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Abstract

The transport sector is one of the largest emitters of CO2 emissions and therefore
represents a key challenge for achieving national and international climate targets. The
increasing spread of battery electric vehicles requires an efficient use of the existing
fast charging infrastructure, especially on highly frequented traffic routes such as
highways. In this thesis, a mathematical optimisation model based on the bottom-up
method is further developed. The aim of the model is to identify unused capacities
of fast-charging stations through various expansion stages of charging coordination
and to generate potential savings in fast-charging infrastructure investments. The study
is based on Austrian traffic data, with the A2 highway serving as the case study
region. Two vehicle categories are defined in this model: One category represents
vehicles that participate in charging coordination, while the other category represents
vehicles that do not participate in charging coordination. The optimisation takes into
account various scenarios, such as the number of vehicles considered as well as traffic
changes due to the weekend and seasonal tourist traffic. The results show that a
significant increase in the efficiency of fast-charging capacity utilisation can be achieved
by coordinating the charging processes. Furthermore, it becomes clear that charging
coordination contributes to a smoother distribution of charging processes and charging
capacity across different locations and could thus reduce local demand peaks. In
addition, charging coordination can better mitigate seasonal traffic fluctuations and
increased traffic density at weekends, which contributes to a more efficient utilisation
of the existing infrastructure and enables more precise planning of fast-charging
infrastructure requirements. The effectiveness of charging coordination depends largely
on the number of vehicles taken into account, as a larger number of vehicles enables
a more balanced distribution of charging processes. Charging coordination therefore
helps to reduce investment costs in new charging points.
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Kurzfassung

Der Transportsektor ist einer der grofiten Verursacher von CO2-Emissionen und stellt
somit eine zentrale Herausforderung fiir die Erreichung nationaler und internationaler
Klimaziele dar. Die zunehmende Verbreitung von Batterie-Elektrofahrzeugen erfordert
eine effiziente Nutzung der bestehenden Schnellladeinfrastruktur, insbesondere auf
hochfrequentierten Verkehrswegen wie Autobahnen. In dieser Arbeit wird ein mathema-
tisches Optimierungsmodell weiterentwickelt, das auf der Bottom-up-Methode basiert.
Ziel des Modells ist, die Identifizierung ungenutzter Kapazititen von Schnellladesta-
tionen durch verschiedene Ausbaustufen einer Ladekoordination zu identifizieren
und daraus ein Einsparungspotenzial an Schnellladeinfrastruktursinvestitionen zu
generieren. Die Untersuchung erfolgt anhand von osterreichischen Verkehrsdaten,
wobei die Autobahn A2 als Fallstudienregion dient. In diesem Modell werden zwei
Fahrzeugkategorien definiert: Die eine Kategorie reprdsentiert die Fahrzeuge, welche an
einer Ladekoordination teilnehmen, wihrend die andere Kategorie Fahrzeuge repréasen-
tiert, welche nicht an einer Ladekoordination teilnehmen. Die Optimierung bertick-
sichtigt verschiedene Szenarien, wie die Anzahl der betrachteten Fahrzeuge sowie
die Verkehrsverdnderungen durch das Wochenende und durch saisonellen Tourismus
Verkehr. Die Ergebnisse zeigen, dass durch eine Ladekoordination der Ladevorgiange
eine signifikante Effizienzsteigerung der Schnellladekapazititsnutzung erzielt wer-
den kann. Dariiber hinaus wird deutlich, dass Ladekoordination zur gleichméfsigeren
Verteilung der Ladevorgdnge und Ladeleistung auf verschiedene Standorte beitragt
und dadurch lokale Uberlastungen reduzieren konnte. Dariiber hinaus kann eine
Ladekoordination saisonale Verkehrsschwankungen und erhchte Verkehrsdichten an
Wochenenden besser abfedern, was zu einer effizienten Nutzung der vorhandenen
Infrastruktur beitrdgt und ermoglicht eine préazisere Planung des Schnellladeinfrastruk-
turbedarfs. Die Effektivitdt der Ladekoordination hingt mafsgeblich von der Anzahl der
berticksichtigten Fahrzeuge ab, da eine grofiere Fahrzeugmenge eine gleichméfligere
Verteilung der Ladevorgdnge ermoglicht. Die Ladekoordination tragt somit dazu bei,
Investitionskosten in neue Ladepunkte zu verringern.
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1 Introduction

1.1 Motivation

Increasing public awareness of climate change is leading to greater demand for envi-
ronmentally friendly mobility options. Battery electric vehicles (BEVs) are seen as a
crucial factor in reducing Carbon Dioxide (COz2) emissions and complying with the
Paris Agreement [1]. The Paris Agreement commits the signatory states to drastically
reduce their CO2 emissions. The overarching goal of the 196 parties at the United
Nations (UN) Climate Change Conference is to keep the increase in global average
temperature to well below 2°C above pre-industrial levels and to pursue efforts to limit
the temperature increase to 1.5°C above pre-industrial levels [2]. The transport sector, as
one of the main emitters of greenhouse gases, is a particular focus of attention. In 2022,
nearly 24 percent of greenhouse gases in the European Union (EU) will be attributable
to the domestic transport sector [3]. In Austria, the transport sector is responsible for a
large proportion of greenhouse gases [4]. The implementation of intelligent charging
coordination can support compliance with climate targets by helping to maximize the
use of renewable energy in road transport. More efficient use of charging infrastructure
can also reduce the construction of new fast-charging stations, which minimizes land
consumption and environmental impact.

The increasing popularity of BEVs requires an efficient and sust ainable charging
infrastructure, especially on highways, to enable long-distance driving. As the market
share of BEVs in Austria is steadily increasing, strategic charging coordination is
essential to avoid charging bottlenecks, avoid unnecessary burden on the electricity grid
and make optimal use of the existing fast-charging infrastructure. BEV registrations in
Austria are rising continuously, which increases the demand for charging infrastructure
on freeways. At the end of December 2024, Austria had 200,603 battery electric vehicles
[5]. Forecasts assume that the share of BEVs will continue to grow in the coming years.
A global market volume of EUR 986.8 billion is forecast for 2029, which corresponds to
expected annual sales growth of almost 7 percent in the years 2025 to 2029 [6]. This
poses a challenge for the charging infrastructure and energy management, as there is
only limited connection capacity to the power grid.
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1 Introduction

The expansion of the charging infrastructure is a crucial factor in the nationwide spread
of electromobility and requires needs-based planning and considerable investment.
Efficient use of the expanded charging capacities is essential in order to avoid high
investment costs for further infrastructure measures. A key challenge is to provide
sufficient charging points in both the public and private sectors in order to minimise
range anxiety [7] and ensure an even load on the grid. In addition, regulatory hurdles,
grid expansion requirements and economic aspects must be taken into account in order
to ensure a sustainable, efficient and user-friendly charging infrastructure.

