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4.1.2 Charging station operator

Charging station operators are another stakeholder in public charging infrastructure as they
are responsible for building and maintaining the infrastructure.

As a business operation, their main objective is to achieve economic viability and increase
revenue, which can be referred to as economic efficiency. To achieve this, they have several
secondary goals, such as maximizing the utilization of their charging stations, providing a reli-
able and convenient service to EV owners, and operating the stations efficiently from an energy
perspective. This cascade of stakeholder goals is illustrated in Figure 13. The resulting indica-

tors to track these goals can be found in Chapter 5.1, 5.2, 5.3, and 5.4.

Main objective Secondary objectives

Energetic efficiency
Economic efficiency Utilization
Usability

Figure 13 - Stakeholder objectives of charging station operators (own representation)

4.1.3 Grid operator

The grid operators or distribution system operators (DSOs) are stakeholders in public charging
infrastructure as they are responsible for supplying the electricity needed to power the charging

stations.

Their main objective is to ensure the proper functioning and stability of the grid, especially with
the increased adoption of electric vehicles, which may have a significant impact on local ca-
pacity requirements, grid congestion, and network stability.

Next to the risk that electric vehicles might pose to the stability of the grid, they can also provide
additional flexibility for grid operators. By utilizing smart charging in a vehicle-to-grid (V2G)
functionality, the EVs can serve as buffer stations, supplying energy during peak periods, ra-
ther than creating additional demand while charging (cf. Helmus and van den Hoed, 2016,
p. 736).

Even simpler options, such as demand side management, where charging is adjusted to spe-
cific time frames and power levels, for example charging with 3,6 kW instead of 11 kW, can
benefit grid capacity.

Overall, DSOs are interested in the predictability of energy demand from charging stations,
including the stability of the demand profile and the availability of smart control options to man-

age that demand effectively.
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4.1.4 Secondary commercial stakeholder

In addition to the primary commercial stakeholders mentioned earlier, there are also secondary
stakeholders in the public charging sector, such as MSPs, Roaming Hubs, CPO Backend op-
erators, and others. Unlike the primary commercial stakeholders, they are not directly involved
with the charging stations themselves. Their objectives are less directly affected as they are
only indirectly connected to the charging infrastructure, typically through one of the primary

stakeholders.

This is evident in their stakeholder goals as well. Car manufacturers, for example, have a
vested interest in public charging infrastructure because it enables them to sell their products.
Their primary goal, the sale and adoption of electric vehicles, can be influenced by the availa-
bility of charging infrastructure. However, their focus on sufficient charging infrastructure to
support the growing demand for electric vehicles is only secondary. Moreover, their interest
extends to the broader orientation of the mobility sector and the widespread availability of
charging infrastructure in different areas. This stands in contrast to the primary commercial

stakeholders who are primarily concerned with the performance of specific charging locations.

Due to the indirect connection to charging infrastructure and the less specific orientation of the
goals of these secondary stakeholders, the following analyses will concentrate on the goals of

the primary stakeholders only.
4.2 Non-commercial Stakeholder

Next to stakeholders identified through commercial connections, there are additional parties
that are involved in or affected by charging infrastructure with objectives that are not primarily

economic in nature. One such party is the government, or at a regional level, the municipality.

Governments and municipalities aim to promote sustainable mobility, which includes reducing
dependence on fossil fuels, decreasing emissions, and improving air quality. In pursuit of these
goals, they actively support the installation of charging infrastructure. Similar to car manufac-
turers, the government's interest lies not in the performance of specific charging locations, but
in addressing the top-level “chicken and egg dilemma”.

It describes the situation where a high volume of BEV is necessary to operate charging infra-
structure economically viable, while simultaneously increased adoption of BEV is only reached

when with widespread coverage of charging infrastructure.

To overcome this challenge, governments and municipalities establish policies and regulations
that encourage the adoption of electric vehicles and the development of charging infrastruc-
ture. In cases where municipalities invest in charging infrastructure themselves, their objec-

tives align with those of a CPO as discussed in Chapter 4.1.2.
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Another important non-commercial stakeholder group is the residents living in the vicinity of
the charging infrastructure. In cases where dedicated charging stations are installed in areas
with limited parking spaces, the allocation of parking spots exclusively for electric vehicles can
exacerbate parking shortages. This primarily affects residents who do not own electric vehicles
and can lead to complaints about municipal incentive programs for electric vehicles, especially
when the charging points are underutilized.

These concerns and feedback from residents prompt policymakers to evaluate and adjust the
number of charging points in critical areas. They must strike a balance between addressing
the space shortage issue raised by residents and ensuring that the charging infrastructure
remains accessible and sufficient to meet the needs of electric vehicle users. (cf. Helmus and
van den Hoed, 2016, p. 735)

Both, residents and municipalities or the government are not directly involved in the operation
of charging infrastructure but have vested interest in its success, similar to the parties men-

tioned in Chapter 4.1.4. Therefore, they can be categorized as secondary stakeholders as well.
4.3 List of stakeholder objectives

The analyzed stakeholders with their individual objectives are depicted in Figure 14 below.

While the list of secondary commercial stakeholders may not be exhaustive, it is argued that
all primary stakeholders are included with their objectives. These primary stakeholders cover
the parameters that determine the main area of conflict for public charging infrastructure and

to some extent the interests of the secondary stakeholders.

“I want to achieve my
sustainability goals.
Therefore, | need a
certain amount of public
charging infrastructure.”

“I want to earn money
with my public charging
infrastructure.”

CPO
Secondary Government

commercial

stakeholder Others
Public
charging
infrastructure

EV-Driver “I want enough available

Residents parking space. Therefore,
I don’t want ta be limited
by public charging

infrastructure.”

Grid operator
“I want to charge ot “I want to be able to
public charging predict the energy
infrastructure with as demand of the public
little expense as possible.” charging infrastructure as
exact as possible.”

Figure 14 - Stakeholder objectives and area of conflict for public charging infrastructure (own representation)
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5 Identification and analysis of key performance indicators

A key performance indicator (KPI) is a measurable value that demonstrates how effectively an
organization or individual is achieving specific objectives or goals. KPIs are used to evaluate
performance over time and to identify areas that require improvement. They can be applied to
various aspects of a business or project, including financial performance, customer satisfac-
tion, employee productivity, website traffic, and more. The following chapter will define the
necessary KPIs to quantify the performance of public charging infrastructure with several
stakeholder goals deduced in the chapter before. The defined set of KPIs will then serve as a

main instrument for a uniform and comprehensive analyzation of public charging infrastructure.
5.1 Economic Efficiency

The upcoming chapter will provide general information about the KPI of economic efficiency.
Additionally, it will offer an overview of how this KPI is calculated and provide insights into its

limitations.

General

The KPI of economic efficiency measures how effectively an organization utilizes its resources
to generate revenue or profit. It reflects the ability of a business to minimize costs while max-
imizing revenue, and it is a crucial metric for evaluating the financial performance of a com-
pany. For public charging infrastructure the primary business interest lies with the CPO, as

discussed in Chapter 4.1.2.

Calculating this KPI involves various options, such as the return on investment (ROI), net profit
margin, or gross profit margin. These ratios measure the profitability of a company in relation

to the resources invested, such as the capital, labor, and materials.

A high economic efficiency indicates that a business is generating significant revenue or profit
while minimizing costs, which is desirable. Conversely, a low economic efficiency suggests
inefficient resource utilization, prompting the need for cost reduction or revenue improvement
initiatives.

While these analyses can be applied to the overall business of a charging point operator
(CPO), targeted and specific analyses are essential to identify actionable measures for im-
proving economic efficiency. For instance, a top-level analysis may reveal high overall ex-
penses, but a detailed analysis could pinpoint specific high-power chargers with low utilization
as the primary contributors. By conducting charge point-level analyses, CPOs can accurately

target and address problematic areas rather than implementing generalized measures.

The importance of specific economic analyses at the charge point level holds true across var-

ious cases, as discussed in Chapter 7. Therefore, CPOs operating multiple charging stations
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in different locations should analyze each charging point as a distinct profit center or consider
defined groups of charging points for more effective identification of improvement opportuni-

ties.

Calculation

For evaluating the economic efficiency of public charging infrastructure, the profit margin
serves as a suitable indicator. It can be calculated by comparing the benefits and costs asso-
ciated with each charging point or group. Figure 15 outlines the key elements involved in this

analysis.

To be able to compare all the listed values, it
is necessary to find a common denominator or

unit. Running or operational costs, such as

electricity purchases, will be combined with

depreciation of charging equipment or infra- | REEEUENAEIEES
structure, which is based on the initial invest- Bdckenlope alion

. Service and Electricity sale
ment cost and the expected lifetime. Maintenance
To ensure optimal operation, it is essential to
charging equipment
conduct these analyses regularly. Monthly or 2 ‘_:' _p
Depreciation Funding
weekly updates provide the opportunity to re- infrastructure

spond to performance changes promptly. It Cost Benefit

has been observed in practice that conducting
yearly analyses yields similar potential for im- Figure 15 - Costs and benefits of charge points (own
provement, but with a greater time delay that representation)

may result in a loss of earnings.

While costs related to static factors, such as initial investments, remain unchanged in monthly
or weekly economic assessments of a specific charging point, they still need to be considered
to obtain a comprehensive overview. More dynamic or operational costs like service or mainte-

nance will be added to them.

For the same accounting period, the revenues generated by the charging point, including elec-
tricity sales or potential funding, will be calculated. These revenues are then compared to the

expenses incurred to determine the profit margin (see Equation 5.1).

NetIncome Revenue — Expenses Revenue and expenses in

(€29

Profit Margin = =
Revenue Revenue €/CP per week/month/year

The application of the before described procedure can be seen in Chapter 6.2.



Limitation of the KPI definition

When calculating “net profit margin” as an economic ratio, it is important to take taxes and

costs for interest payments into account. However, since economic efficiency is only one of
several KPIs for public charging infrastructure, the calculation has been kept simple at this

stage.

Additionally, it is important to note that economic efficiency is not the only KPI that can be
considered when evaluating a business's financial performance. Other KPIs, such as liquidity,
solvency, and growth potential, are also important for gaining a comprehensive understanding
of a business's financial health. In this analysis they were also omitted due to simplification

reasons.
5.2 Energetic Efficiency

The following chapter provides an overview of the KPI of energetic efficiency, including its

significance, calculation methods, and inherent limitations.

General

The KPI of energetic efficiency is commonly utilized in the context of resource management to
assess the effectiveness of energy usage within an organization. It quantifies the amount of
energy used per unit of production or per square foot of building space. The specific formula
for calculating energy efficiency may vary depending on the context but typically involves com-
paring energy consumption to output or activity achieved. Improving energy efficiency can as-
sist organizations in reducing energy consumption, lower their carbon footprint, and saving

money on energy costs.

In the case of public infrastructure, the output or benefit of the charging system is the energy
transferred to electric vehicles. The boundary for the analyzed system, “charging infrastruc-
ture”, is the connector that is plugged into the car. This is important because losses may occur
in the car’s system itself, which can be influenced by factors such as battery technology or
battery size.

Therefore, when discussing the efficiency of charging infrastructure, these car-related losses
should not be considered. The input or cost is the energy required by the infrastructure. Con-
sequently, in this specific case, the energy consumption and the related output have the same

dimension or unit.

Calculation

To calculate the energetic efficiency, the ratio of cost and benefit is utilized (see Equation 5.2).
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Eout: Electrical energy transferred from
the charging infrastructure to the car

Ein: Total electrical energy demand of

. benefit  Eyyut Eyut the charging infrastructure
Efficiency = = =
cost E; Eprocess + Eigle Eprocess: Electrical Energy used during
E the charging process (5.2)
out .

N Eout/ n fP Eiaie: Electrical energy used in idle state
Nprocess idle ) o

Tprocess: charging efficiency of the

charging infrastructure

Pigie: idle power of the charging infra-
structure

The difference between the two quantities — benefit and cost — is affected by two factors.
The first factor is the charging efficiency of the infrastructure during an active charging process
(Mprocess)- Typical values for AC charging stations as well as HPC technology exceed 95 %.

However, it is important to note that this does not include losses on the vehicle side.

The second factor that impacts the overall energy demand of the charging infrastructure is the
idle power (P;4;.)- While AC charger typically have a power demand ranging between zero and
ten watts during standby state, whereas HPC chargers can have significantly higher consump-
tion.

There are several reasons for this disparity. Firstly, the altered use case for HPC technology
often results in stations being equipped with big LED screens (unlike AC charging stations) to
display a variety of information or advertising.

Additionally, the ability to transfer electricity at high power levels necessitates a more robust
electrical design, which leads to higher idle power consumption.

Lastly, depending on the specific system configuration, HPC technology is always connected
to “upstream” energy consumption for converters and other power electronics. (The same is
applicable for AC technology but with another ratio and therefore the upstream energy losses
have less influence). When combined, the idle power demand of an HPC station can reach low
single-digit kilowatts.

The application of the procedure described above can be observed in Chapter 6.3.

Limitation of the KPI definition

In general, it is possible to examine idle power and charging efficiency separately, but for the

purpose of this work, the KPI combines both charging and standby losses. This aggregation
provides a well-rounded understanding, although in certain cases, a separate analysis may be

necessary.

Another challenge lies in establishing the correct boundary for the charging system. In terms

of the car, the connector determines the point at which electrical energy is delivered. However,
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defining the entry point for electrical energy in the "upstream" system (such as converters,
power electronics, etc.) can be more complex, especially when the converter serves multiple
purposes beyond supplying the charging station. One possible solution could be aligning with

the electricity cost structure of the system.

The final limitation arises when considering the perspective of the customer. Customers are
primarily interested in the energy that is transferred to the car and available for their mobility
needs. Therefore, from their standpoint, the energy transfer does not conclude at the charging
connector. The losses related to the charging system of the car (converter, battery manage-
ment system, battery, etc.) affect the actual amount of energy that is usable for mobility. How-
ever, these losses are not considered when calculating the energy efficiency of the charging

infrastructure.
5.3 Utilization

The following chapter delves into the KPI of utilization, examining its importance in perfor-
mance evaluation and exploring different calculation methodologies. Additionally, a critical

analysis of the limitations associated with this indicator is presented.

General

The KPI utilization is a metric used to assess the efficiency of resource utilization in achieving
organizational objectives. It quantifies the extent to which specific assets or resources are be-
ing utilized, enabling organizations to identify any underutilized resources and optimize their
usage. By doing so, organizations can enhance their overall performance and profitability while
also promoting sustainability by reducing resource consumption and minimizing environmental

impact.

Calculation

For public charging infrastructure, there are two methods commonly applied to calculate utili-

zation. The first method is asset utilization, which measures the percentage of time that an

asset or resource is being used out of the total available time.