Charging coordination for BEVs describes the intelligent control of the charging process
in order to utilise the limited resources of the electricity grid efficiently and avoid
bottlenecks. It comprises two central dimensions: a temporal and a spatial dimension.
The temporal dimension relates to the question of when a vehicle is charged in order to
reduce peak loads. The spatial dimension, on the other hand, addresses where charging
takes place, for example through the intelligent distribution of vehicles to different
charging points or charging zones. Coordinated charging coordination can ensure grid
stability [8], reduce waiting times and utilise the charging infrastructure more efficiently.
Such a system can be designed both centrally, by grid operators or aggregators, and
decentrally, by vehicle users and charging providers.

1.2 Research questions

The increase in the number of BEVs sold require optimal use of existing capacities
and minimization of the burden on the grid due to an excessive number of fast-
charging stations. A suitable method for overcoming these challenges is spatio-temporal
charging coordination, which enables optimal use of the existing infrastructure while
ensuring sufficient charging infrastructure. This study therefore addresses two research
questions.

1. How much cost savings due to reduced fast-charging capacity needs can be
achieved by coordinating charging processes of battery electric vehicles (BEVs)
along a highway network?

2. How are these cost savings affected by different conditions in charging demand
patterns due to variations in outdoor temperature and traffic flow?

Traffic data from Austria is used to evaluate the impact of introducing charging coordi-
nation in various expansion stages. The aim of the study is to determine the potential
capacity savings and cost savings. Another subject of the study is the influence of
charging coordination on the required capacity under extreme traffic and temperature
situations.
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2 State of the art

This chapter provides an overview of the current state of research in the field of electro-
mobility. Firstly, the transport sector and its influence on greenhouse gas emissions are
considered in order to illustrate the need for a sustainable transformation. It then looks
at the electrification of road transport. The expansion of the fast-charging infrastructure
is discussed, as this plays a decisive role in the acceptance and practicality of electric
mobility. Then, it also analyses how various charging coordination strategies already
optimize the operation of BEVs and reduce grid loads. Finally, the contribution of this
thesis is presented.

2.1 Electrification of the Austrian passenger car fleet

The transport sector is responsible for a significant share of greenhouse gas emissions.
In Austria, the transport sector recorded total emissions of 29.9 million tonnes of CO2
equivalent in 2023, which corresponds to 44.8 percent of the country’s total emissions.
This makes transport the largest emissions sector in Austria. The percentage distribution
of greenhouse gas emissions across the various sectors in Austria in 2023 is shown
in Table 2.1 [4]. With almost 70 million tonnes of CO2 equivalent, Austria ranks 10th
among the countries with the highest emission levels in the EU [3]. With a population
of 9.16 million people in 2024, Austria is the 14th most populous country in the EU
[9]. The majority of emissions in the transport sector are attributable to passenger and
commercial transport [10]. A downward trend in Greenhouse Gas (GHG) emissions in
Austria has been recognisable since 2005, but further emission reductions are necessary
in order to achieve the goals of the Paris Agreement [2]. The transport sector is the
second largest sector after the building sector in terms of changes in GHG-emissions
between 2005 and 2023. The transport sector recorded a decrease in emissions of almost
5 million tonnes of CO2 equivalent compared to 2005, although the number of vehicles
has increased [4]. In 2005, the number of motor vehicles in Austria was 5.6 million,
while in 2023 it was around 7.3 million [11]. With 155,490 BEVs in Austria in 2023, this
corresponds to just over 2 percent of the total number of vehicles in Austria [[5]. In
2013, the number of BEVs in Austria totalled just 2,070 [12]. The increasing number
of motor vehicles and the simultaneous reduction in emissions show on the one hand
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2 State of the art

that modern vehicles have lower emissions when travelling and on the other that the
introduction of BEVs has a positive impact on GHG emissions.

Sector Percentage share of GHG emissions in AT in 2023
Transport 44,8 %
Agriculture 19,3 %
Building 14,3 %
Energy and industry 12,4 %
Waste management 5,1 %
Fluorinated gases 4,1 %

Table 2.1: Share of sectors in total GHG emissions in AT in 2023

The study by Priessner et al. [13] analyses the factors that influence the acceptance and
spread of BEVs in Austria. Although obstacles such as purchase price and range anxiety
are decreasing, the growth in sales of BEVs is still lagging behind industry expectations.
The authors analyse which psychological, socio-demographic and political framework
conditions play a role in developing more targeted incentive measures to promote
electric mobility. Based on a representative survey in Austria, they segment potential
buyers into different groups and assess their attitudes towards purchase incentives. The
study shows that environmental awareness and an affinity for technology are decisive
factors for the early acceptance of BEVs, while a more individualistic attitude and
scepticism towards new technologies inhibit acceptance. It also shows that people in
regions with political incentives tend to favour BEVs.

2.2 Fast-charging infrastructure planning and expansion

The increase in the number of BEVs is directly linked to the expansion of the fast-
charging infrastructure. While 10,442 public charging points were available in Austria
in 2021, there were already 25,236 public charging points in 2024 [5]. In the Austrian
capital Vienna, 2,845 public charging points were recorded in 2024. In addition to the
expansion of public transport and cycling infrastructure, the electrification of transport
in Vienna is an absolute necessity, as the city’s climate goal is to reduce CO2 emissions
in the transport sector to zero by 2024 [14].

A study conducted in 2022 by Paul Pfaffenbichler [15] concludes that a number of
377,000 to 454,000 registered BEVs can be expected in Vienna in 2040. However, in order
for electromobility to achieve a breakthrough, an appropriate infrastructure is required.
This study is dedicated to the question of what the public charging infrastructure would
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2 State of the art

need to look like in order to meet future energy requirements. For this purpose, four
different scenarios for the ramp-up curves for BEVs and charging stations up to the
year 2040 are considered.

The paper by Ullah et al. [16] investigates how to optimise the location of fast-charging
stations to ensure efficient use and promote the acceptance of BEVs. The authors analyse
the location of existing charging stations in Aichi Prefecture, Japan, and develop a
model for the optimal placement of new fast charging stations. They consider various
factors such as the range of the vehicles, investment costs and convenience for users.
The model is based on five linear optimization models and a weighted set-covering
method to determine both the number and locations of charging stations. The results
show that strategic placement of charging stations improves charging accessibility
and is economically viable. The study provides valuable insights for policy makers to
support efficient investments in fast charging infrastructure.

2.3 Charging coordination approaches

However, as the increasing number of BEVs on the grid also has a detrimental effect on
the supply network, the work by Corinaldesi et al. [1] analyses the economic impact
of different charging strategies for BEVs in an Austrian office location. The aim is to
optimize the costs of vehicle charging and minimise the negative effects on the electricity
grid. To this end, a mathematical model was developed that solves various optimization
problems for different charging strategies. The study analyses four different strategies
and carries out sensitivity analyses and shows that optimized control of the charging
process can lead to a reduction in costs. In addition, the financial advantage of such
control increases when grid-related electricity prices rise. The methodology is based on
linear optimization models and real measurement data to validate the approaches.

The work by Diaz-Londono et al. [17] analyses various strategies for the coordinated
integration of BEV charging infrastructures into the electricity grid with transformer
limits. The main problem is that uncoordinated charging can lead to grid congestion,
especially at peak times. The authors compare three approaches: uncoordinated stan-
dard charging, a strategy that optimizes charging at times of low electricity prices and a
strategy that aims for a more even load distribution in the grid. Simulations show that
the second strategy leads to cost savings for users, while the third strategy minimises
grid congestion. Both optimized methods can enable a more efficient integration of
BEVs and ensure grid stability. The work uses mathematical optimization models and
simulations to validate the effectiveness of the strategies.

A smart strategy for coordinated charging of BEVs in low-voltage grids is presented
by Faghihi et al. [18]. The aim is to avoid grid congestion while minimising costs for
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2 State of the art

users. To this end, BEVs are categorised into three priority groups: high priority (low
state of charge), normal priority and low priority. Users receive different charging
times with varying prices depending on the group. A load flow program checks the
grid capacity before charging begins, and an optimization model minimises energy
costs while complying with voltage and power limits. Simulations show that the model
successfully performs load shifting and avoids grid bottlenecks without compromising
users’ mobility requirements.

Verbist et al. [19] analyse the effects of dynamic electricity tariffs on the charging of
BEVs in low-voltage grids. Given the increasing number of EVs in distribution grids,
smart charging is considered necessary to minimise grid reinforcements and avoid
capacity problems. The authors develop an optimization model for public charging in
a Dutch low-voltage grid that would be affected by overloads and voltage problems
by 2050 without smart charging. The study compares different tariff models and finds
that dynamic grid charges are superior to fixed tariffs as they promote better load
balancing and reduce grid congestion. It also shows that bidirectional charging (Vehicle
to Grid (V2G)) not only improves grid stability, but also reduces costs for operators
while increasing BEV user satisfaction.

2.4 Own contribution

The optimization model presented in this paper builds on existing research results
from Golab et al. and adds several new perspectives and analyses to the current state
of the art. The work of Golab et al. presents a spatio-temporal model to identify
potential bottlenecks in planned charging infrastructure for battery electric vehicles
(BEVs) on highways by modelling charging activities based on traffic flows between
origin and destination points in the network [20]. A key unique feature of this work is
the consideration of charging coordination, which enables a differentiated analysis of
the effects on charging processes and the grid load. In addition, the savings potential
of the fast-charging infrastructure is analysed using current data and figures from
Austria. The bottom-up model based on this enables a more precise assessment of the
savings potential of the fast-charging infrastructure on Austrian highways. Another
important contribution of this work is the analysis of the savings potential taking into
account seasonal fluctuations and weekend traffic. By examining these factors, changes
in network utilisation and energy demand can be better understood, allowing strategies
for optimizing the charging infrastructure to be adapted to different traffic and weather
conditions.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

2 State of the art

The specific changes compared to the work of Golab et al. [20] are:

¢ Changed objective function to maximize fast-charging investment savings
¢ Calculation of unused charging capacity for each Charging Station (CS)
¢ (lassification of vehicles into two vehicle categories with

- Different minimum charging quantities, whereby those for vehicles of the
charging coordination are not limited

— Unequal minimum charging times with more flexibility for charging coordi-
nation vehicles

— Various charging windows to start the charging process with a larger window
for charging coordination vehicles

¢ Different fast-charging infrastructure, traffic data, and vehicle parameters
* Sensitivity analyses on the number of vehicles, seasonal and weekend travel
pattern
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3 Methodology and Data

This chapter provides a detailed explanation of the method used and the mathematical
modeling of the optimization model. Further, the input data are described and examined
as part of a case study. The software used, its availability, and its complexity are also
described.

3.1 Base of Work

This paper is based on the work of Golab et al. [20]. This work considers the increasing
charging demand due to the growing fleet of Battery Electric Vehicle (BEV) and the
resulting expansion of fast-charging capacity. The proposed optimization model tests
the feasibility of planned highway charging infrastructures concerning unused charging
capacities and infrastructural bottlenecks. This optimization model is applied to a
planned fast-charging infrastructure along the highway network in eastern Austria and
shows that the charging infrastructure is considered sufficient. The charging infras-
tructure also meets the demand under various extreme traffic loads and temperature
conditions. Furthermore, no bottlenecks were identified. On the contrary, locations with
overestimated charging capacities are identified.

The fast-charging infrastructure used in the model is designed for the year 2030 [21].
2030 marks a crucial milestone in the fight against climate change, as many national
and international climate targets agreed as part of the Paris Agreement are aimed at
this year. By then, global greenhouse gas emissions are to be reduced to limit global
warming to 1.5°C above pre-industrial levels [2]. For Austria, this means working
towards a reduction of 48 percent in the sectors outside the EU emissions trading
scheme by 2030 compared to 2005. In addition, the Austrian federal government has
set itself the goal of being climate-neutral by 2040 [22].

The failure or success of these targets will determine whether long-term climate tipping
points can be avoided, making 2030 a critical milestone for global climate policy. This
2030 assumption also relates to the number of BEVs in Austrian traffic, the vehicle-
specific parameters, and the possible charging capacity of the fast-charging stations in
the model by Golab et al. [20].
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3.2 Spatio-temporal Optimization Model

This work further develops the linear optimization model presented in the preceding
section, Section 3.1. This model extension considers a selected fast-charging infras-
tructure in Austria and the swarm-like departures and route movements of BEV in a
time window of 30 hours. The model is designed as a bottom-up method and thus
considers the behavior of each individual vehicle. In the following subsections, the
most important constraints of the original work and then the extensions are described

in more detail.