For example, if a charging station is occupied with an ongoing charging process for six hours

a day, the asset utilization would be 25 % (see Equation 5.3). It is important to consider the

charging station's opening hours when determining the total available time for calculation.
Charging Time

Asset Utilization = _ 5.3)
Business Hours

Time being used (Charging Time): 6h 6h
. Asset Utilization = —— = 25 %
Example: Total available time (Business Hours): 24 h 24h ’
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Another option is to compare the actual output generated by the specific resource to its maxi-
mum capacity or output. For example, if a charging point has an installed power of 22 kW and
transfers 100 kWh of energy within a 24-hour period, the capacity or energetic utilization would
be approximately 19 % (see Equation 5.4). This metric shows the average amount of the max-
imum possible power output that was utilized.

Charged Energy

C ity Utilization = 5.4
apactty THHZatON = Naximum Output 4

Realized Output (Charged Energy): 100 kWh 100 kWh

Example: Capacity Utilization =

—— x19%
Maximum Output: 24h x 22 kW = 528 kWh 528 kWh 0

The application of the procedure described above and a classification of utilizations rates for

different types of public charging infrastructure can be found in Chapter 6.4.

Limitation of the KPI definition

It is important to note that the energetic utilization is not solely depending on the performance

of the charging infrastructure but also on the car and especially its charging curve. In some
cases, the car limits the charging power to protect its battery, which is then lower than the
maximum output power of the charging infrastructure. Therefore, not every indication that is
derived from the KPI can be improved with solely the charging hardware. The other compo-
nents of the charging system, such as the BEV itself, need to be considered when analyzing
the KPI.

This also affects the comparability of results for AC and HP charging points. Due to their dif-
ferent power levels and use cases, it is challenging to directly compare them under the KPI

utilization (see Chapter 6.4).

Furthermore, both asset and capacity utilization are significantly influenced by downtime peri-
ods of the hardware. During these periods, no charging processes can take place, and no
energy can be transferred. It is crucial to consider these downtime periods in the analysis
process to avoid treating charging points with generally low utilization in the same way as those
with frequent downtime. In some cases, it may be beneficial to exclude downtime or mainte-

nance periods from the assessment.
5.4 Usability

The upcoming chapter will provide general information about the KPI of usability. Additionally,

it will offer an overview of how this KPI is calculated and assess potential limitations.

General
The KPI usability quantifies how easy and effective a user interaction with a particular system

or product is carried out. It measures the extent to which a system or interface meets the needs
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and expectations of its users, allowing organizations to identify areas for improvement and
optimize user experience. From the various ways to calculate the KPI, the “task completion
rate” seems applicable to the charging use case and advantageous from a CPO’s point of
view, since it is relatively easy to establish. The described rate measures the percentage of
users who are able to successfully complete a specific task or set of tasks within a product or
system. It helps to identify areas where users may be struggling or where the design of the

product or system may be causing confusion or errors.

For public charging infrastructure the task to be completed is a successful charging process
(including the payment process). By monitoring and improving the success rate of charging
processes, the CPO can enhance the overall user experience, increase user satisfaction, and
drive adoption and engagement with their systems. This, in turn, can positively impact the

organization’s performance, profitability, reputation, and customer loyalty.

Calculation

For this KPI (as for others) the specific configuration or calculation depends on the availability
of data. A sophisticated theoretic definition of a KPI cannot generate any benefit in practice if
the needed data is not available. Considering that, the simplest definition from a CPQO’s point
of view with access to a CPO backend is the technical usability. As depicted in Equation 5.5,

the share between technically successful and total charging processes is calculated.

_ - CP,yccess CPsuccess: number of successful charging processes
Technical Usability = ———
CPtotal CProtai: total number of charging attempts 55
_ CPiotal — CPtechnically flawed CPrechnically flawea: number of technically flawed '

CProtal charging processes

The criterion used to differentiate between successful and flawed charging interactions from a
technical standpoint can be established in various ways. The primary objective of identifying
unintentional charging interruptions or breakoffs can be accomplished by examining either the
charging time or the amount of recharged energy. For instance, any charging process with a
duration shorter than two minutes could be considered unsuccessful based on the first crite-
rion. In the case of the second criterion, charging processes involving less than one kWh of
energy could be deemed flawed. The application of the described procedure and the impact

of different criteria and their adjustments are presented in Chapter 6.5.

In addition to the technical aspect of energy transfer, most charging sessions also involve
monetary transactions. Similar to the technical component, errors can occur during the pay-
ment process. For specific evaluations, the definition of a successful charging process can
also encompass the payment aspect. The corresponding definition of usability is provided be-

low (see Equation 5.6).
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CPyyccess CPsyccess: number of successful charging processes
Extensive Usability = ——————
CProtal CPyotai: total number of charging attempts 56)
= CProtal — CPAawed CPfiawed: number of charging processes with tech- '

CProtal nical or payment errors

The classification of charging processes with successful payments is done by the CPO
backend or derived from it. A flawed process could appear for example if no payment infor-

mation could be identified, or faulty measuring values prevent accurate billing.

Limitation of the KPI definition

The share between successful and flawed charging processes does not consider the total

amount of charging events, which poses two problems. Firstly, evaluations for charging points
with low utilization and a small random sample may not be representative. One possible solu-
tion is to mark evaluations with insufficient database as unreliable. This issue will be given

specific attention during the practical application of the KPI in Chapter 6.5.

The second challenge is that system downtime, where no charging attempts can be recorded,
does not affect the previously defined usability ratios. To address this, a possible solution is to
expand the KPI set and include the downtime of the charging infrastructure as its own KPI.

The benefit or need for that will be discussed in Chapter 8.

Next to the before mentioned limitations, it is important to note that not all problems appearing
at a charging station are directly connected to unsuccessful charging processes (“hard errors”).
Issues such as customer concerns about delays in starting the charging process or lack of
information about its progression can be considered “soft errors”. These soft errors may not
result in an unsuccessful charging process and therefore cannot be detected by the CPO
through their backends. However, they still impact the customer's charging experience and
should be a concern for CPOs. To address these soft factors, the KPI of user-friendliness, as

described in Chapter 5.5, was developed.
5.5 User-friendliness

The following chapter provides an overview of the KPI of user-friendliness, including its signif-

icance, an evaluation scheme, and inherent limitations.

General
The KPI of user-friendliness, similar to the KPI of usability, measures how easy it is for users
to interact with a product or service. However, unlike the explicit evaluation of task completion

rate, the user-friendliness KPI considers less discrete aspects such as user satisfaction.

To assess user-friendliness and gather knowledge in this area, a company can employ a com-
bination of qualitative and quantitative methods. Examples for those are usability testing, sur-

veys, and customer feedback. Each approach has the goal to identify areas where users may
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encounter difficulties or experience frustration when using a product or service. Subsequently,

improvements are made to address these issues.

The specific configuration of the user-friendliness KPI depends greatly on the chosen evalua-
tion method. However, certain aspects are important and should be considered regardless of
the method used to evaluate user-friendliness in public charging infrastructure. Therefore, this
thesis will provide a list of these aspects as a guideline for CPOs to assess user-friendliness
in advance and derive initial indications. This list can also serve as a foundation for further

examinations, such as usability testing or customer surveys.

This approach is particularly favorable considering that the effort and financial investment re-

quired for methods like surveys go beyond the scope of this thesis.

Evaluation scheme

Since the potential influences on the user experience during a charging process are virtually
limitless, a prioritization of aspects had to be conducted. In this step, the work of the joint
research project “Wirkkette Laden” (charging process chain) funded by the Federal Ministry of

Digitalization and Transport was consulted.

The project concentrated on issues that hinder reliable and unobstructed charging events, uti-
lizing both real-world data and data from participant trials. A six-month study involving over 60
EV drivers with different vehicle types was carried out to document their experiences with
charging events at various locations. The identified errors were analyzed, and the data logging
of the project partners involved was examined to determine the root causes of these issues
(cf. NOW GmbH, 2023).

As a result, “twelve design recommendations for public charging infrastructure” were derived.
These recommendations specifically address and improve aspects that are currently problem-
atic in terms of the reliability of charging events, making them highly suitable as the foundation
for the “user-friendliness listing”. To complete the proposal, additional aspects from the cate-
gories of charging location and station design, such as detectability and signage, integration

with other services, as well as safety and comfort considerations, were included.

Inspired by the “twelve design recommendations”, this proposal categorizes the aspects that
influence the user-friendliness of a charging station into mandatory and optional features. Fur-
thermore, aspects related to the charging station itself, the parking space, and the surrounding

infrastructure are separated.
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Table 5-1 - Obligatory aspects for user-friendliness of charging stations

Obligatory aspects

Source

Charging station design

Charg

ing lo-
cation

1.
2.

Consistency in the use of EVSE-ID for the identification of the charging connectors.
Careful placement of EVSE-ID to preclude mix-ups.

Easy identification and readability of controls (like touchscreens on the charging sta-

tion) with no influence of different weather conditions.

Standardization of URLs related to the QR codes which are attached to the charging

station, so they are readable by any app.
Instruction of all possible ways for authentication on the charging station.
High visibility of the service hotline of the CPO on the charging station.

Good detectability and clear signage towards and on the charging station (including

available charging power).

Table 5-2 - Optional aspects for user-friendliness of charging stations
Optional aspects

(cf. Wirkkette Laden Verbund-
projekt et al., 2023)

Charging station design

Charging location

Information and Payment

Safety

Fail-

Comfort

Connectivity

safety

8. Acceptance of various forms of payment.

9. Transparent pricing, with display of price per kWh before charging and overall cost after
charging. (cf. Wirkkette Laden Verbundprojekt et al., 2023)

10. Provision of feedback to the customer on the charging process and its action steps. (cf.
Wirkkette Laden Verbundprojekt et al., 2023)

11. Implementation of a user-experience concept to facilitate intuitive and easy usability. (cf.
Wirkkette Laden Verbundprojekt et al., 2023)

12. Compatibility with mobile apps and navigation systems.

13. Availability of option for direct user-feedback on the charging station.

14. Implementation of safety and security measures to protect users and their vehicles.
15. Equipping of charging location with good lighting.

16. Mechanisms for a quick and customized maintenance.

17. Provision of more than one connector at the charging location.

18. Covering of/Compatibility with different connector types.

19. Neat appearance of the charging station and implementation of a cleaning concept.

20. Provision of weather protection at the charging station.
(cf. Wirkkette Laden Verbundprojekt et al., 2023)

21. Easy cable handling at the charging station.

22. Reservation of parking spots for BEV only and/or availability of reservation for specific
charging time slots.

23. Barrier-free parking space and easy maneuvering in and out of the parking lot.

24. Integration of renewable energies at the charging location.

25. Consideration of the overall environmental impact of the charging infrastructure, including

the use of sustainable materials, during the design and setup of the charging location.

26. Integration with other services (like restaurants, shops, or restrooms).
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The obligatory aspects can be regarded as minimal requirements, while optional aspects are
suggestions that would enhance the user-friendliness if considered but are not essential in
every use case. For a better comprehension, an application, as well as an interpretation of the

user-friendliness KPI can be seen in Chapter 6.6.

Limitation of the KPI definition

As mentioned before, there are various influences on the user experience during a charging

process. Therefore, it should be mentioned that a KPI in this category can only indicate prob-
lems within the listed categories. Despite careful selection of categories, there may be out-of-
scope issues that arise at specific charging locations. Sometimes these issues are difficult to
identify in advance, which is why direct customer feedback is invaluable. However, implement-
ing methods like customer feedback or conducting surveys requires significant effort and fi-
nancial resources, which may result in this general set of rules remaining unchanged. This is

how possible blind spots could stay unrecognized.

In specific cases, it can be helpful to adapt the KPI set. As mentioned before, customer use
cases and needs can vary greatly across different charging locations (refer to Chapter 2.3 and
4.1.1). Therefore, it could be beneficial to assign different weights to factors and, for example,
place more emphasis on the integration with other services like restrooms at highway charging

hubs compared to regular public charging stations.

Furthermore, all the aspects were considered from a local perspective, which is appropriate
since CPOs apply them to specific charging locations they own. However, some factors can
also provide information beyond this localized analysis when considered from a global or mac-
roscopic perspective. For instance, the parking situation was evaluated locally to assess the
design of the parking lot. In a broader approach, the placement of the charging location in an
urban area and its relation to the charging and mobility behavior of EV drivers could be evalu-
ated. This would change the question from “Is the charging location well designed?” to “Is the
charging location well placed and suitable for people's mobility behavior?”.

However, conducting this kind of assessment would encounter different challenges. Firstly, it
would require a higher amount of data, which may not be as readily accessible or collectible
as in a local analysis. Secondly, even if the assessment yielded valuable insights, feasibility
could be limited due to constraints such as the availability of alternative parking lots or planning

permissions for charging infrastructure.

The same considerations apply to aspects that influence the charging experience of EV drivers
but are influenced by more than one party. The “Wirkkette Laden” joint research project found
that 44 % of errors were caused by the charging infrastructure, which falls solely under the
responsibility of the CPO (cf. NOW GmbH, 2023). Conversely, this means that 56 % of the

problems were triggered by other factors, such as interfaces or gateways between the CPO
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and MSP backend, or an app provided by a car manufacturer and its corresponding backend.
Identifying these errors in the first step is challenging and resolving them in the second step is
even more difficult. That is why the user-friendliness aspects of the KPI primarily focus on the
charging station itself and elements that solely lie within the responsibility of the CPO.

Addressing other problems involving multiple parties requires an overarching approach or
standardization. This is beyond the scope of a single CPO and would be wrongly contextual-

ized within this KPI framework.
5.6 Predictability

The following chapter briefly comments the KPI of predictability, offering an evaluation scheme

and exploring different limitations associated with this indicator.

General

Predictability is a KPI for grid operators or DSO because it enables them to manage and plan
the electricity grid efficiently and effectively. In the context of public charging infrastructure,
predictability refers to the ability to accurately project the electricity demand from electric vehi-

cles charging within a specific grid area.

Next to private charging infrastructure, whose installation is already reportable, public charging
stations with their high power and energy demand have a significant impact. For instance, if
the demand exceeds expectations, it can strain the electricity grid and potentially result in
power outages. Conversely, if the actual demand is consistently lower than anticipated, it can

lead to unused capacity and increased costs.

Evaluation scheme

The benefit of having a charging infrastructure-related predictability key performance indicator
(KPI) is that it enables discussions about when further investments in the grid are needed to
ensure grid quality. The grid operators are responsible for this, and they gather insights from

two factors: “peak power level” and “peak shaving potential”.

The primary factor, peak power level, is significant because it determines the occurrence of
power outages. If the peak power demand exceeds the grid capacity, power outages are more
likely to happen at the neighborhood level. To prevent such scenarios, it is advisable to mini-

mize peak power demands whenever possible. (cf. Helmus and van den Hoed, 2016, p. 739)

The second criterion, peak shaving potential, provides information about the system'’s flexibil-
ity, which allows for solutions in cases of capacity shortage. In the context of charging stations,
this could involve delayed charging or charging with variable capacity. To alleviate pressure
on the grid during peak hours, charging processes could be delayed, or charging stations could

operate with lower capacity. (cf. Helmus and van den Hoed, 2016, p. 739)
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In addition to, or instead of, considering the peak shaving potential, the percentage of charging
points with smart charging capabilities could be evaluated.

The application of this KPI and a practical evaluation of public charging infrastructure can be
found in Chapter 6.7.