In contrast to Golab et al. [20], this study refers to the current charging infrastructure
and the currently available traffic data. The year 2030, critical for the Paris Agreement, is
only 6 years away, but today’s BEVs are not quite at the level of the vehicle parameters

considered in Golab et al. [20].

Input Data

Highway Metwork

Spatio-temporal

optimization model CHSpUE et AesAlES

Unused capacities

Fast-charging
infrastructure

BEV's and routing

il

Linear optimization

Maximization of cost savings
Seperafion into fwo vehicle categonies
Distribution of charging coordination
Bottom-up modelling

Swarm-like modeling of vehicle fleets

Distributicn of charged energy
Utilization of the CS's
Influence of charging
coordination

Reaction fo extreme fraffic

conditions

Figure 3.1: Overview of the input files, the optimization model and the most important outputs

3.2.1 Nomenclature

Indices

re R
teT

feFarr

fGFRN

f € Ferr
S € SALL

SGSCS

D

Routes

Time step

All vehicle fleet

Random vehicle fleet

Controlled vehicle fleet

All highway Sections

Highway segments with ChargingStation

Table 3.1: Indices of the optimization model
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Decision Variables

Capgmused

tdepart

incoming _vehicles,t
n
fss

Qincoming,vehicles,t
fis

in,t
nf,S

in,t
Qs

nin,wait,charge,t
fs

Qin,wait,charge,t
f.s

in_charge,t
Tlf’s

in_charge,t
Qs

pass,t

fos
pass,t
Qs

finished_charging,t
s

finished_charging,t
Qs

exit,t
nfls

exit,t
Qs

chargel/2/3,t
M

arrived_vehicles,t
n
fis

Qarrived,vehicles,t
f.s

Unused capacity of segment s
Time step t of departure for fleet f

Number of vehicles of fleet f which newly enter a highway
segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f newly
entering a highway segment s at time step ¢

Number of incoming vehicles of fleet f coming into a highway
segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f coming
into a highway segment s at time step ¢

Number of vehicles of fleet f which use the CS in a highway
segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f using
the CS in a highway segment s at time step ¢

Number of vehicles of fleet f moving to the CS in a highway
segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f moving
to the CS in a highway segment s at time step ¢

Number of vehicles of fleet f which pass the CS in a highway
segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f passing
the CS in a highway segment s at time step ¢

Number of vehicles of fleet f which finished charging at the
CS in a highway segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f which
finished charging at the CS in a highway segment s at time
step ¢

Total number of vehicles of fleet f which leave a highway
segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f leaving
a highway segment s at time step ¢

Number of vehicles of fleet f charging in the CS at highway
segment s at first/second/third charging time step ¢
Number of vehicles of fleet f which arrive at the end of the
route in highway segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f arriving
the end of the route in highway segment s at time step ¢

10



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

3 Methodology and Data

Decision Variables

out,t
nf,S

Qout,t

fs

Echargel /2/3,t
fis

consumed_pass,t
E p

f.s

Econsumed,charge,wuit,t

f.s

Econsumed,exit,charge,t

fs

queue,t

f.s

queue,t
ers

wait,t
nfls

wait,t
Qs

in_wait,t
nf,S

wait,t
Qf’s

wait_charge_next,t
n
fs

Qwait,charge,next,t
fs

Number of vehicles of fleet f which leave a highway segment
s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f leaving
a highway segment s at time step ¢

Charged Energy (kW) in segment s for fleet f at
first/second/third charging time step ¢

Consumed Energy (kW) for fleet f by passing the CS in seg-
ment s at time step ¢

Consumed Energy (kW) for fleet f before entering the CS in
segment s at time step ¢

Consumed Energy (kW) for fleet f after charging at the CS in
segment s at time step ¢

Total number of vehicles of fleet f waiting before charging at
highway segment s at time step ¢

Total stored energy (kWh) in batteries of vehicles of fleet f
waiting before charging at highway segment s at time step ¢
Number of vehicles of fleet f waiting before charging at high-
way segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f waiting
before charging at highway segment s at time step ¢

Number of vehicles of fleet f newly entering the waiting at
highway segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f newly
entering the waiting line at highway segment s at time step ¢
Number of vehicles of fleet f waiting but charging next time
step at highway segment s at time step ¢

Stored energy (kWh) in batteries of vehicles of fleet f waiting
but charging next time step a highway segment s at time step ¢

Table 3.2: Most important decision variables of the optimization model

11
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Parameters

v Driving speed 110 km /h
[segment Length of each segment 27.5 km

eBEV BEV share 3.5 %
glong-distance BEV long distance share 33.3 %
CAP;mttery BEV battery capacity 70 kWh
Capi&me Segment capacity 300 — 2880 kW
peharge BEV charging power 100 kW
peharse Charging ef ficiency 71.428 %
(consumption BEV energy consumption 0.20 kWh/km
SOCinit SOC during initial departure for all vehicles | 60 %

SO lower-threshold RND | Minimum decision SOC for RND vehicles | 20 %
SOcCupper-threshold RND | Mgy imum decision SOC for RND wvehicles | 40 %
SO(Clower-threshold CTR | Minimuym decision SOC for CTR vehicles 10 %
SocCupper-threshold CTR | Maximum decision SOC for CTR vehicles | 50 %
SOCmin-charging-RND | Minimum SOC RND vehicles charge up to | 80 %
gmin-RND Minimum charging time for RND vehicles | 15 min
gmin-CTR Minimum charging time for CTR vehicles | 6 min
gresolution Model time resolution 15 min
cperkwW Expansion costs per kW 200 %

Table 3.3: Optimization model parameters

3.2.2 Objective function

As mentioned in Section 1.2, this work aims to identify possible cost savings for expand-
ing the fast-charging infrastructure, especially for Austria. To achieve this, the model’s
objective function defines the maximization of these cost savings. The cost savings are
calculated from the unused capacities of all cell segments s and the expansion costs per
kW. The expansion costs c**" = 20054 result from a simplified extrapolation for a
DC fast-charging station. A DC fast-charging station with a capacity of 150 kW can be
estimated at around EUR 30,000. These costs do not include electrical work, installation,
grid connection, necessary transformer stations, or civil engineering work. These costs
can vary depending on the location and lead to different expansion costs per kW. The
averaged factor c?’*" is used as the core indicator for extrapolating the potential cost
savings [23].