Limitation of the KPI definition

One possible limitation of this KPI is that the capability of the charging station does not auto-

matically apply to the connected car. In the case of new smart charging technology, this could
mean that the communication protocol or the hardware of the connected car may not be as
advanced as the charging station, thereby preventing smart charging. The hardware require-
ments on the vehicle side and the need for high-level communication between the infrastruc-

ture and the car pose challenges and risks that are not reflected in the KPI.

Additionally, as potential consequences for customer acceptance of smart charging at public
charging stations in cases of unsatisfactory or failed charging events are not addressed by the
KPI.

5.7 List of KPIs

A concise list of the identified KPIs, along with their defined evaluation scheme or calculation
method and the relevant stakeholders, can be found in Table 5-3. This collection of indicators
will serve as the framework for the exemplary analysis of existing public charging infrastruc-

ture.

Table 5-3 - KPI overview for public charging infrastructure

KPI Calculation / Unit Primary Secondary
Evaluation Stakeholder | Stakeholder
Economic Efficiency Profit Margin % CPO -
Energetic Efficiency Energy Efficiency % CPO -
Asset Utilization %
Utilization CPO -
Capacity Utilization %
Technical Usability %
Usability CPO EV driver
Extensive Usability %
User- List with obligatory and optional de- )
) . Index EV driver CPO
friendliness sign recommendations
Peak power level kW
Predictability Peak shaving potential Grid i
(or % of charging point with smart KW (%) operator

charging capability)
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6 Analysis of existing public charging infrastructure at
AUDI AG headquarters and application of KPls

In this chapter, the focus will be on analyzing existing and operating public charging infrastruc-
ture. The previously defined set of KPIs will be the basis and framework for this breakdown.
The aim is to examine the practicality of these indices and identify any potential need for adap-
tion.

The application of these KPIs will be demonstrated using the charging infrastructure estab-
lished and operated by AUDI AG. However, it is necessary to define a system boundary for
the specific charging location and operation. This will determine what will be considered or
excluded in the subsequent steps.

Following the definition of the system boundary, a general analysis of the identified system will
be conducted (see Chapter 6.1) before delving into the analyses related to the performance

indicators in Chapters 6.2 t0 6.7.
6.1 Charging ecosystem at AUDI AG

CPO

AUDI AG is a German automotive company with its headquarters in Ingolstadt, Germany. Audi
belongs to the premium car segment and is known for its advanced technologies in cars, such
as all-wheel drive or virtual cockpits. Their product portfolio includes cars with combustion en-
gines, as well as hybrid, or electric powertrains.

The company has a global network of production facilities and sales entities, spread across
Europe, Asia, North America, South America, Africa, and Oceania. Audi’'s major markets com-
prise countries such as China, the United States, or the European Union.

As a subsidiary of the Volkswagen (VW) Group, Audi follows a clear strategy of promoting
sustainable mobility solutions through electrification of their powertrains. For that reason, Audi
is investing in battery technologies as well as in charging infrastructure, where they formed
partnerships with other companies to expand the network of charging stations.

On a local level, Audi not only invests in charging infrastructure but also operates it as a CPO
with various objectives. These range from providing necessary charging facilities for the de-
velopment of new electric vehicles (process charging) to offering charging solutions for em-

ployees (charge at work).

Charging station

In general, AUDI AG operates over 2,000 charging points, with the majority located in and
around its headquarters in Ingolstadt. These charging points serve different purposes and can

be categorized as process charging, internal charging, and external or public charging.
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o Process Charging: These charging infrastructures are used for development or pro-
duction processes. They may consist of established or new types of charging infra-
structure, depending on demand, and are mainly installed within the company
grounds. Since they serve specific purposes, they are not open for arbitrary or public

use.

¢ Internal Charging: These charging stations are installed within the company premises
and are available for any electric vehicle allowed on the premises. They can be used
by utility or department vehicles or by BEVs driven by high-ranking managers of the
company. These charging stations can be considered semi-public, as they are meant
for regular or conventional use, but only for defined groups of people with limited ac-

cess. They are not open to the general public.

e External Charging: These charging stations are located outside but close to the com-
pany grounds and are designated for employees (or customers) with electric vehicles.
They do not have any access restrictions and can be compared to conventional public

charging locations.

For the following analyses, only the external charging points around the Audi headquarters in
Ingolstadt will be considered due to their transferability of findings to other public charging
infrastructures. The reference date for all data exports reflecting the year 2022 was chosen as
18.01.2023. For more recent analyses evaluating single months, other reference dates were
selected. It's important to note that due to the ongoing expansion of charging stations, small

differences, such as the total number of evaluated charging points, may appear.

As of 18.01.2023, the clearly defined subgroup (external charging points located in Ingolstadt
and operated by AUDI AG) consists of over 480 charging points in total. Approximately 98 %
(471) of these charging points utilize AC technology with a maximum power of < 22 kW, while
the remaining 2 % (10) use HPC technology with maximum charging powers ranging from 150
to 350 kW.

In theory, all of these chargers provide a combined maximum charging power of 12,800 kW,
with around 10,350 kW on alternating current and 2,450 kW on direct current. However, the
maximum installed charging power is a theoretical value because the actual current supply
also depends on other infrastructure factors, such as transformers designed with smaller sim-
ultaneity factors (usually around 0.33 for AC charging infrastructure). These factors limit the

potential power output.

EV driver / Customer

As previously mentioned, the investigated charging stations are not limited to a specific group

of people and are open to the public. However, due to their placement around the company

41



grounds, such as parking lots or decks, the majority of users are employees. This can be ob-
served in Figure 16, which illustrates the starting times for charging events throughout the
week. For AC charging infrastructure the majority of charging events starts between 5:00 and
8:00 in the morning. That coincides with the start of the production morning shift as well as the
beginning of labor for most office workers. Accordingly, a high preference towards the working
week (Monday to Friday) can be seen with AC chargers. Further analysis reveals that the
average AC charging event at work lasts 7.5 hours, during which an average of 27.8 kWh is

transferred to the car.

A closer examination of the HPC charging points reveals that they are not primarily influenced
by the “charge at work” use case. The starting times of charging events for HPC chargers are
evenly distributed throughout the day, ranging from 5:00 to 20:00. Additional analyses indicate
that the average duration of a DC charging event is approximately 31 minutes, with an energy
transfer of 36.3 kWh.

Starting time of AC charging events Starting time of DC charging events
[at external AUDI AG infrastructure] [at external AUDI AG infrastructure]
MON TUE WED THU FRI  SAT SUN MON TUE WED THU FRI SAT SUN
0:00-1:00 0:00-1:00
1:00-2:00 1:00-2:00
2:00-3:00 2:00-3:00
3:00-4:00 3:00-4:00
4:00-5:00 4:00-5:00
5:00-6:00 5:00-6:00
6:00-7:00 :00-7:00
7:00-8:00 7:00-8:00
8:00-9:00 8:00-9:00
9:00-10:00 9:00-10:00
10:00-11:00 10:00-11:00
11:00-12:00 11:00-12:00
12:00-13:00 12:00-13:00
13:00-14:00 13:00-14:00
14:00-15:00 14:00-15:00
15:00-16:00 15:00-16:00
16:00-17-00 16:00-17:00
17:00-18:00 17:00-18:00
18:00-1%:00 18:00-19:00
19:00-20:00 19:00-20:00
20:00-21:00 20:00-21:00
21:00-22:00 21:00-22:00
22:00-23:00 22:00-23:00
23:00-24:00 23:00-24:00

Figure 16 - Starting times for AC and DC charging events at external AUDI AG infrastructure (own representation)

Regarding the AC charging stations, the clear tendency towards the "charge at work" use case
is neither negative nor positive in itself. From the perspective of the Charging Point Operator
(CPO), AUDI AG, it is actually an anticipated and desired phenomenon. The establishment of
external charging infrastructure aligns with their goal of providing consistent and attractive so-
lutions for their employees. On one hand, offering charging facilities emphasizes the practical-
ity of electric mobility for daily use, which is important for the company's electric mobility strat-

egy. On the other hand, it provides convenience for employees who already own a BEV.

Given this context, it is important to differentiate between AC and HPC infrastructure in the

following analyses, as well as recognize the dominance of the "charge at work" use case for
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AC chargers. It should be noted that the proposed actions for improvement in Chapter 7 may
have some limitations in terms of their transferability to other public charging infrastructure. For
instance, the consideration of weekdays would typically encompass Monday to Friday for

"charge at work" infrastructure, but Monday to Sunday for other public infrastructure.

Roaming Platform / MSP / Ad-hoc charging

As AUDI AG operates on a relatively small scale as a CPO, they have few direct or bilateral
roaming agreements with MSPs. As explained in Chapter 3.3, most of the required roaming
agreements to enable customer payment with various MSPs are facilitated through a roaming
hub. Currently, Audi is part of the roaming hub provided by chargecloud GmbH. This hub
serves as the gateway where charging price updates and conditions from both MSPs and

CPOs are synchronized.

The connections within this ecosystem are illustrated in Figure 17, which represents an
adapted version of the general public charging sector (Figure 8, Chapter 3.1) specifically fo-
cusing on the external Audi charging infrastructure. Additionally, the Ad-hoc charging option,
where EV drivers and AUDI AG as a CPO can directly interact, is also included as a mandatory

payment option.

e HY-..

EV Dri
ver Charging Station ™-.,
~ (AUDI AG)
Subscription
. Electricity |
contract
MSP CPO L
(Mobility Service Provider) (AUDI AG) Electricity
Supplier
(VW Kraftwerk GmbH)
—~]
Collaboration via U
Roaming hubs u. s
HUB CPO Backend nnaas Electricity
(Roaming Platform (chargecloud GmbH)

provided by chargecloud GmbH) Data

Figure 17 - Structure of the ecosystem for public AUDI AG charging infrastructure (own representation)

Electricity Supplier

The electricity supplier for Audi owned and operated charging infrastructure depends on the
location of the facility. In most of the cases, the infrastructure is supplied by the factory’s elec-
tricity grid , with the electricity supplier being “VW Kraftwerk GmbH”. However, for specific
parking lots, the electricity is supplied by “Stadtwerke Ingolstadt GmbH”. This configuration

can lead to slight variations in the electricity purchase price across different locations.
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6.2 Analysis regarding the economic efficiency

This chapter aims to analyze the economic performance of the Audi-owned public charging
infrastructure. As outlined in Chapter 5.1, a profit margin will be calculated to assess the per-
formance of individual charging stations or locations and enable meaningful comparisons. To
calculate the profit margin, data for revenue and expenses related to the defined operation unit
are necessary (see to Equation 6.1).

Net Income  Revenue — Expenses

(6.1

Profit Margin = =

rolt Margin Revenue Revenue
In this case, the analysis will follow a bottom-up approach and be done on the level of charging
points, which represents the smallest logical unit within the charging infrastructure. These in-
dividual charging point can be aggregated to form charging locations (consisting of multiple
charging points) or encompass the entire CPO business (comprising multiple charging loca-

tions).

Standard or benchmark values are utilized for certain factors such as investment costs or other
expenses, as discussed in Chapter 6.2.2. These values are calculated by averaging data
across multiple charging points rather than being specific to individual charging points.

While this approach may lose some significance when conducting detailed analyses on a spe-
cific charging point, it ensures that all analyses are based on a common and valid foundation,
even in the absence of specific information.

This approach is necessary because there are instances where a direct or precise mapping of

costs retrospectively may not be feasible or would require disproportionate effort.

Differentiation in benchmark values, such as investment costs, is made between HPC and AC
charging infrastructure. This differentiation is crucial due to the significant differences high-
lighted in previous chapters between these two groups. It provides an accurate means of iden-

tifying potential areas for improvement.
6.2.1 Revenue

This subchapter provides an overview of the primary income sources for the charging infra-
structure. The sale of electricity is the first and most significant source of income. As a CPO,
Audi provides the charging infrastructure, including the electricity, and receives a charging fee

in return. Various options exist to structure the charging fee or tariff:

e Some CPOs implement a combination of a singular connection fee (e.g., 99 cents

per started charging process) along with a kWh-based tariff (e.g., 40 cents/kWh).

¢ In certain locations where high demand or utilization rates are anticipated, blocking

fees can be added to the charging price after a specific duration. This practice is
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often applied to high-power chargers or charging stations in urban areas with sub-
stantial charging traffic. After the charging process concludes, fees (e.g., 10 cents
per minute) encourage EV drivers to disconnect and vacate the charging point

promptly, making it available for other customers.

CPOs have the flexibility to choose a combination of all three accounting methods — kWh-
based, time-based, and singular fee — along with different pricing levels, making the tariff sys-
tem potentially complex. However, as described in Chapter 3.3, most customers avoid this

complexity by utilizing bundled offers from MSPs.

As a CPO, AUDI AG has opted for a straightforward and streamlined tariff structure, exclusively
using kWh-based tariffs while distinguishing between AC and HPC or DC charging. The deter-
mined prices result from internal business case considerations and competition analysis. As
of February 2023, a fee of approximately 30 cents/kWh is imposed for AC charging events,
and around 40 cents/kWh for HPC. It's important to note that these prices represent the net
yields demanded by the CPO from the MSPs or Roaming platform. They should not be con-
fused with the prices paid by customers, as those include the margin of payment providers,

roaming hubs, MSPs, and taxes.

To calculate the total revenues from electricity sales, the net yield per kWh is multiplied by the
amount of transferred or billed kWh. To facilitate later expense comparisons, the transferred
kilowatt-hours were evaluated for the entire year of 2022 and balanced on a monthly basis.
Figure 18 provides an overview of the projected monthly revenues from the analyzed public

charging points.

Revenue AC charging points Revenue DC charging points
[e/mj [e/mj
350 1600
300 n=471 1.400 n=10
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150 \
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100 400
50 200 I I
0 o 1
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Figure 18 - Overview of charging points regarding their revenues from electricity sale (own representation)

As expected, the HPC points (n = 10) generate significantly higher revenues compared to AC
charging points. The revenue ranges from approximately 136 to 1,460 €/month for HPC charg-
ing points. On the other hand, for charging points with 22 kW charging power or less (n =471),

the revenues range from 0 to 304 €/month.
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A detailed analysis of the AC chargers reveals that the top values can be considered as optimal
operation scenarios. The maximum revenue corresponds to around 950 kWh of energy trans-
ferred at an AC charger over a one-month period.

Considering the classic charge at work use case with one charging event of 30 kWh per day
on five days a week, a theoretical energy transfer of 600-700 kWh/month (192-224 €/month)
could have been expected. It can be observed that only a few values exceed this range. These
“over the top values” can be explained by the three-shift operation of the Audi plant, where

some charging points are used for more than one charging event per day.

On the other hand, many charging points exhibit lower revenue outcomes, indicating that they
are either underutilized or sparsely utilized. This can be attributed to Audi AG's strategy of
enabling and supporting electric mobility for its employees.

In some cases, the infrastructure capacity exceeds the current demand, resulting in low fre-
quented charging points. However, as the share of BEV among employees or the general

population increases, higher utilization and, consequently, higher revenues are expected.