12
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This results in the following objective function:

max CAPsunused . CperJ{W (31)

It should be noted that the objective function used here differs from that of Golab et al.
[20] and has therefore been adapted.

3.2.3 Vehicle traffic flow

The linear optimization model is structured to assign each vehicle to a fleet f. Each
fleet follows a predefined route r along the implemented highway network. Each fleet
movement and each charging process is observed in time step ¢, and a model time
resolution #"s°ltion i defined. Together with the specified driving speed v, this results
in a cell segment length [58™¢1t of:

[segment _ o, . tresolution (3.2)

The structure of a cell segment s with an CS and the associated vehicle movement and
charging variables is shown in Figure 3.2. Whether the segment contains an CS depends
on the input data based on the actual highway infrastructure.

nenter[ng,vehicles.t . narriued,vehicte&-‘:
Highway segment s Ts A
charging station
waiting
/ in_wait_charge,t f!mshed,charging,t\
ts M. .
int out,t
v/ . —)
pass,t
Ngs

Figure 3.2: Overview of the movement and charging variables of a highway segment with charging station

There are two ways for vehicles to enter a segment s:

incoming_vehicles,t

fs
route r at the departure time of the fleet

*n describes vehicles of a fleet f that enter the first segment s of their

pdepart

13
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. nlfnst describes vehicles of a fleet f that enter another segment s of the route r that

is not the first segment of the route at time step ¢.

In addition, there are two ways to leave a segment s. The total number of vehicles that

leave a segment is recorded in the variable n;’””

o pirrivedochiclest qoscribes vehicles of a fleet f that leave the last segment s of their

f.s
route r at time step t and therefore do not enter a new segment s.
. n;”tt describes vehicles of a fleet f that leave another segment s of their route r
that is not the last segment of the route t at time step t and enter a new segment

s in the following time step t + 1.
The variables are linked as follows

exit,t arrived_vehicles,t out,t

nflt = ng +nf (3-3)
To ensure that the vehicles follow the specified route r, the transition from one cell
segment s to the next cell segment s + 1 of the route r is recorded in the routing
condition:

out,t in,t

nfs - nfs+] (34)

for s € r without last route segment

Each vehicle number variable n is assigned a Q variable, which describes the energy
as a function of the number of vehicles for this fleet f in the segment s at time step ¢
and the battery and its State of Charge (SOC). The relationship between n and Q is the

same for all variables and is shown for nj[x”t in Equation 3.5. Therefore, the available

energy Qm” lies between a defined minimum and maximum SOC.

R CAPMMY . SOC, iy < Q7 > nfi - CAP™™ . SOC (3:5)

3.2.4 Identification of unused capacities

As the title of this work indicates and as the research questions (Section 1.2) also
express, the capacity of the CS in the cell segments plays a crucial role. More precisely,
the unused capacity of the cell segments. The unused capacity of a cell is the capacity
that is not used at maximum utilization. In the model, the unused capacity is calculated
as follows:

14
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hargel,t charge2,t charge3,t
s Fo(ESTSOT 4 EUSS  EUTES
unused __ segment fss fos fs
CAPS - Z CAPS Z tresolution . ncharge (36)

s=1 f=0

The Equation 3.6 considers all cell segments S4;; and all fleets Far; over the entire
optimization period without temporal influence. The variable Cap!"** reflects the
unused capacity for each cell segment s. These capacities are calculated from the initial
cell segment capacity CAP;*® " minus the charged energy at each of the three charging
time points Ej(h: Citd Ej(h: '8! and E;Zargﬁ’t divided by the time resolution ¢¢°/uto" and

the charging efficiency 5"’se.

The charged energy at a certain charging time step is defined as follows:

charge tresolution

Echargel /2/3t > nchargel /2/3,t . Pchurge .

fis = "fs Ui (3~7)

peharge [KW] defines the maximum charging power.

3.2.5 Description of the charging process

If vehicles want to perform a charging process, this is only possible in the cell segments
containing a CS (Scs). All vehicles that enter a segment s without a CS pass through
(n?u;s’t) this segment within one time step and consequently leave this segment in the

following time step (nj[f;t’tﬂ). If the cell segment contains an CS, there is the possibility

. . in_wait_charge,t
of a charging process for the vehicles (n £ )-

if CAPIE™™ > 0

int incoming_vehicles,t _pass,t in_wait_charge,t
meo +ngg =g A (3.8)
else :

int incoming_vehicles,t _  pass,t
nf,s + nf,s - nf,s (3-9)

In the next step, the vehicles entering the CS are divided as follows: Vehicles that start

a charging process directly (n;nfhurge’t) and vehicles that first wait in a queue until a

charging process can be attempted (n}’fs’w”it’t).

15
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in_wait_charge,t in_charge,t in_wait,t
nys =My, g (3.10)

A queue at time step t is defined as follows:

] it,t—1 in_wai wait_charge_next,t
wait,t __ _ wait,t + nm wait,t g

M ™ = Ngs fs N (3.11)

Vehicles that can start charging immediately at time step t:

chargel,t _ in_charge,t wait_charge_next,t—1

N = Mg, T (3.12)

The charging process can last up to 3 time steps. Here, n;h:rgd’t is the variable that

represents all vehicles in a fleet f in the segment s that have just started the charging

process. After a time step, it is possible to end the charging process (nﬁ?iswdihmgﬂ’t) or

to charge a further time step (n;h: '821 This process can also be repeated for a third

charging time step. After the third time step, the charging process is terminated in any
case. The relationships are as follows:

output_chargedl,t _  chargel,t—1 _finished_chargel,t charge2,t

or =M = Mg + My (3.13)
output_charged2,t charge2,t—1 _finished_charge2,t charge3,t

Ly =My, =My, g (3.14)
output_charged3,t  charge3,t—1 _finished_charge3,t

nf,s - nf,s - nf,s (315)

All vehicles that end a charging process in the same time step t are grouped:
finished_charging,t finished_chargel,t finished_charge2,t finished_charge3,t

nf/s = nf,s + nf,s + nf,s (316)

Analog to Equation 3.8 and Equation 3.9 for vehicles leaving a segment s:

16
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if CAPZE™™ > 0

exitt+1 __ finished_charging,t pass,t
nf,s - nf,s + nf,s (3-17)
else :

exit,t+1 __ _ pass,t
7/lf,s - nf,s (318)

When passing, entering, and leaving a CS, energy is consumed from the vehicle batteries

(CAP;””W ). This model assumes that the CS is always located exactly in the middle of

a segment. The consumed energies are calculated as follows:

E]C(U”SW”L’CI—P“SSJ _ njrillss,f . lsegment . dconsumption (3.19)

/S ,S

E;onsumed,charge,wait,t _ n;’(n,wait,charge,t . 1 . lsegment . dconsumption (3‘20)
/S ,S 2

E;o:sumed,exit,churge,t _ n;i:ished,charging,t . 1 . lsggment . dconsumption (3.21)

3.2.6 Definition of vehicle categories

In this model, a differentiation is made between two vehicle categories.