Looking at the bar chart in Figure 18, it is anticipated that over time, the revenues of an average
AC charging point will approach the optimal level. Currently, the average revenue across all
installed external AC charging points is approximately 58 € (182 kWh) per month (see Table
6-1).
Table 6-1 - Average monthly transferred energy and revenues for AC charging point

Average monthly transferred energy Average monthly revenues

AC charging point 182 kWh 58 €

The detailed analysis of the ten HPC stations reveals that the maximum revenues of 1,460
€/month (3,650 kWh/month) can be compared to a theoretical scenario with three to four charg-
ing events of 35 kWh each per day, including weekends. The bar chart in Figure 18 also high-

lights that some charging points significantly fall below the top revenue value.

This disparity can be attributed to factors such as different power levels (150 kW vs. 300 kW)
or specific location characteristics. Unlike the AC infrastructure, the HPC units are predomi-

nantly used by various charging customers rather than employees.

Evaluating the exact influence of location or potential revenue increases is challenging. How-
ever, the chart demonstrates the gap between the best performing charging point and the lower
performing ones, suggesting room for improvement. Currently, the average revenue across all
installed external HPC charging points is approximately 580 € (1,450 kWh) per month (see
Table 6-2).
Table 6-2 - Average monthly transferred energy and revenues for DC charging point
Average monthly transferred energy Average monthly revenues
HPC point 1,450 kWh 580 €
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In addition to the sale of electricity, there are other potential sources of revenue for charging
infrastructure that should be considered, such as funding or incentives. Various funding
schemes exist for charging infrastructure, one example being the German “Treibhausgas-

minderungs-Quote” (THG-Quote), also known as the greenhouse gas reduction quota.

The THG-Quote is a mechanism introduced in Germany to reduce greenhouse gas
emissions. The regulations are defined in the Federal Immission Control Act (BImSchG),
which mandates fuel distributors to progressively reduce the emissions associated with
the fuels they provide by a predetermined percentage. Currently, the required reduction
compared to a defined base value is 6 %, and it will increase to 25 % by 2030 (cf. Bun-

des-Immissionsschutzgesetz. Umwelt Bundesamt).

To achieve these goals, fuel distributors have various options, including the use of bio-
fuels, green hydrogen, and other methods specified in the Federal Immission Control
Ordinance (BImSchV). The 38th BImSchV specifically addresses the possibility of cred-
iting electricity used in electric vehicles, stating that the energy transferred at public

charging stations is a valid option (cf. Umwelt Bundesamt, 2023)

Under this mechanism, the CPO can obtain greenhouse gas reduction certificates for every
kilowatt-hour transferred at their charging station for use in electric vehicles. These certificates
can then be sold on the market for THG-quota | ggo

to fossil fuel providers. Revenues between 15 | 45, Revenues from THG-

and 20 cents/kWh were observed in 2022. 200 .:ZT:HJZTW sectrcy 218
Figure 19 illustrates the potential revenues 600 sale  [€/m]

that could have been generated from the

THG-Quote for an average HPC and AC %00

charger. 400

It is important to note that while these earn- | 309

ings can contribute to the operation, the mar- | 200

ket mechanism causes prices for reduction | 100 2|7

certificates to vary due to changing supply and 0 - 58

demand. Therefore, they should be treated ﬁACpc:;::ging ﬂDcp';r;ﬁ:ging

separately from earnings derived directly from  r,r6 19 - Revenues from THG-quota additional to

electricity sale revenue — for the average AC and DC

the sale of electricity. charger (own representation)

Another conventional form of funding is financial support provided during the establishment of
the charging station, which can come from federal or municipal authorities, for example. This
support reduces the initial investment costs borne by the CPO. In line with this rationale, such
funding would not appear as additional revenues, like the THG-Quote, but rather as a reduction

in investment expenses, as discussed in Chapter 6.2.2.
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6.2.2 Expenses

On the other hand, the CPO incurs various expenses. This section provides an overview of the

main costs associated with the evaluated charging infrastructure.

Charging hardware

The primary cost is related to the charging equipment itself, including the hardware and initial
installation. For AC charging infrastructure, an analysis of recent projects by AUDI AG indicates
an average cost of approximately 5,500 € per charging point.

This finding aligns with a study conducted by the “Ludwig-Bélkow Stiftung” in collaboration with
the General German Automobile Club (ADAC), which reported a maximum cost of 4,000 € for
the hardware and 1,000 € for the power supply of a public charging point (cf. Binger et al.,
2019, p. 24).

To compare these costs with monthly revenues and calculate the profit margin later on, a de-
preciation value needs to be determined. Assuming a useful lifetime of ten years for AC infra-
structure and using a static depreciation method for simplicity, the monthly costs amount to
approximately 46 € per charging point (see Equation 6.2).

Initial Costs B 5,500 €
Useful Lifetime  10a x 12 M/,

Monthly Depriciation AC Hardware = ~ 46 €/m (6.2)

For HPC infrastructure, the initial costs for hardware and installation are significantly higher.
Recent projects carried out by AUDI AG, involving charging points with a power capacity of
150 kW or higher, indicate average costs of around 100,000 € per HPC point. Additionally, it
has been observed that HPC points should be assessed with an expected useful lifetime of
only five years, based on the experience gained from the first generation of HPC stations in-
stalled at the Audi headquarters. It is hoped that subsequent generations installed in the past
two years or in the future will have a longer useful lifetime. Consequently, the expected monthly

depreciation, as calculated in Equation 6.3, would need to be adjusted accordingly.

Initial Costs 100,000 €

= ~ 1,667 € 6.3
Useful Lifetime 5a x12 M/, 7 /m  (63)

Monthly Depriciation HPC Hardware =

Infrastructure

In addition to the hardware, further infrastructure costs have been analyzed for the public Audi
charging points. The analysis reveals that the average infrastructure costs for HPC and AC
projects are similar in absolute value but differ in relation to the number of constructed charging
points.

For instance, both types of projects may require a new transformer, but for HPC stations, the

transformer can only serve ten charging points compared to 240 AC charging points.
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In a worst-case scenario, expenses for construction or excavation work, as well as new high-
voltage grid connections, must be considered. For an AC charging point, the initial investment
cost for infrastructure can reach up to 1,400 €.

Since most infrastructure components have an expected useful lifetime of around 19 years,

this amounts to a monthly depreciation of approximately 6 €.

For HPC points, the total cost of an additional high-voltage grid connection and the installation

of a transformer is approximately 34,250 €, resulting in a monthly depreciation of 150 €.

Running costs
In addition to the aforementioned initial costs, there are several ongoing expenses that should

be considered as part of the operating costs of a charging operation.

One of these expenses is related to the CPO backend. In most cases, the CPO utilizes the
services of a backend service provider and pays a corresponding fee. AUDI AG uses a
backend system where a basic charge is applied for the general service, and no additional
fees specific to each charging point are required. Therefore, the cost allocation can be based
solely on the total number of charging points. In this case, a separate calculation for AC and
HPC categories was not performed since no fundamental difference in causation could be

identified (there is no evidence that an HPC point incurs higher backend costs).

Another expense category is service and maintenance. For the Audi charging infrastructure,
these tasks are performed by a service provider. The average expenses were derived from
various maintenance contracts. On a per-charge point basis, the service fee for an HPC unit

is higher than for AC charging points, which differs from the backend cost allocation.

All of the aforementioned operational costs, along with the initial costs, are listed in Table 6-3.
Negative expenses or expense reductions resulting from initial investment funding are not
listed, as no financial assistance was utilized for the establishment of the external AUDI AG

charging infrastructure.

Table 6-3 - Overview of average monthly costs for AC and DC charging points
Fixed costs Cost [€/month] — Cost [€/month] —
AC charging point DC charging point

Depreciation charging hardware (incl. installation) 46 1,667
Depreciation infrastructure 6 150
Operational costs (e.g., for backend, first level support, 30 54
service and maintenance)

Sum 82 1,871

Cost assumption of (Blinger et al., 2019, p. 25) for com- 98 1,283
parison (1,175 per year) (15,391 per year)
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In the last row, the cost assumption from Biinger et al. (2019) is presented. The small differ-
ence between the identified values for AC charging points reinforces their validity.

However, a significant difference can be observed for the assumed values of HPC infrastruc-
ture, which can be attributed to the varying estimated useful lifetime. Blinger et al. (2019) as-
sumed a useful lifetime of 15 years for the high-power charging infrastructure, which appears

optimistic.

Electricity costs

The costs associated with electricity purchase represent the only variable costs in the opera-
tion of the charging points. Similar to the calculation of revenues from electricity sales, these
costs can be determined by multiplying the number of kWh used in the corresponding period
by the purchase price. In the averaged scenario, the energy consumption aligns with the values
presented in Table 6-1 and 6-2. (Note that charging or standby losses were disregarded; for
more details, refer to Chapter 6.3).

The electricity price for most locations in the company vicinity for the year 2022 was approxi-

mately 15 cents/kWh. The corresponding average electricity costs are provided in Table 6-4.

Table 6-4 - Average monthly electricity costs for AC and DC charging points
Variable costs Cost [€/month] — AC charging point Cost [€/month] — DC charging point

Electricity purchase 28 222

Limitation of transferability

The expenses and categories discussed thus far are comprehensive and encompass the pri-
mary costs associated with the construction and operation of public charging points. However,

there are additional costs that could be considered for a public charging location.

Firstly, there are electricity costs associated with standby power and losses during the charging
process. Currently, there is no way to track these costs at the individual charge point level.
Due to their minimal impact on the overall business case assessment, they were neglected.
However, in Chapter 6.3, these costs are evaluated in more detail in the context of energy

efficiency.

Another expense to consider is the rental cost for the parking lot. In the case of AUDI AG, the
parking area was already owned, so no additional expenses needed to be considered. How-

ever, for other projects, especially those at highway locations, lease costs are common.

One factor that was also not assessed is personnel costs. In this case, it was assumed or
argued that the operation of charging infrastructure is not the core business of AUDI AG but
rather a subsidiary branch that enables other services or business operations. Therefore, one
could argue that personnel costs are fixed or residual costs of the core business and should

not be allocated to the external charging infrastructure business case.
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6.2.3 Profit margin

Depending on the relationship between revenue and expenses, the CPO can either generate
a profit or incur a deficit. In the previous chapters, the focus was primarily on average values
to provide an overview of the revenue and cost structure. This consolidation is summarized in
Table 6-5.

For the AC charging points, it becomes apparent that the revenues related to an average en-
ergy transfer of 182 kWh per month are insufficient to cover the incurred costs. Even after
considering revenues from the THG-quota, there remains a monthly deficit of -25 € per average
AC charging point.

The situation is even more challenging for the average HPC point, where the significant fixed
costs cannot even be offset by revenues from the THG-quota. This results in a total monthly
loss of -1,259 € per connector.

Table 6-5 - Overview of average monthly costs and revenues for AC and DC charging points

AC charging point DC charging point

[€/month] [€/month]
Fixed costs -82 -1,871
Electricity costs -28 -222
Sum of costs -110 -2,093
Revenues from electricity sale 58 580
Sum (excl. THG-quota) -52 -1,513
Possible revenues from THG-quota (15 ct/kWh) 27 218
Sum (incl. THG-quota) -25 -1,295

However, since the primary objective of the “economic efficiency” KPI is to evaluate the per-
formance of individual charging points, additional calculations were conducted. These calcu-
lations assessed the electricity costs and revenues for each charging point independently,
while considering only the fixed costs with average values from Table 6-5.

Figure 20 provides an overview of the economic efficiency for all external charging points,
distinguishing between AC and DC charging points, without considering potential revenues
from the THG-quota. Instead of presenting the profit margin, the figure displays the profit or
loss as an absolute value. This approach was chosen to avoid the distortion of negative profit
margins due to the low utilization and small revenues of certain charging points.

The initial observation reveals that a majority of charging stations exhibit negative economic
efficiency. Only a few charging points on the right side of the x-axis are profitable, and they are
exclusively AC charging points with high utilization and energy transfer.

HPC points, which are analyzed separately, display the largest deficits, indicating that their
significant fixed costs cannot be offset even with high utilization.
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Economic efficiency of AC charging points Economic efficiency of DC charging points
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Figure 20 - Economic efficiency of every external charging point without revenues from THG-quota (own represen-
tation)

With a theoretical consideration of revenues from the THG-quota, assuming an additional 15
ct/kWh, the situation improves slightly, resulting in more AC charging points falling into the

profitable sector. This can be observed in Figure 21.
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Figure 21 - Economic efficiency of every external charging point with revenues from THG-quota (own representa-
tion)

Different proposals to improve the economic efficiency can be seen in Chapter 7.1.

Limitation of this analysis

The economic efficiency calculation in this analysis adapts a static approach , for example with
the depreciation of charging hardware. This simplification was chosen to facilitate the analysis
and provide a valid basis for comparison, enabling the identification of trends and potential

areas for improvement in the charging infrastructure.

However, it also ignores the moment of payment and therefore dynamic effects that influence
the economic efficiency like interest or inflation rate. To achieve a more comprehensive per-

spective, it would be necessary to take these dynamic factors into consideration as well.
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6.3 Analysis regarding the energetic efficiency

In the previous chapter, the electricity cost at the charging point level was derived from the
energy billed to the customer, which only accounted for the transferred energy during charging.
Any additional energy consumption due to charging efficiency or standby power was disre-
garded for the business case. However, since the CPO still incurs uncovered electricity costs,
this chapter focuses on those losses that cannot be directly attributed to a specific charging

event.

Ideally, in an optimized state, the energy con-

Input Output
sumption of a charging point (input) should closely
match the energy transferred from the charging Electricity
transferred to
point to a car (output) (as shown in Figure 22). A the car

smaller gap between input and output signifies a

more efficient charging point. Conversely, a larger

) ) ) Efficiency or
difference between input and output in a system's standby losses

energy balance indicates significant standby or ef-  figure 22 - Energy balance of a charging station
- . . (own representation)
ficiency losses (or suggests other underlying is-

sues).

The application of the energy efficiency KPI faced two major challenges. The first challenge
was the availability of electricity data for each charging point, and the second challenge was
the level of data aggregation that was available. During the research, it became evident that
not all of the evaluated charging points were connected to electricity meters that could be
accessed through an energy management system. In addition, even when meters were in-

stalled, they were not always connected to an accessible energy management platform.

Furthermore, for the charging points that were
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point was responsible for specific electricity con-

not possible to definitively determine the electricity

consumption attributed to each charging point, including losses.

53



The described situation had two consequences for the application of the energy efficiency KPI:
1. The KPI could not be applied to all of the previously assessed charging points due to
the lack of data in some cases. As a result, the application of the KPI will be demon-
strated using different examples from the subset of charging points for which data was

available, showcasing the knowledge generated from its application.

2. The KPI was applied at the level of electricity meter aggregation, which encompassed
charging groups consisting of multiple charging points, rather than individual charging

points.

The energy demand data for these groups was obtained from an energy management system.
Consequently, the total transferred energy from all the charging points within a particular group
was calculated using data from the CPO backend. The calculation of the “charge group effi-
ciency” is shown in Equation 6.4 below.

X: Sum of all charging points connected

to the same electricity meter

benefit — X Eout Eout: Electrical energy transferred from
cost E; charging point to car

Charging group efficiency = (6.4)

Ein: Total electrical energy demand of
the charging infrastructure

Figure 24 illustrates various examples of charging groups and their corresponding charging

group efficiencies, calculated for the month of April 2023.
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Figure 24 - Charging group efficiency for selected locations (own representation)
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The first four sections of the figure represent AC locations, which exhibit good energy efficien-
cies ranging from 86 % to 99 %. A detailed analysis of the first value for charging group “AC1”
revealed that a single charging event that occurred at the month boundary was not included in
the April data due to the backend algorithm. Consequently, the recorded electricity meter value
for that event, which extended until the month boundary, was slightly higher. Given the low
overall transferred energy at this location, this discrepancy had a significant impact on the
efficiency calculation, introducing uncertainty. However, the other AC charging locations with
higher energy transfer volumes were less affected by such uncertainties and demonstrated
efficiencies between 97 % and 99 %. These high values indicate both efficient charging pro-
cesses and low standby consumption. Specific values for standby consumption can be found

in Table 6-6.

Table 6-6 - Electrical standby consumption of selected AC charging locations

Name Location Charging equipment @ Standby consumption
ACA1 A1 14 x 22 kW 0 kW
AC2 Forum 8 x 22 kKW 0 kW
AC3 NE9 15 % 22 kW 0 kW
AC4 739 14 x 22 kW 0 kW

Groups five and six in Figure 24 represent locations equipped with DC charging hardware.
Cluster “DC2” was assessed with an efficiency of 93 %, similar to the AC infrastructure, and
thus requires no further investigation.

In contrast, location “DC1” exhibits an efficiency of only 62 %. A detailed analysis uncovered
that the main factor contributing to this poor performance is a significant standby consumption
of approximately 3 kW. Further examination revealed that out of the total registered energy
consumption of 6,700 kWh in April, around 2,100 kWh were associated with standby consump-
tion.

To ensure that this was not a data error specific to this location, additional locations with ac-
cessible data were examined. These internal locations, which are beyond the scope of the
other analyses conducted in Chapter 6, are listed in Table 6-7 along with their average standby

consumption values.

Table 6-7 - Electrical standby consumption of selected DC charging locations

@ Standby consumption

Name Location Charging equipment

(Range of standby cons.)
DC1 Forum (extemal) 4 x 350 kW 3 kW (28-33kW)
DC2 549 (external) 2 x 150 kW 0 kW
Compare1 549 (internal) 2 x 150 kW 0 kw
Compare2 S20 (internal) 4 x 350 kW 3 kW (24-34KW)
Compare3 S48 (internal) 4 x 350 KW 3 kKW (25-4.4KW)
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It can be observed that two other locations also exhibit higher standby consumptions. The
subsequent analysis revealed a connection between poor performance and a specific type of
charging hardware in combination with a specific electrical topology. In all cases, this particular
charging hardware relies on a separate isolating transformer with an idle power of 1 kW. The
other HPC locations with better efficiency utilize different hardware and do not require a sepa-

rate isolating transformer.

The application of the energy efficiency KPI highlighted the significant influence of standby
power. As a result, it is suggested to directly utilize the average standby consumption as a KPI
for future analyses. This approach would simplify the calculation of energy efficiency and miti-

gate uncertainties associated with the required data.

Chapter 7.2 will present various proposals to improve energy efficiency. One of these pro-
posals is based on the influence of the utilization of the location. In the case of charging points
with high idle power being used only once a day, all the standby losses are concentrated on
that single charging event. In contrast, locations with higher utilization still experience standby
losses but to a lesser extent. A detailed analysis of utilization can be found in the subsequent
Chapter 6.4.

6.4 Analysis regarding the utilization

The previous section provided partial information about utilization and potential correlations.
The aim of this chapter is to complement the available data and analyze the overall utilization

of AUDI AG's external charging infrastructure.

To achieve this, the asset utilization, as defined in Chapter 5.3, was calculated for each charg-

ing point according to Equation 6.5.

Charging Time
Asset Utilization = - glre (6.5)
Business Hours

Therefore, the total charging times of all events at a specific charging unit were aggregated for

an entire month and then divided by the business hours.

In the case of the AC charging infrastructure, which is primarily used for charging during work-
ing hours, the business hours were initially considered to include only workdays from Monday
to Friday. However, it was determined that the propensity for a specific use case does not
affect the business hours. As a result, this limitation was deemed unnecessary and omitted

from the calculation.

For the HPC locations situated around the company grounds, where the focus is on being
available for spontaneous charging events and enabling short charging stopovers with high

energy transfer rates, no time slots were excluded from the calculation.
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An overview of the identified asset utilizations is shown Figure 25. The data reveals a wide
range of utilization rates, ranging from 0 % where no charging events were registered for spe-
cific charging points, to a maximum utilization rate of 26.7 % for AC charging points.

The average asset utilization for AC charging points is 6.9 %. For DC charging points, the

maximum utilization rate is 6.5 %, with an average asset utilization of 3.0 %.
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Figure 25 - Asset utilization of every external charging point (own representation)

A possible explanation for the low utilization of some AC charging points is the anticipatory
construction of charging infrastructure and the focus on the charge at work use case. The
construction of charging points in anticipation of the transition from combustion cars to electric
cars leads to an excess of charging infrastructure during the initial phase.

Additionally, the limited user base of AC charging points, oriented at employees, limits the
demand for these charging points. In contrast, public charging infrastructure located in central
parking lots can attract demand from any person in need of charging. As the share of BEV
among employees increases and the supply of charging infrastructure meets the base de-
mand, it is expected that currently underutilized charging points will naturally experience in-

creased utilization.

However, it should be noted that a higher BEV share and increased charging demand may not
have the same impact on already well-performing charging points. Factors such as pricing

levels and physical availability can limit the maximum utilization rate of these charging points.

The situation is fundamentally different for HPC locations. Due to their appeal to a wider range
of customers, there is typically a base demand for these charging points. This is reflected in
the fact that there are no HPC units with a 0 % utilization rate. For the CPO, low or suboptimal
utilization rates for HPC locations can have various causes and require more complex analysis.
Possible explanations range from technical faults to inadequate user-friendliness or a weak
competitive position. Chapter 7.3 will delve into causal explanations, correlations with other

factors or KPls, and explore potential areas for improvement.
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At this point, a comparison can be made between the best and worst performing charging
points within a group to identify performance benchmarks. For AC technology, the most utilized
charging location with a utilization rate of 26.7 % can serve as the benchmark for other charg-

ing points in the same category.

For HPC units, the internal benchmark is set at 6.5 %. Given their more immediate competitive
position, it is also possible to compare them to other public charging infrastructure that is not
necessarily owned by AUDI AG but operates under similar conditions.

HPC units should aim to achieve utilization rates comparable to the competition. However,
accessing values for comparison can be challenging, and even when information is available,

classification can be difficult.

Dr. Marcus Groll, the Chief Operating Officer of lonity, which is a central CPO for
fast charging at highways in Europe, stated in an interview that their plan is to
achieve an overall utilization rate of approximately 20 %. He also mentioned that
peak utilization rates ranging from 30 % to 40 % can be expected during the sum-
mer months. (cf. Rudschies, 2022)

The available indications from the competition should be approached with caution as they often
lack specific details on the calculation method or a clear reference figure (e.g., asset or capac-

ity utilization).

Another approach to gauge utilization is through average energy transfers, as demonstrated
in scientific studies such as the survey conducted by the German National Centre for Charging
Infrastructure on charging infrastructure projections for 2025/2030 (Nationale Leitstelle
Ladeinfrastruktur, 2020a), as shown in Figure 7.

By dividing the expected average energy transfer for different types of charging points (e.g.,
work, or urban charging hubs) by their maximum possible output, an average capacity utiliza-

tion can be derived (see Equation 6.7 and 6.7).

Charged Energy ~ 9.3kWh/d

Capacity Utilization (AC, Work) = Maximum Output . 22 KW x 24 h/d

~ 1.8 % (6.6)

Charged Energy ~ 172.5kWh/d 439 (6.7)
Maximum Output 150 kW x 24 h/d °

Capacity Utilization (HPC, Urban) =
For AC charging infrastructure at the workplace, the quoted study deduced an average energy

transfer of 9.3 kWh per connecter per day (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a,

p. 69). Considering the weekend as well, this translates to a capacity utilization of 1.8 %.
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In the case of an urban HPC station with a maximum capacity of 150 kW, the same study
projected an average energy transfer of 172.5 kWh per day (cf. Nationale Leitstelle Ladeinfra-

struktur, 2020a, p. 69), resulting in a capacity utilization of 4.8 %.

The performance of AUDI AG infrastructure compared to those values can be seen in Figure
26.
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Figure 26 - Capacity utilization of every external charging point
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The capacity utilization exhibits a similar distribution pattern as the asset utilization, but with a

slight shift in the coefficients.

In the case of AC charging stations, it can be observed that approximately 140 points meet or
exceed the expected capacity utilization of 1.8 %. However, when considering all AC charging
points as a whole, the average capacity utilization is 1.3 %, which falls 0.5 % below the ex-
pected value.

This 0.5 % difference for a 22 kW connector can be translated to approximately 2.6 kWh per
day (as per Equation 6.8) that would need to be recharged additionally at the average con-
nector to match the expected value. Over the course of one week, this would accumulate to
around 18.5 kWh, which corresponds to about two-thirds of the energy amount consumed
during a typical AC charging event.

Necessary Additional Energy Transfer

= (Expected Utilization — Real Utilization) X Installed Power X 24 h/ d (68

= (1.8 % — 1.3 %) x 22 kW x 241/, = 2.64 kWh/

The HPC chargers exhibit an average capacity utilization of 1.1 %, which is less than a quarter
of the expected value of 4.8 %. It is noteworthy that even the most utilized HPC charging point

in this dataset, with a utilization rate of 3.5 %, falls short of reaching the target value.

Chapter 7.3 provides various proposals to enhance the utilization of both AC and HPC infra-

structure, along with their correlations to other KPlIs.

59



6.5 Analysis regarding the usability

Next to the previously observed utilization, the usability of a charging point is another crucial
key performance indicator. In order to assess the usability, the data from the entire year 2022
was analyzed to determine the number of successful and failed charging events. As outlined
in Chapter 5.4, the usability was calculated for each charging point to evaluate the reliability
and functionality of the infrastructure.

For charging stations that did not have any charging events during the assessed period, it is
not possible to calculate a usability value (see Equation 6.9).

CPsyccess  CProtal — CPtechnically flawed

Technical Usability = = (6.9)
CPtotal CPtotal

Additionally, charging points with less than five charging events in the measurement period
(January 1%t to December 31%t, 2022) were excluded from the usability analysis due to their

limited significance. Figure 27 presents the usability analysis for the remaining 373 AC charg-

ing stations.
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Figure 27 - Usability of AC charging points (own representation)

A preliminary assessment reveals that a significant number of charging points (285) exhibit a
relatively high usability of 70 % or higher. Out of these, 234 charging points have a usability of
80 % or higher, and 144 charging points surpass the 90 % usability mark. However, there is
still a notable portion of charging points (42) with a usability of 50 % or lower. In practical terms,
this indicates that at least half of the charging events at these stations are unsuccessful. The

average usability across all AC charging points stands at 78 %.

In addition to the usability, the number of charging events associated with each charging point
is displayed, as it serves as the sample size for the calculation. In Chapter 7.4, when identifying
opportunities for improvement, particular attention will be given to charging points with low
usability but a high total number of charging events. These cases will be examined in conjunc-
tion with the question of what level of usability should be targeted and what level is considered

acceptable.
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No charging points in the HPC infrastructure had to be excluded due to a small sample size.

The usability of these charging points is displayed in Figure 28.
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Figure 28 - Usability of DC charging points (own representation)

The average usability of all DC charging points is 85.5 %. It is evident that the usability of HPC
stations is generally higher compared to AC infrastructure, ranging from 73 % to 95 %.
However, even though the performance is better overall, there are four DC charging points
with a usability below 80 %. This corresponds to approximately 480 failed charging events
throughout the year 2022.

These figures indicate potential for improvement, which will be analyzed and linked to various

proposals for optimizing usability in Chapter 7.4.
6.6 Analysis regarding the user-friendliness

Due to capacity limitations, the designed user-friendliness list could not be applied to all 481
charging points. Instead, a selection was made, focusing on three different types of charging
points located around the headquarters, for an exemplary application of the evaluation scheme
(see Appendix). The objective was to identify challenges encountered during the evaluation
process and provide examples that demonstrate varying degrees of fulfillment or importance

across different user-friendliness categories.

Selection of (representative) charging points

1. The first charging point to be examined was an AC Wallbox (with the EVSE-ID
DE*AUC*ETRON™00349) installed in a parking deck (T33A). This charging point repre-
sents approximately 250 other external charging points that are clearly oriented at the

charge at work use case.

2. The second charging point (with the EVSE-ID DE*AUC*ETRON*00150) is also oriented
towards the charge at work use case and equipped with the same hardware. However, it

is located in an open parking space (P11) instead of a parking deck.
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3. The third charging point (with the EVSE-ID DE*AUC*E02E*H0001*4) serves as an exam-
ple for HPC infrastructure. Unlike the other two charging points, its use case is not limited
to a charge at work scenario but encompasses public charging in general. This charging
point, located in the open at the Audi Forum in Ingolstadt, is capable of delivering charging

powers of up to 350 kW.

Assessment of obligatory aspects

1. Consistency in the use of the EVSE-ID
All assessed charging points used the EVSE-ID consistently. No significant differences

were observed.

2. Careful placement of EVSE-ID to preclude mix-ups
The EVSE-ID was placed carefully in all cases. For AC charging infrastructure, the
EVSE-ID was positioned above the charge port, ensuring easy identification. In the case
of the HPC charging point, the EVSE-ID was located directly on the charging station,
ensuring accurate mapping. However, it should be noted that several other numbers or
IDs, such as inventory, serial, or meter numbers, were present on the charging points.
Although none of these were incorrectly labeled as EVSE-ID, the presence of multiple

IDs on the charging infrastructure may create uncertainty for some users.
3. Easy identification and readability of controls with no influence of varying weather conditions

Due to differences in hardware and placement (parking deck or open space), variations
in control identification and readability were observed. For AC charging hardware, the
controls and displayed information were minimalistic. The small control screen, posi-
tioned at eye level, was easily detectable, and within the parking deck location, good
readability was consistently ensured. In open spaces, readability remained feasible, but

strong sunlight from unfavorable angles affected visibility.

Similar observations were made for the HPC charging pole. Unlike AC hardware, HPC
units were equipped with larger control panels to display more information. Since a sig-
nificant part of the control concept relied on the touchscreen, the negative impact of sun-
light had a greater influence on user-friendliness at the HPC station. Measures to im-

prove this aspect are discussed in Chapter 7.5.

4. Standardization of URLs related to the QR codes
All assessed charging stations utilized standardized QR codes and URLs, ensuring user-

friendliness in this aspect.