¢ Random (RND): The first category includes vehicles expected to behave like actual
users of BEV on the highway.

¢ Controlled (CTR): The second category includes vehicles that are part of a charging
coordination and thus receive spatial and temporal specifications for the charging
process.

Constraints in charging behavior can be identified for both vehicle categories, which
can be divided into three categories:

¢ SOC window: This refers to the vehicle SOC when a charging process should start
¢ Time: The minimum amount of time a charging process takes
¢ Amount of energy: The minimum energy charged into the vehicle battery

17
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Vehicles in the RND category can start charging as soon as the SOC falls below 40 per-
cent (SOCUprer-threshold RND) The Jower limit and, therefore, the latest possible charging
time is set at 20 percent SOC (SOC!ower-threshold-RND) due to range anxiety. Range anxiety,
a phenomenon that occurs particularly with BEVs, describes the concern of users
regarding a possible shortfall in range and the availability of charging infrastructure.
This feeling often leads to drivers of BEVs taking charging breaks earlier than necessary
in order to prevent potential bottlenecks - a behavior that is generally less pronounced
in vehicles with combustion engines due to the extensive network of filling stations
[7]. Since charging an BEV takes longer than refueling a conventional vehicle and the
charging process is often combined with a break, the minimum charging time for RND
vehicles is 15 minutes (#""-RND)_In addition, vehicles in the RND category are charged
to at least 8o percent SOC before leaving the CS.

The second vehicle category (CTR) reflects the idea of charging coordination, which aims
to enable a better response to the current situation by providing charging instructions.
On the one hand, this aims to avoid queues and, on the other, to use the available
capacity more efficiently and thus generate capacity savings. Therefore, the controllable
vehicles” charging processes can be adapted in terms of space and time to the current
situation and provide the participants in this charging coordination with a spatial and
temporal charging specification based on their route. In order to make this possible,
vehicles in the CTR category have greater flexibility in starting the charging process and
varying the duration and charging quantity. A charging process can already be started
at a SOC of 50 percent (SOCHPrer-threshold CTR) 'yith the lower limit being 10 percent SOC
(SOCtower-threshold CTR) * A charging process can be ended after just 6 minutes (#""-CTR).
Beyond this, there are no further restrictions regarding the minimum energy charged.
This characteristic enables vehicles in the CTR category to react to the behavior of
vehicles in the RND category.

The constraints implemented in the model for the charging window of the two vehicle
categories are defined as follows:

in_ch Lt in_charge_wait,t Pb tt 3
Q;Zfsc arge < }’SC rge_wait,t CA fa ery SOCupper,threshold,RND ( .22)
in_ch t in_ch _wait,t batt hreshold_RND
2}TILSC arge > ;TSC arge_wat . :A Pfﬂ ery . Soclower,t reshold RN (3_23)

for seScs, feFrnp and teT
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in_ch ¢ in_ch _waitt batt

Q?sc arget n}ifsc arge-wait,t :Apfu ery SOCupper,threshold,CTR (324)
in_charge,t in_ch _wait,t batt

Q}rfsc arge,t n}r/lsc arge_wait,t :Apfa ery Soclower,threshold,CTR (3.25)

for seScs, feFcrr and teT

in_charge,t

The cumulative energy (Q £ ) of the vehicles of a fleet f moving to the CS in seg-
ment s at time step ¢ is compared with the upper and lower SOC limits of the respective
charging window. The charging windows illustrated can be found in Figure 3.3. The
vehicles in the CTR category are shown in blue in the figure, while the vehicles in the
RND category are shown in orange.

Bl CTR M RND

100
20
80
70
60
50

S0C [%)]

Figure 3.3: Charging windows for CTR (blue) and RND (orange) vehicles

The defined minimum charging times imply specific constraints for the charged energy
of the three charging time steps:

Echarge1,t > nin,charge,t . pcharge ncharge . pmin-RND (3.26)
frs = fs
charge2 t in_charge,t h h in_.RND

Ef,s > ”f,s . pcharge Tlc arge | ymin (3.27)
charges,t incharget ncharge . charge = ymin RND

Ec, > 1 - petarge . penarse (3.28)

for seScs, feFrnp and teT
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EChllT’gel,t > ninlhﬂrgerf . Pcharge . Wchurge . tmin,CTR (3 29)
fis = "fs ’

EchurgeZ,t > nin,charge,t . Pchurge . Wchurge . tmin,CTR (3 30)
fs = "fs '
h t in_ch t i

EJC[’:rgey > n}ifsc arget Pchurge X Wchurge . tmzn,CTR (331)

for seScs, feFcrr and teT

The minimum charging times for the two vehicle categories and the time resolution
(tresolutiony are shown in Figure 3.4.

tmin_RND

tres

tminCTH _

10 15 20

(=]
o

Time [min]

Figure 3.4: Minimum charging times for CTR (blue) and RND (orange) vehicles and the time resolution of
the model

Based on the restriction that vehicles in the RND category must charge to at least 8o
percent SOC, the following condition results for the cumulative energy (Q?:lsmdih”rgmg’t)
of the vehicles of the fleet f that have completed the charging process in segment s at

time step t:

inished_charging,t inished_charging,t i i
ijfl;lls ea_charging, > n;ﬁ?ls ed_charging,t CAPbattery . SOCmm,chargmg,RND (332)

for seScs, feFrnp and teT

The mandatory charging quantity for the two vehicle categories is shown in Figure 3.5.
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B CTR W RND
100

80

SOC [%)]
o
=)

Figure 3.5: charging quantity for CTR (blue) and RND (orange) vehicles

Both vehicle categories are added to the optimization model. The specifications for
vehicles in the RND category are defined much more strictly and in greater detail
than those in the CTR category. The solver, therefore, optimizes all vehicles in the
model. However, the stricter specifications for RND vehicles influence the results and
the behavior of CTR vehicles, particularly on the influence of charging coordination
and the possible capacity savings.