5. Instructions of all possible ways for authentication on the charging station
In terms of providing information for authentication, the AC and HPC infrastructure dif-

fered in their approach. As previously mentioned, the HPC unit prioritized touchscreen
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interaction for displaying information and control aspects. One method of authentication
(via MSP) had excellent information displayed on the control screen. However, for ad-
hoc charging authentication, the information was presented on a label, which also in-
cluded the necessary QR code. Having the authentication information displayed in two
different ways and at different locations on the charging station was deemed suboptimal

in terms of user-friendliness.

For the AC charging infrastructure, no authentication information was displayed on the
control screen but rather imprinted on the charging station itself. Similar to the HPC sta-
tion, the imprint only showed the validation procedure via MSP, while the information for

ad-hoc authentication was displayed on a separate label.

6. High visibility of service hotline of the CPO on the charging station
On all charging stations, the service hotline was prominently displayed on a red label
with good contrast. The label size and hotline information were appropriate in relation to

the overall appearance of the charging station.
7. Good detectability and clear signage towards the charging station

None of the assessed charging stations had signage that could be considered sufficient.
There were no street signs indicating the availability of charging infrastructure at the
parking deck or lot from a distance, nor were there signposts directing users to the spe-
cific charging location within the parking deck or lot. This lack of signage is unfavorable
for AC charging infrastructure, but it can be partially excused due to its orientation to-
wards the charge-at-work use case. It can be assumed that employees who are willing
to use the charging infrastructure are already familiar with the parking location, and even
if the charging location is not immediately visible, they will be willing to search for it. Once
employees find the charging location, they can use it for subsequent instances without

signs guiding the way.

However, a different situation was observed for the HPC infrastructure. The lack of sign-
age poses a significant problem that cannot be excused solely based on the use case
orientation. As mentioned earlier, HPC charging points are often used by various cus-
tomers with spontaneous charging needs. These customers are likely unfamiliar with the
parking situation and may have limited willingness or opportunity to search for the charg-
ing location. Unlike employees, their interaction with the charging infrastructure may not
be repeated regularly. Therefore, the inadequate detectability of the charging location

has a clear negative impact on the user-friendliness of the assessed HPC point.
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Assessment of optional aspects

Not all optional user-friendliness aspects will be discussed here, as the knowledge gained for
some aspects is limited. The focus is primarily on aspects with significant deficits or notable

differences among the assessed charging points.

One aspect with a general deficit is the transparent pricing before and after charging. None of
the charging points offered a consistent solution. This is caused by the various payment op-
tions. For ad-hoc charging, where the CPO knows and sets the price, the cost per kWh is
displayed for the customer within the web application that is needed to start the charging pro-
cess.

However, if the payment is done via an MSP, the CPO does not know about the payment
conditions of the customer. The CPO only has information about the contract conditions be-
tween the MSP and themselves as an intermediary, but not about the specific contract between
the MSP and the customer. Consequently, the CPO is unable to display the effective price to
the customer at the charging station.

Hence, the assessed deficit is not specific for a group of charging points but caused by the

overall payment structure of the public charging sector.

The next aspect that will be considered is the implementation of a user-experience (UX) con-
cept at the charging stations. Two different approaches were observed. In both cases, the UX
elements were integrated into the charging hardware itself, rather than the entire location.

For the AC charging infrastructure, light and sound signals provided feedback or indication
during the authentication process. In the case of ad-hoc charging, additional information was
also provided through the web application displayed on the customer's smartphone.

For the HPC station, the UX was centralized and focused on a large touchscreen, where a
wealth of information and instructions were displayed, supported by light signals at the charg-
ing port or the top of the charging station to indicate success (green light) or error (red light).
In both cases, the UX concept appeared fragmented, which worked well for RFID card authen-
tication. However, for ad-hoc charging, there was a gap in the user experience and customer
journey as EV drivers were left to navigate the instructions displayed on the web application
on their smartphones. Only the end result of successful or failed authentication and communi-
cation between the car and charging infrastructure was displayed, with no information about
the steps in between.

This is understandable, as CPOs are expected to accommodate various payment options,
each requiring a specific UX concept or integration. In most cases, the effort required to do so
was reduced by focusing on a specific customer journey.

”

For other aspects such as “acceptance of various payment forms”, “compatibility with mobile
apps or navigation systems”, or “adequate lighting”, no significant deficits or differences were

found among the assessed charging points.
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As mentioned in Chapter 5.5, during the definition of the user-friendliness checklist, some as-
pects were disregarded in the evaluation because they were not applicable to the specific
charging points. For the assessed AC charging infrastructure with its focus on the charge-at-

work use case, the aspect of “integration with other services” was excluded, for example.

Chapter 7.5 presents various proposals to improve user-friendliness and addresses aspects

that have an impact on this category.
6.7 Analysis regarding the predictability

As described in Chapter 5.6, two aspects of the charging infrastructure are of particular interest

Table 6-8 - Values of interest for predicta-

to the grid operator: peak power level and peak shaving bility of charging infrastructure

potential (refer to Table 6-8).

Peak power level kW

Similar to the challenges encountered during the applica- | peak shaving potential

tion of the energy efficiency KPI, the availability of data | (or % of charging point with | kW (%)
or documentation for the assessed charging infrastruc- smart charging capabilty)
ture did not allow for a comprehensive application of the predictability KPl. Nonetheless, this
chapter will present the available information and provide relevant commentary. Furthermore,

an outlook on planned and potential demand-side management measures will be provided.

The power level of the charging infrastructure is always dependent on the utilization of the
assets. Higher utilization results in a higher power demand for the charging infrastructure. The
peak power demand is associated with the maximum utilization of the charging infrastructure.
In the case of the assessed charging locations, as well as newly constructed ones, a scenario
in which all charging points are being used represents the situation with the highest charging

demand and, therefore, the peak power level.

Disregarding other limitations, the peak power level could be calculated by summing up the
theoretical charging power of all assessed charging points. For the 481 charging points con-

sidered in Ingolstadt, this would correspond to a peak power of 12,801 kW (12.8 MW).

However, as mentioned earlier, this value only represents the capacity of the charging hard-
ware in a scenario of maximum utilization. It does not consider other factors, such as the elec-
trical design of the installations preceding the charging point, which physically limit the maxi-
mum charging power. In most locations, especially AC charging locations, the electrical instal-
lation is not designed for 100 % utilization due to economic considerations. Typically, the power
lines can only support approximately 30 % of the theoretical maximum power output that the

charging hardware is capable of in theory.
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For an exemplary location with ten 22 kW chargers, the charging hardware offers
a theoretical maximum charging capability of 220 kW. However, the electrical in-
stallation is only designed to handle approximately 30 % of that capacity, resulting
in a real maximum power of around 70 kW.

In a scenario where all charging points are simultaneously used at full load, a cur-
rent reduction to 10 amperes (A) instead of 32 A would limit the charging power.
Consequently, the connected cars would be charged at approximately 7 kW in-
stead of 22 kW. In cases where the sum of charging demands does not exceed
the installation limits, no current reduction is necessary, and the individual charging

points can deliver up to 22 kW.

This undersizing of electrical lines or components is typically observed in locations
with multiple charging connectors, where either a 100 % demand scenario is not
expected, or a reduced charging power can be accepted compared to the eco-
nomic cost of a larger charging electrical installation.

Conversely, in the case of a single wall box at a private residence, the 100 % de-
mand scenario is always reached when a car is connected. Therefore, any limita-

tion in the charging power would affect all charging processes at that location.

For HPC infrastructure, the situation is different. In some cases, both the hardware and the
electrical installation are designed in a way that the maximum charging power of the charging
hardware can be achieved in all utilization scenarios. This holds true for the assessed DC
charging points in Ingolstadt. In other cases, the electrical installation may cover approximately

50 % of the maximum charging power of the connectors.

For a location with two 300 kW connectors, this could result in the following sce-
nario. If one car was connected to one of the chargers a maximum charging power
of 300 kW could be reached.

If then a second car would connect to the second charging point being supplied by
the same electric installation, the charging power for the first car would be reduced
to 150 kW and the other 150 kW would be used by the additional car.

To approximate the peak power level of the assessed charging infrastructure, the theoretical
power of the AC connectors was considered with a limit of 30 %, while all HPC locations were
considered with 100 %. This sums up to a peak power of 5,555 kW (5.6 MW), compared to the
theoretical capability of the hardware of 12.8 MW.

Unfortunately, due to the lack of additional documentation, a more detailed analysis regarding
the peak power was not possible. This would have involved analyzing groups of charging in-

frastructure connected to the same grid connection point.
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For the second aspect of this KPI, the peak shaving potential or demand side management,

different levels can be identified.

The first level involves the limits set by the electrical installation, which were previously men-
tioned. This basic form of demand side management is a simple and physical measure that
helps increase the predictability of the power demand of the charging infrastructure, as de-

picted in Figure 29.

In addition to these static and local measures, demand side management can be further en-
hanced through the CPO backend, enabling more advanced and intelligent controls of the
charging system. By adopting this approach, dynamic demand side management can be im-

plemented globally across the charging system.
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Figure 29 - Schematic load profile for different forms of demand side management (own representation)

Currently, the assessed charging points only have local demand side management capabili-
ties. A global form of demand side management, supported by the backend, is not yet imple-
mented but is planned and roughly designed for the future. Once implemented, it will offer the

following options:

o Creating clusters for several charge points and assigning individual kW limits to each
cluster.

e Setting kW limits for different times of the day or week.

These options will provide flexibility in managing the charging power of specific groups of
charging points. For example, it will be possible to limit the charging power during the initial
hours of the working day and shift a portion of the charging processes towards the midday

period, as illustrated in Figure 29.
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7 ldentification of potential for improvement

Formulating goals for improvement can easily be accomplished using KPIs. However, it is im-
portant that these goals are SMART - specific, measurable, achievable, relevant, and time-

bound. This ensures that they provide valuable insights into performance and progress.

Chapter 6 analyzed the charging infrastructure based on the defined KPIs. This chapter now
aims to identify potential areas for improvement in each category and formulate SMART goals
accordingly. Additionally, specific proposals to reach the set goals for AUDI AG charging infra-

structure will be made and their qualitative mode of action will be outlined.

The proposed measures will vary in their applicability, with some focused on operational en-
hancements, while others concentrate on the planning process and future installations of

charging infrastructure.

It is important to note that those measures will only display a selection of possibilities specifi-
cally for the assessed charging infrastructure. That means that any transferability to other (pub-
lic) charging infrastructure is possible but not guaranteed and that the presented selection of
measures is not exhaustive. There may be other options available to improve the KPIs that are

not mentioned here.

Additionally, it should be recognized that certain proposed measures will have an impact on
multiple KPIs. The initial association of these measures with specific KPls, as well as their
subsequent influence on others, will be demonstrated. Correlations between different KPIs will

aid in anticipating the effects of various proposals.

7.1 Potential for improvement regarding the economic efficiency

This chapter will explain why the KPI economic efficiency should be improved, define specific

goals, and outline concrete measures that can be taken to achieve these goals.

Why should the KPI be optimized and what is its current status?

Efficient economic performance is a key concern for any party with an economic interest, as it
is essential for securing the competitiveness and sustainability of their operation or system. In
the case of charging infrastructure, the CPO is interested in optimizing the economic efficiency
of the charging points. Based on the analysis in Chapter 6.2, only few of the AC charging points
can be operated with a positive economic efficiency and none of the DC charging stations.
This implies a necessity for striving for higher revenues or reducing losses per charging point

per month.
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What goals can be formulated for addressing the situation?

Accordingly, the following SMART goals have been developed:

1. “Optimize the operation of all assessed AC charging points within the next two

years, ensuring they operate at a minimum of cost-covering level.”

This goal is of utmost importance as it is unsustainable for any business to consistently operate
at a loss. At the same time, while striving for improved economic efficiency the current situation
needs to be consider realistically. Since the primary purpose of the AC charging infrastructure
is to enhance the attractiveness of the employer it would be inadvisable to aim for maximized

profits.

For HPC infrastructure the following business goal is derived from the analysis of the present

situation:

2. “Reduce the losses associated with the operation of the assessed DC charging

infrastructure by at least 50 % on average within the next two years.”

To achieve both of these goals, various measures can be employed. By following the logic of
the KPI calculations, where revenues and costs were assessed independently before deter-
mining the profit or loss, these measures can be linked to either the income or expense side.
The following subchapters will outline exemplary steps and their potential impact on the cost

or revenue side.

7.1.1 Cost

To optimize the economic efficiency of charging infrastructure, which is the essence of the
before defined goals, it is possible to minimize the costs. Lower costs in combination with
steady revenues improve the profitability of the charging infrastructure. The following two
measures are specific for the assessed public charging infrastructure in Ingolstadt. Their trans-

ferability will be commented.

Lower costs related to depreciation through the use of less expensive hardware

Particularly for DC charging points, depreciation costs constitute a significant portion of the
overall expenses. Measures to influence the height of depreciation for different projects can
most naturally only be applied during the planning phase. In that phase it is possible to consider

less expensive charging hardware to fulfill the same charging demand.

One measure could therefore be to use AC charging equipment instead of DC charging equip-
ment. As seen in Chapter 6.2.2 HPC infrastructure has disproportionately high costs. If the
charging demand can only be fulfilled with HPC technology, these costs have to be accepted.
But it is advisable to question any charging equipment demand and evaluate if the underlying

use case could be fulfilled with AC charging infrastructure.
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If this is not possible a special type of HPC hardware, which includes buffer storages, offers
an alternative that can lead to cost reduction. By integrating an electric energy storage, the
charging pole is able to offer high peak powers without necessarily relying on an equally pow-
erful electricity supply. If the additional costs of the integrated buffer storage are lower than the
necessary infrastructure costs for transformers or power lines a positive effect on the overall

investment cost can be achieved.

Various companies offer that kind of HPC station with different storage sizes, input/output
power levels, and features. For instance, Volkswagen Group Components manufactures a
product called the Flexpole, which provides a maximum DC output of 250 kW.

Itincludes an integrated battery with a net capacity of approximately 190 kWh (160 kWh usable
capacity). The Flexpole can be connected to a 400 V grid with a 63A line (~43 kW) (cf.
Volkswagen Group Charging GmbH, 2023).

However, it should be noted that the application of this measure can only be assessed when
the charging equipment demand is clearly understood. Different charging hardware options

may have limitations in fulfilling various use case scenarios.

Retrospective analyses of existing charging locations can be conducted to assess the applica-

bility of Flexpoles.

An analysis of the assessed HPC locations revealed that six out of ten charging
points could have been installed as Flexpoles, while still meeting the charging re-
quirements in the same manner as the actually used charging hardware.

However, at four locations, the charging processes would have been significantly
affected. These stations have high charging demand, surpassing the buffer stor-
age's capacity to bridge the gap between the installed power supply and the re-

quired charging power.

It is important to note that the savings associated with this technology are highly dependent on
specific locations and the electrical installation or supply situation. Therefore, specific savings

cannot be mentioned without considering these factors.