3.2.7 Maintaining the traffic flow

This work aims to identify unused capacities (Subsection 3.2.4) without blocking the
traffic flow. For this purpose, it is necessary to define restrictions for the queue, the
definition of which can be seen in Equation 3.11.

The queue consists of the vehicles that have already waited in the last time step
(n}“‘;’t’tfl), the vehicles that are new to the queue (n}”s’wmt’t) and the vehicles that will

start charging in the next time step (n%iuhmge’nm’t).

To eliminate the risk of queuing, two essential constraints are strategically integrated
into the model:
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it_ch _next,t
njf/zz chargenextt _ (3.33)
n?zit,t =0 (334)

forseScs, teTand f € Farp

The implementation of Equation 3.33 and Equation 3.34 ensures that there are no
queues at the CS, that every vehicle can be charged immediately, and therefore that
traffic flow is not impeded.

3.2.8 Model availability and complexity

This master thesis develops an optimization model in Python [24] based on the Anaconda
distribution [25] and the integrated development environment PyCharm [26]. Pyomo is
used to model the optimization problem, which enables a flexible formulation of linear
and non-linear problems that are solved with external solvers [27]. For data processing
and analysis, pandas and numpy are used: pandas for efficient data manipulation [28]
and numpy for fast numerical calculations [29]. This combination of software provides
a powerful environment for the development and implementation of the model. As
usual in optimizations, float numbers are used in this model, and integer variables for
the number of vehicles were deliberately avoided to avoid unnecessarily increasing
the computing time per optimization. Modeling without integers reduces complexity
and enables a more efficient solution to the problem so that the model can react more
quickly to optimizations. This configuration allows the model to be solved quickly and
accurately, even with complex and large data. The model contains more than 920,000
constraints and over 560,000 variables. Float numbers reduce the required computing
time per optimization to less than 3 minutes.

This thesis uses the Gurobi solver to solve the optimization model [30]. Gurobi is a
powerful commercial solver specially developed for mathematical optimization prob-
lems such as linear and mixed-integer programming. The parameter "Method = 2" is
used in the implementation, whereby the barrier algorithm is used to solve the model.
This algorithm is particularly suitable for large and dense linear programs, offering
greater computing efficiency. In addition, the crossover step is deactivated, which
further reduces the calculation time, as this step is not required for many applications
and can speed up the solving of the model.
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3.3 Data Input and Case Study

Two different input data are relevant for testing the described model.

¢ Cell segment input: In this file, the highway environment is defined with its
segments s and possible Charging Station (CS).

¢ Fleet input: The vehicle fleets f and their assigned routes r, vehicle parameters,
and departure times are defined in this file.

The cell segment input file represents the fast-charging infrastructure and the fleet
input file represents the charging capacity demand of BEVs for this infrastructure.

3.3.1 Segment Input

Part of the required input data for the optimization is the geography of the highway
road network used. The imported segment file contains information describing the
individual cell segments s. In addition to the identification number of the cell segment,
the file contains the length of the segment in km. The file also contains information
about fast-charging stations along the highway. The identifier has_cas indicates whether
a CS is available. The Capacity information indicates the charging capacity available in
this cell segment in kW. The informations defined in the cell segment input file can be
seen in Table 3.4.

Item ‘ Description
cell id Identifier for this specific segment
length Length of the segment
capacity | Amount of charging capacity this segment

has_cs | Identifier if the segment has a charging station

Table 3.4: Cell segment input data description

3.3.2 Fleet Input

The second part of the input files describes the vehicle fleets f and their routes r along
the highway network. The fleets f are formed by grouping all vehicles traveling the
same route r. The number of these vehicles is stored in fleet_size, but the departure
times within a fleet can vary and are defined in depart_time. The time step of the first
departure of a vehicle within this fleet is represented by start_timestep. The departure
times of the vehicles can be distributed over the entire time resolution of the model
(tresolutiony and will be discussed in more detail later. Each fleet is assigned a fixed value
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for the battery capacity per vehicle, the charging power, the specific consumption per
kilometer driven, and the battery SOC value for entering the highway network, as
well as information about the number of cell segments of the fleet route r. Further
a identifier supplies the fleets f with a number. The last parameter of the fleet file
is information about the fleet vehicle category. Two different categories are available
for categorizing the vehicles, which are explained in detail in Subsection 3.2.6. The
parameter vehicle_category takes the value 1 or o for the respective vehicle category.

The parameters defined in the fleet input file are listed in the table below.

Item Description
start_timestep Time step of the first departure
route Chain of the used segments in order
fleet_size Amout of cars
charge_cap Indicates the charging speed [kW]
batt_cap Indicates the total battery capacity [kWh]
d_spec Indicates the specific consumption of the vehicle [kWh/km]
SOC_init Indicates the SOC at the entrance
incoming Indicates how many vehicles depart in which segment
arriving Indicates how many vehicles arrive in which segment
depart_time Indicates at which time step how many vehicles depart
len Specifies the number of contiguous segments in the route
fleet_id Identifier for this specific fleet
vehicle_category Indicates the vehicle category

Table 3.5: Fleet input data discription

3.3.3 Case Study

The optimization model is evaluated and validated using a case study based on the
Austrian A2 highway. Due to its important position in the national traffic network
and the associated high traffic load, this highway represents an ideal test platform
for a practice-oriented analysis. Actual traffic statistics are used for fleet modeling,
which provides insights into vehicle volumes, traffic patterns, and driving dynamics. By
combining this data with the specific infrastructure of the A2, the optimization model
can be evaluated under realistic conditions.
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Austrian Highway A2

A highway from the Austrian highway network is used to evaluate the results, namely
the A2 Stidautobahn, which extends over a total length of 379.332 km, making it the
longest highway in Austria. The A2 connects not only the capital of Austria (Vienna)
with the Italian border at Arnoldstein but also the second largest city in Austria and
the capital of Styria, Graz, and the capital of Carinthia, Klagenfurt am Worthersee
(hereinafter referred to simply as Klagenfurt). These four places are of particular interest
on this highway and therefore Point of Interest (POI). The highway is particularly
popular in the summer months, connecting tourists from the Czech Republic, Slovakia,
and Poland with the Adriatic Sea [31]. The course of the A2 highway is shown in
Figure 3.6.