Lower cost related to electricity purchase through the installation of renewable energies

The potential to reduce electricity costs by simply comparing electricity suppliers or hoping for
a general cost reduction in the electricity market is limited. However, there is an effective option
available to CPOs to invest in their own generation units to partially or fully supply the charging
station. This approach reduces dependence on electricity market prices, which is particularly
advantageous during periods of rising or high electricity prices.

It is important to note that complete decoupling from the electricity market is uncommon and
often not economically viable. In most cases, self-generation units will only supply a portion of

the electricity, with the remainder being sourced from the grid.
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One viable option, due to its low generation costs, is the combination of a PV plant with charg-
ing infrastructure. In some cases, PV modules are installed directly above the charging loca-
tion, providing roofing, and generating electricity simultaneously.

The overall impact on electricity costs varies depending on factors such as the size of the PV
plant, the potential integration of a buffer storage system, and the installed charging power.
Examples of successful local combinations can be observed in charging stations operated or
planned by CPOs like EnBW (cf. EnBW Energie Baden-Wirttemberg AG, 2021) and Fastned
(cf. Fastned B.V., 2018)(cf. Fastned B.V., 2023).

These examples demonstrate the feasibility of integrating PV systems with charging infrastruc-
ture. The specific benefits for a given location will depend on individual circumstances and
should be evaluated accordingly. Ideally, such evaluations should be integrated during the
planning phase of a charging point. Unlike other measures, it may be challenging (but not
impossible) to incorporate or adapt this approach at a later stage.

7.1.2 Income

In addition to cost reduction, increasing revenues can significantly enhance the economic effi-
ciency of charging points. The revenue generated is dependent on two key factors: the price
per kilowatt-hour imposed and the total volume of kilowatt-hours recharged over a specific
period. Any increase in either parameter will result in higher revenues.

It is crucial to consider the relationship between charging point utilization or the number of
recharged kilowatt-hours and the price level when evaluating proposed measures. The subse-
quent sections will elucidate potential interconnections and the associated risk of unexpected
or contrary outcomes compared to the intended goals.

Improved revenues through the implementation of higher prices

The measure of increasing prices may appear straightforward. If a charging point exhibits clear
economic inefficiency, the need for higher prices can be easily identified. In some cases, this
approach can indeed resolve the issue. However, in other situations, raising the pricing level
can lead to reduced utilization and further exacerbate the economic deficit.

To avoid such scenarios, the initial question should examine whether low prices are truly the
underlying problem for the charging points. In the case of the evaluated AC charging infra-
structure, this can firmly be dismissed since the primary issue lies with the utilization of most
deficient charging points. Therefore, imposing higher prices on underutilized AC charging in-
frastructure would have either no effect or potentially negative consequences for economic
efficiency and should be disregarded.

A slightly different scenario emerges for certain assessed DC charging stations. The utilization
situation is better in the sense that all charging points have observed charging events. Further-

more, even the most utilized charging point experiences a significant economic deficit.
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Consequently, the possibility of implementing higher prices at DC charging infrastructure could

be considered. However, it is imperative to concurrently focus on improving utilization levels.

The way of finding the right pricing level and managing the balancing act between price and

utilization will be explored in Chapter 7.3.

Improved revenues through higher utilization

As previously mentioned, the primary issue affecting revenues at the assessed AC charging
stations is the level of utilization rather than the price imposed. Chapter 7.3 will explore various
measures aimed at improving utilization, which is a KPI in itself.

7.2 Potential for improvement regarding the energetic efficiency

This chapter will explain why the KPI energetic efficiency should be improved, define specific

goals, and outline concrete measures that can be taken to achieve these goals.

Why should the KPI be optimized and what is its current status?

In an energy trading business, achieving optimal energy efficiency is crucial. A low level of
energy efficiency for charging infrastructure for example indicates flaws or inefficiencies within
the system or processes, posing a risk to the central business model. On the other hand, an
optimized energy efficiency makes the business more sustainable and resilient. Furthermore,

an efficient business is better positioned to provide an improved offering to customers.

The analysis conducted in Chapter 6.3 revealed a general lack of data availability for most
charging points. However, for the charging points that were assessable, a structural deficit was
identified and confirmed for a specific type of charging infrastructure.

Specifically, the DC chargers manufactured by a particular company exhibited high standby
consumption due to their unique electrical installation, including the transformer (used at loca-
tion “DC1”). The high standby consumption resulted in low or critically compromised energy
efficiency.

It is worth noting that such issues were not found with AC chargers.

What goals can be formulated for addressing the situation?

In light of the current situation, the following goals have been formulated:

1. "Install a comprehensive energy management system for all DC charging loca-

tions within the next year, allowing for easy analysis of charging efficiencies.”

The primary objective of this goal is to facilitate the comprehensive application of the designed
KPIs for DC charging locations. Due to the economic considerations associated with estab-
lishing and operating an energy management system, it was deemed reasonable to exclude
AC chargers from this target. Given that no structural issues with energy efficiency were ex-

pected for AC chargers, this exclusion is justified.
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2. "Improve the energy efficiency of identified underperforming DC charging loca-

tions (“DC1”) to 90 % or higher within the next year."

This goal aims to address the deficits identified in the present situation. It is imperative to im-
prove the current state of affairs. The target of achieving an energy efficiency of 90 % or higher
aligns with the performance levels observed in other assessed charging infrastructure and is
therefore attainable. An improvement with the energetic efficiency will hopefully lead to a re-
duction of operational cost which, in turn, will also benefit the economic goals defined in Chap-
ter 7.1.

Improved energetic efficiency through higher utilization

To achieve the second goal, several possibilities can be considered. One approach is to in-
crease utilization, thereby reducing the significance of standby losses as highlighted in Chapter
6.3.

The underperforming DC charging location “DC1”, which consists of four charging points with
350 kW each, was assessed with a standby consumption of around 3 kW (see Table 6-7). With
an inadequate capacity utilization averaging at 0.4 %, the resulting energy efficiency was
slightly above 60 % (as depicted in Figure 24).

If the capacity utilization of these charging points could be improved to match the average
utilization of all assessed DC charging stations (1.1 %), the energy efficiency would increase
to over 80 % without making any changes to the 3 kW standby consumption.

Chapter 7.3 will delve into various measures aimed at enhancing utilization, which is a key
performance indicator in its own right. By exploring and implementing these measures, it is
possible to boost utilization rates and consequently improve the energy efficiency of the charg-
ing infrastructure.

Improved energetic efficiency through optimization of the operating time of the location

The other option to increase energy efficiency while maintaining the same utilization is to re-
duce standby consumption. This can be achieved either by using different hardware, which
can be costly, or by adjusting the operating times of the charging location. In the current situ-
ation, the charging location “DC1” operates continuously, 24 hours a day.

A detailed analysis reveals that during the entire year 2022, only 18 charging processes took
place at said location between 22:00 and 5:00. This accounts for approximately 1 % of the total
1,653 charging events that occurred during that time. In a hypothetical scenario where the
location shuts down entirely between 22:00 and 5:00, eliminating standby consumption during
those hours, the overall standby consumption would decrease by approximately 30 %. In ac-
cordance, the energy efficiency could be increased significantly by about 10 %.

However, it is important to evaluate this approach also in terms of user-friendliness and con-
venience, as a charging station is typically expected to be available at all times. Balancing the
potential energy efficiency gains against user needs and operational considerations is crucial
in determining the feasibility of adjusting operating times.
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7.3 Potential for improvement regarding the utilization

This chapter will explain why the KPI utilization should be improved, define specific goals, and
outline concrete measures that can be taken to achieve these goals.

Why should the KPI be optimized and what is its current status?

Improving utilization can have a positive impact on the economic situation of charging points
(as proposed in Chapter 7.1.2) and the energy efficiency (as proposed in Chapter 7.2).

When a charging point is underutilized, it means that it is not being used to its full capacity,
resulting in lower revenues and a potential economic deficit. By increasing utilization, more
charging sessions can be facilitated, leading to a higher total volume of kilowatt-hours re-

charged over a given period.

With improved utilization, the charging point can generate increased revenue from a larger
number of charging events. This revenue growth helps offset the fixed costs associated with
operating and maintaining the charging infrastructure, contributing to improved economic effi-
ciency (see Figure 30).
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Figure 30 - Correlation of Utilization and Economic Efficiency for AC charging points (own represen-
tation)

Furthermore, higher utilization can lead to economies of scale. As more charging sessions
occur, the average cost per kilowatt-hour recharged decreases. This is particularly relevant for
charging infrastructure with significant fixed costs, such as installation and maintenance ex-
penses. The spreading of these fixed costs across a larger number of charging sessions can
help reduce the cost per unit of electricity delivered, improving the profitability of the charging
point. The same logic can be followed when talking about standby consumption which was
identified as a problem for the energetic efficiency in Chapter 7.2.

In addition to direct revenue benefits, higher utilization can also have indirect positive effects.
A charging point that is frequently used attracts more customers, increases brand visibility, and
fosters customer loyalty. This can lead to additional revenue streams through partnerships,
advertising, or customer loyalty programs.
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What goals can be formulated for addressing the situation?

To align with the objective of improving utilization and achieving economic and energy effi-
ciency, the following goals are proposed:

1. "Increase the capacity utilization of all assessed AC charging points to achieve
an average of 3 % or higher within the next two years."

Currently, the average capacity utilization of AC chargers is 1.3 %. By raising the bar to 3 %
or higher, a level will be reached where the charging points can cover their costs, as outlined
in the economic efficiency goal mentioned in Chapter 7.1.

For the DC charging infrastructure, two separate goals need to be considered. The first per-
tains to economic efficiency:

2. "Increase the capacity utilization of all assessed DC charging points to reach an
average of 3.4 % or higher within the next two years."

In addition, there is a condition which is specific to the charging location labeled as “DC1” in

the energy efficiency analysis:
3. "Ensure that the utilization of the charging location “DC1” is at least at 1.4 %."

The goal of achieving a 3.4 % capacity utilization is in line with the objective of reducing the
overall economic losses of the DC infrastructure by at least 50 %. If the current average utili-
zation of 1.1 % can be increased to 3.4 %, the economic goal will be achieved.

The additional condition for the location “DC1” ensures that the energy efficiency goal is also
met. By attaining a capacity utilization of 1.4 % at this specific location, the energy efficiency
can be raised to 90 %.

Improved utilization through better assessment of the location and the demand

To effectively address the utilization deficit and achieve the defined goals, a rigorous analysis
of the charging station’s location and the associated demand situation is an essential first step.

In the context of this thesis and the assessed charging stations, the charging demand primarily
originates from the employees’ charging needs. However, due to the unavailability of a com-
prehensive database providing detailed information on the distribution of BEV among the em-
ployees and their specific mobility behaviors, approximations were made to estimate the charg-
ing demand.

To facilitate an assessment of the charging demand, a thorough examination of the parking
situation surrounding the headquarters was conducted. The workplace premises were repre-
sented schematically in Figure 31, illustrating various parking decks or areas accessible to the
employees. The size of each circle in the Figure corresponds to the number of parking spots
available at the respective location, and the number of charging points present is indicated as

well.
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Figure 31 - Schematic representation of AUDI AG headquarters (own representation)

Following, the assumption was made that the charging demand is uniformly distributed across
these parking locations, which made an estimation of the charging need become feasible. That
means while the sizes of the parking locations and therefore the absolute charging demand
may differ, the ratio between BEV and internal combustion engine vehicles was assumed to
be uniform at all locations.

For the consecutive analysis (depicted in Figure 32) the demand situation, which was assumed
to be correlating with the number of parking spots, is put into relation to the supply, which is
the amount of charging points in each location. The ration between both — the share of electri-
fied parking spots — gives an indication about the competitive situation of the charging points
and can be compared for every location. Next to that ratio, the assessed asset utilization at
each location is given.
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Figure 32 - Share of electrified parking spots against capacity utilization (own representation)

Share of electrified parking spots m Capacity Utilization

Trendline electrified parking spots  =Trendline Capacity Utilization

76



A clear trend can be observed in the data. Starting on the left side a high share of electrified
parking spots (12 %) coincides with the lowest capacity utilization (0.8 %). At the other extreme
the highest capacity utilization (3.6 %) of all the assessed parking locations (with the use case
charge at work) coincides with the lowest electrified parking spot share (0.4 %). The trend

between these two extremes is also discernible.

The graph presented and the observed correlation between supply and demand, specifically
the share of electrified parking spots and the resulting capacity utilization, provide valuable

insights for addressing the previously defined goals.

It is evident from the analysis that the current charging demand at locations 733 and P71
exceeds the capacity required, resulting in an average capacity utilization below the target of
3 %. This situation is attributed to the strategic approach taken during the establishment of the
charging infrastructure, which aimed to proactively provide charging facilities to employees
before the demand fully materialized.

The expectation is that as the share of BEV among employees increases, the demand will
eventually align with the existing supply. Consequently, it is proposed to closely monitor the
utilization of these stations to assess if the projected rise in demand materializes as antici-

pated.

In order to gain further insights and address any uncertainties regarding the current situation,
conducting more detailed analyses of specific locations can be valuable. To illustrate this point,
Figure 33 provides an example of two parking locations that experience low utilization rates. It

allows the examination of the utilization distribution across different parking levels.
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Figure 33 - Utilization of charging point on different parking levels (own representation)

With this additional perspective the supply surplus becomes evident. The charging points lo-
cated on the lower levels, which are accessed earlier by employees, are sufficient to meet the

majority of charging needs. Only in a few instances have employees had to resort to charging
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at higher parking decks. In the event that demand matches supply or even if a supply deficit
were to occur, a more uniform utilization distribution across the parking levels would be ex-

pected.

On the contrary, locations S48, N69, and T39 demonstrate that even with approximately 1 %
or fewer electrified parking spots, a capacity utilization of over 3 % can be achieved. However,
it is worth noting that these charging locations, on the right side of Figure 32, exhibit a satura-
tion effect. None of the locations reach a capacity utilization of over 4 %, which aligns with the

findings from the earlier detailed assessment of individual charging points in Chapter 6.4.

Remarkably, even with the lowest share of electrified parking spots, amounting to 0.4 % at
location T39, the capacity utilization stands at 3.6 %, only marginally higher than the utilization
at location S48, which has 1.2 % electrified parking spots.

This comparison among the charging locations suggests that there may be unmet charging

demand at locations with a lower share of electrified parking spots.

Based on this insight, an upper boundary for a strategic target corridor can be established.
If the capacity utilization at a particular location approaches 4 %, further expansion of the
charging infrastructure to meet the demand should be considered. Similarly other locations

can be categorized regarding their utilization rate (see Figure 34).
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Figure 34 - Strategic target corridor for utilization of charging points (own representation)

The analysis provided above has certain limitations that should be acknowledged. These limi-
tations are as follows:
o The economic assessment given with the different categories is specific to the analyzed

location, and it may not represent the optimum for the entire system. Particularly in a
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situation where there is high demand at a specific location that is not currently being
met by the available supply, the optimum for the location and the optimum for the entire

system might differ.

e The target corridor established is specific to the assessed charging points oriented at
the charge at work use case, and it may not be applicable to other systems. Different
charging systems may have their own unique boundaries and target corridors. For in-
stance, the lower boundary in this case was determined based on economic goals,

which in another context may be set different.

e Itis important to recognize that the situation and circumstances can change over time.
Factors such as changes in demand, advancements in technology, or shifts in user
behavior can influence the utilization and economic considerations of the charging in-
frastructure. Therefore, ongoing monitoring and reassessment are necessary to adapt

strategies accordingly.

¢ An application of the found values as well as a similar analysis for the assessed HPC
infrastructure is not feasible in the same manner. Since the initial situation differs from
the “charge at work” use case discussed, assumptions for the demand could not be
transferred accordingly. The dependencies and complexities associated with HPC
charging infrastructure and a regarding demand analysis may require a separate and

in-depth analysis, which was not explored in this thesis.

Improved utilization through the implementation of dynamic prices

The adjustment of charging prices, as previously suggested in Chapter 7.1.2 to improve the
economic situation, can also be utilized to enhance utilization. Rather than a simple price in-
crease, this proposal focuses on creating price signals that specifically target utilization, and

potentially, subsequent economic efficiency.

Price signals have the capacity to create a push or pull effect on demand. In the case of the
evaluated charging infrastructure, not only were local utilization deficits identified, but also tem-
poral utilization deficits during night hours and weekends. Implementing a temporal price signal

with reduced prices during low-utilization periods could potentially improve the situation.

For example, offering discounted charging rates during off-peak hours, such as late at night or
on weekends, may incentivize users to charge their vehicles during these periods, thereby
improving overall utilization and potentially optimizing the economic efficiency of the charging

infrastructure.

The influence of the proposed measure will have a stronger effect on HPC stations, as charging

sessions are more likely to occur during off-peak hours. In contrast, the impact on workplace
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charging points may be less significant since employees’ charging behavior is primarily driven

by their work schedules rather than price incentives.

Another effective measure to influence utilization through pricing signals can be implemented
at locations with high utilization and a suspected demand surplus. One approach is to introduce
a dynamic price structure that encourages longer active charging sessions compared to the

overall standing time of the vehicle.

At “charge at work” charging points, the standing time of the vehicle in front of the station is
often significantly longer than the actual charging time. This means that the charging infra-
structure is occupied for eight hours a day, but the vehicle only needs three hours to complete

its charging.

By implementing the appropriate price signal, longer charging sessions can be initiated.

For instance, a pricing model characterized by a decreasing price structure can be employed,
where the initial kilowatt-hour costs 40 cents, gradually reducing until the 30 kWh. This de-
scending price pattern serves as an incentive for customers to prolong their charging duration.
Instead of engaging in multiple charging events with 15 kWh or less, customers would prefer
a single charging session that closely aligns with their standing time in front of the charging
station. Consequently, this behavioral shift results in occupying the charging point for an entire
day with a charging process that effectively utilizes the available standing time and unblocking

it on other days.

However, implementing dynamic price models presents a challenge of creating a tariff struc-
ture that is understandable for customers while still encouraging the desired behavior defined
by the CPO. Striking the right balance between transparency and incentivizing longer charging

sessions is crucial for the success of such pricing strategies.

Improved utilization through user-friendliness or usability measures

Enhancing utilization of charging infrastructure can also be achieved through the implementa-
tion of user-friendly and usability measures. These measures, while potentially having a
weaker influence on utilization, can still contribute to improving the overall effectiveness of the
charging infrastructure. Subsequent Chapters 7.4 and 7.5 will discuss specific measures and

explore their potential impact on utilization.

7.4 Potential for improvement regarding the usability

This chapter will explain why the KPI usability should be improved, define specific goals, and
outline concrete measures that can be taken to achieve these goals.

Why should the KPI be optimized and what is its current status?

As stated in Chapter 5.4, the KPI usability quantifies the proportion of successful charging
processes out of the total charging events at a station. By focusing on improving usability and
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reducing flawed charging events, stakeholders can create a positive cycle of user satisfaction,

increased utilization, efficient resource allocation, and cost-effectiveness.

For the customer, an enhanced usability improves their overall charging experience and satis-
faction, as it reduces obstacles in achieving their goal of recharging energy for their mobility.
This positive user experience fosters customer loyalty and encourages repeated usage of the
charging points, which in turn contributes to higher utilization rates.

From the perspective of CPOs, improved usability helps optimize resource allocation for charg-
ing infrastructure. With a higher proportion of successful charging events, resources such as
charging stations and electrical capacity are utilized more effectively. This optimization reduces
waste and ensures that the charging infrastructure operates at its maximum efficiency, avoid-

ing underutilization or inefficient allocation of resources.

The correlation between the usability of charging points and their utilization can be observed
in Figure 35. It is evident that a high utilization rate does not automatically indicate high usa-
bility, as highlighted in the previous chapter where certain locations exhibited a structural sup-
ply surplus. However, it is also apparent that achieving a high utilization rate is contingent upon
achieving a high level of usability.
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Figure 35 - Correlation between usability and utilization of assessed AC charging points (own repre-
sentation)

Charging points with a usability below 60 % exhibit an average utilization rate of 0.5 %. Notably,
none of these charging points surpasses a utilization rate of 2 %.

In contrast, charging points with a usability of 80 % or higher demonstrate an average capacity
utilization of 2.2 %. Among these, a noteworthy 65 charging points achieve a capacity utiliza-
tion rate of 3 % or higher.

Furthermore, a better usability of charging points helps build trust and confidence among elec-
tric vehicle owners. When users consistently have successful charging experiences, it boosts
their confidence in relying on the charging infrastructure for their electric vehicles. This trust is
crucial for wider adoption of electric vehicles and encourages more users to transition to elec-
tric mobility.
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What goals can be formulated for addressing the situation?

Based on the analysis conducted in Chapter 6.5, the AC charging infrastructure demonstrates
an average usability of 78 %, while the DC infrastructure exhibits a usability of 85.5 %. Building
upon the established correlation and considering the current state of the charging infrastruc-
ture, the following goals are proposed for improvement:

1. "Increase the usability of all assessed charging points to 80 % or higher within
the next two years."

2. “Reach an average usability of all assessed AC charging point of 90 % or more
within the next two years.”

3. “Reach an average usability of all assessed DC charging point of 90 % or more
within the next two years.”

The first goal aligns with the utilization goal proposed in Chapter 7.3. Usability is considered a
prerequisite for achieving the desired utilization level. By attaining a usability of 80 % or higher,
it is expected that a capacity utilization of 3 % or more can be reached, assuming the appro-
priate demand exists. Conversely, a usability below 80 % is likely to impede the achievement
of higher utilization goals.

The second and third goals acknowledge the various benefits associated with improved usa-
bility. By aiming for an average usability of 90 % or more for both AC and DC charging points,
the intention is to further optimize the charging experience. While a usability of 90 % still allows
for a small percentage of unsuccessful charging processes (one out of ten), it demonstrates
that this target is reasonable and attainable.

Improved usability through continuous and strategic monitoring

The implementation of a continuous and strategic monitoring combined with proactive mainte-
nance plays a vital role in achieving the previously defined goals. By proactively detecting and
addressing these issues, potential disruptions or failures can be minimized.

The analysis resulting from this monitoring approach could highlight charging points with low
usability but a high number of charging events. By addressing the repair and maintenance
needs of these charging points, the risk of compromising usability over time is mitigated. This
proactive maintenance approach helps maintain high levels of usability and prevents potential
usability degradation.

Additionally, continuous monitoring and maintenance create a feedback loop that allows for
iterative improvements. By closely monitoring the impact of implemented measures, stake-
holders can assess their effectiveness and make necessary adjustments. This iterative ap-
proach promotes ongoing optimization of the charging infrastructure, leading to incremental
improvements in usability and goal attainment over time.
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7.5 Potential for improvement regarding the user-friendliness

This chapter will explain why the KPI user-friendliness should be improved, define specific

goals, and outline concrete measures that can be taken to achieve these goals.

Why should the KPI be optimized and what is its current status?

Similar to usability an increased user-friendliness enhances the charging experience and cus-
tomer satisfaction, fostering loyalty and promoting repeated usage of charging points. A
smooth and intuitive charging process allows users to effortlessly connect their vehicles, initi-
ate charging, and monitor progress. This streamlined experience saves time, minimizes frus-

tration, and instills confidence in users.

Satisfied users are more inclined to trust and rely on the charging infrastructure for their electric
vehicle needs. They may even become advocates for electric mobility, actively encouraging

others to utilize charging points, thereby contributing to increased infrastructure utilization.

Improved user-friendliness also offers significant benefits from the perspective of CPOs and
service providers. It optimizes utilization, resulting in enhanced overall efficiency. When users
can easily comprehend and interact with charging points, their effective utilization is maxim-

ized, reducing idle time, and maximizing capacity.

What goals can be formulated for addressing the situation?

Given the user-friendliness analysis in Chapter 6.6, which focused on specific examples to
identify challenges and showcase varying degrees of fulfillment and importance across user-
friendliness categories, this chapter will also adopt a similar approach. As a result, specific
goals for improvement will not be defined, diverging from the previous chapters.

Nevertheless, the following measures will target the identified user-friendliness deficits of the

assessed charging infrastructure.

Improved user-friendliness and utilization through better information and signing

One option to improve user-friendliness is by enhancing the information and signage concept
for charging stations. The practicality of this improvement is evident, as the most cost-effective

and reliable charging option will not be utilized if customers cannot find it or access it.

The survey conducted in Chapter 6.6 revealed that none of the examined charging locations
had sufficient signage, which is particularly unfavorable for HPC stations due to their reliance
on generating new customers. Therefore, clear, and visible signs indicating the location of

charging poles are essential to ensure they are easily found by customers.

Improving user-friendliness goes beyond physical signage and also encompasses the digital
aspect of charging locations. Digital offers and applications play a significant role in increasing

utilization (cf. Nationale Leitstelle Ladeinfrastruktur, 2020a, p. 61). These digital solutions can
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provide clear instructions, real-time information on availability and pricing, user-friendly pay-
ment options, and features like reservation systems or notifications.

Improving the accessibility will also help to address utilization deficits, as discussed in Chapter
7.4.

Improved user-friendliness through better readability of controls

Another measure that is related to a deficit which was identified in Chapter 6.6 is ensuring the
readability of controls. When the control panel serves as a significant part of the customer
journey or is responsible for operating the charging point, it is essential to prioritize readability
even in direct sunlight.

Taking measures to protect the controls from direct sunlight or employing design strategies
that enhance visibility under such conditions becomes imperative. By ensuring that the controls
are readable and easily comprehensible, users can navigate the charging process smoothly

and without hindrance.

Improved user-friendliness through transparent pricing

The issue of transparent pricing, which was assessed in Chapter 6.6, arises from the separa-
tion between the CPO and the MSP. Currently, not all pricing information is conveyed trans-
parently due to various factors, such as negotiation conditions. As previously mentioned, one
challenge is the absence of charging prices displayed at the charging stations themselves.
This means that customers must consult their MSP app or refer to their contract to access this
information, and in some cases, the CPO may provide the pricing details. The problem lies in

the lack of aggregation or consolidation of pricing conditions in one centralized location.

However, there are exceptions to this scenario, with companies like EnBW and Tesla demon-
strating a more integrated approach. As both CPO and MSP, they possess knowledge of pric-
ing and conditions, enabling them to display this information in their respective apps, cars and

potentially at the charging stations.

Due to the complexity of involving multiple parties, implementing this measure can be more
challenging compared to others. The evolution of the public charging market structure, partic-
ularly with regard to the role of MSPs, presents an intriguing development that justifies a sep-

arate and in-depth analysis.

Improved user-friendliness through charging hardware with connector ports

One important aspect of charging hardware that impacts user-friendliness is the presence of
built-in connector ports or fixed charging cables. While some AC charging hardware is already
equipped with a charging cable and connector others only provides a standardized socket for
EV drivers to connect their own charging cables. (Due to cable diameter requirements, this

option is not available for HPC stations.)
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Connecting the car with one’s own cable may involve additional steps, which can be seen as
slightly inconvenient for users.

However, for the CPO, this approach discourages the blocking of charging points. In certain
locations, some EV drivers may superficially connect their cars to the station without initiating
the charging process. This results in lost opportunities for productive charging sessions for the
CPO. Implementing charging infrastructure with ports that require additional cable handling is

one measure to prevent this issue.

Furthermore, using private charging cables contributes to a neater appearance. In charging
stations without built-in charging ports, the connector and fixed cables are more likely to be-
come dirty or damaged due to direct handling and frequent use. By utilizing charging ports and

requiring the use of private cables, these risks can be mitigated.
7.6 Potential for improvement regarding the predictability

Due to the limited knowledge gained during the analysis in Chapter 6.7, specific potential for
predictability is difficult to identify. This limitation is attributed to the collaboration with AUDI
AG, which provided valuable insights from the perspective of a CPO but lacked extensive
knowledge from an energy supplier standpoint. Since this KPI is primarily of interest to grid
operators and energy suppliers, further in-depth analysis is required from their perspective in

future research or theses.

85



8 Summary and outlook

The presented thesis provides a comprehensive set of KPIs for assessing public car charging
infrastructure. These metrics were derived from stakeholder goals and tailored to various mo-

bility and charging behaviors.

The practicality of the KPIs was demonstrated through a real-world application to an exemplary
set of charging points. The analysis provided valuable insights into the assessed infrastructure
and identified areas for improvement. Concrete measures were proposed to enhance the per-
formance of the charging points, offering potential benefits that can be applied to other public

charging stations. Thus, the research delivers significant added value to the field.
For future applications and adaptations, there are several potential areas to consider.

In this thesis, the focus was specifically on car charging infrastructure for passenger cars, as
it is the most developed market for battery electric vehicles. However, as other traffic sectors
utilizing the same technology mature and have similar charging needs, it is necessary to reas-

sess and adapt the approach accordingly.

Further expansion of the KPI framework could explore the inclusion of additional metrics such
as downtime or planning-oriented KPls, which can be applied during the planning phase rather
than solely during operation. Conducting a location analysis to optimize the placement of

charging infrastructure could be a valuable addition.

Additionally, improving or adapting the KPI related to energy efficiency could involve focusing

solely on standby power consumption, providing a more specific and accurate assessment.

The developed KPI set can also be applied to other sets of public charging infrastructure, of-
fering insights into their performance, and generating comparative data. This expansion would

enhance the overall understanding of charging infrastructure and enable comparability.

Further work could involve monitoring the development of the assessed charging infrastructure
and assessing the effectiveness of the proposed improvement measures. This ongoing evalu-

ation would contribute to the continuous enhancement of charging infrastructure.

A more in-depth analysis could focus on specific KPIs, exploring additional measures and
evaluating their ease of implementation. For example, a more detailed version of the economic
efficiency KPI could include less important factors such as cleaning, repair, and replacement,

which were not extensively covered in this thesis.

Moreover, conducting additional in-depth analysis could focus on correlation analysis between
different KPIs, such as the relationship between user-friendliness and utilization or the con-
nection between usability and certain infrastructure fabrication. This would uncover additional

areas for improvement and generate valuable insights for the public charging sector.
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