Figure 3.6: Overview of the highway A2 between Vienna and italy (Source: Alexander Wagner, CC BY-SA
3.0 [32])

The segment length is calculated based on the defined vehicle speed v and the time
resolution "o This connection can be seen in Equation 3.2. For the Austrian
highway network, the maximum permitted speed is 130 ¥ [33] As it is not possible to
drive continuously at maximum speed due to construction sites and temporary speed
limits, a reduced speed of the BEVs of v = 110 ¥ is assumed in this model. This results
in a segment length of:

[segment — 110 k;ln 0,25 h =275km (3:35)
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Considering the total length of the A2 highway, 379.332 km, this results in 14 seg-

ments.
C =379.332 km /27.5 km =~ 14 segments (3-36)

In December 2024, 46 rest areas in Austria have e-charging stations for BEVs [34]. Seven
of these 46 rest stops with different capacities are located along the A2, resulting in
10,355 kW total charging power provided by the Autobahnen- und Schnellstrafien-
Finanzierungs-Aktiengesellschaft (ASFINAG). An overview of the cells, the position of
the PO, the position of the individual rest areas, and information about the available
charging capacities are listed in Table 3.6.

Segment-ID POI has CS | Name of rest area | Capacity [kW]
01 Vienna yes Guntramsdorf 993
02 - yes Fohrenberg 2,880
03 - yes Zobern 300
04 - no - -
05 - no - -
06 - no - -
07 Graz yes Kaiserwald 2,244
08 - no - -
09 - no - -
10 - no - -
11 - yes Volkermarkt 1,451
12 Klagenfurt no - -
13 - yes Worthersee 985
14 Italy yes | Dreildandereck Nord 1,502

Table 3.6: Overview of the 14 segments of the A2

The exact locations of the rest areas in Table 3.6 can be viewed on the ASFINAG website
[34]-

Vehicle fleet movement and routing

ASFINAG publishes the results of its monthly traffic count on its website and has
also provided annual traffic statistics since 2012 [35]. ASFINAG operates around 270
permanent counting stations in Austria in 2024. Overhead detectors (the combination
of ultrasound, passive infrared, and radar is used to draw conclusions about the speed
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and size of a vehicle) and induction loops (wire loops laid in the roadway generate a
weak alternating magnetic field that is changed by vehicles driving over it) are used
for evaluation [35]. The locations of the counting stations can be found on the base
map [36]. As the data only contains counting stations and the vehicles counted at
them, it is impossible to extract vehicle movements for vehicle fleets directly from this
data. Therefore, the traffic statistics data (annual statistics 2023) are used in this work
as inspiration and reference points to generate fleet movements for the optimization
model. The ASFINAG traffic statistics provide vehicle values per 24 hours for different
days and day combinations. The current share of Battery Electric Vehicle (BEV) in
Austria is €PFV = 3.5 % [5]. Together with the assumption that one-third of all BEVs
are eligible for a long-distance consideration (¢/*"8%stance = 333 %), the counting point
data is downscaled as follows.

First, all counting stations are assigned to the corresponding cell segments. Based on
this, the counting station value for an average day (Monday to Sunday) of each cell
with the lowest number of vehicles is extracted. This ensures that the used numbers
always cover the vehicles that are at least on the entire highway section. The counting
points are then assigned to the respective direction of travel. A distinction is made
between the direction of Vienna to Italy (S1 to S14) and Italy to Vienna (S14 to S1). In
addition, relevant routes are defined and considered in the case study. The points of
interest (POI) from the previous chapter serve as a basis. From these four points, 10
interesting routes are extracted. The routes Klagenfurt to Italy and Italy to Klagenfurt
are not considered, as they have a cell segment length of 3 segments and are therefore
not suitable for a long-distance analysis. The ten routes considered are shown in the
following table:

Fleet-ID | Start of route End of route | Length of route
00 S1 (Vienna) S14 (Italy) 14
01 S14 (Italy) S1 (Vienna) 14
02 S1 (Vienna) S7 (Graz) 7
03 S7 (Graz) S1 (Vienna) 7
04 S1 (Vienna) S12 (Klagenfurt) 12
05 S12 (Klagenfurt) S1 (Vienna) 12
06 S7 (Graz) S12 (Klagenfurt) 6
07 S12 (Klagenfurt) S7 (Graz) 6
08 S7 (Graz) S14 (Italy) 8
09 S14 (Italy) S7 (Graz) 8

Table 3.7: Overview of the 10 routes
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The fleets are assigned according to the direction of travel, with fleets with even
identification numbers assigned to the direction from Vienna to Italy and fleets with
odd identification numbers assigned to the direction from Italy to Vienna. The smallest
number of vehicles in the counting stations per segment is then listed for both travel
directions. The two factors eBEV and e/*87istac¢ can then be used to calculate the BEVs
relevant for this case study. The smallest value of all segments is the one in segment 14
(Italian border), which specifies the vehicles for the two "Italy routes” of both directions
Vienna to Italy/Italy to Vienna and Graz to Italy/Italy to Graz, as these vehicles on
these routes are the only ones that actually cross the Italian-Austrian border. These
vehicles are now subtracted from the values of the other segments. The following
smallest value in cell 8 represents the vehicles for the routes Vienna to Klagenfurt /
Klagenfurt to Vienna and Graz to Klagenfurt / Klagenfurt to Graz. The smallest value
calculated in segments 1 to 7 represents the vehicles for the remaining routes, Vienna to
Graz and Graz to Vienna. Based on these calculated figures, a percentage distribution
of the vehicles on the respective route is calculated.

The counting statistics and the calculation result in 154 vehicles on the Vienna to Italy
route and 139 vehicles on the Italy to Vienna route, for a total of

T F S .
) ) n}yfswmmg’vehwles’t = 293 vehicles (3.37)
t=0 f=0 s=1

over 24 hours.

The traffic data published by ASFINAG does not allow an exact classification of
departures over 24 hours. In the available studies, Datla et al. [37] and Thomas et al.
[38] analyze the traffic volume throughout the day. Inspired by these two studies, the
various optimizations follow the following scheme, where possible. The scheme is
shown in Figure 3.7

In the model shown here, departures are only possible on the hour. Traffic is at its
lowest in the late evening, night and early morning hours. The number of departures
increases from around 3 a.m., reflecting morning work traffic. Departures peak at 7
a.m., fall slightly over the midday hours and rise again towards the late afternoon.
After-work traffic leads to a significant increase in the volume of vehicles on the roads.
The optimization is based on a percentage distribution of departures over the hours of
the day, resulting in a total of 100 percent over 24 hours. The allocation of the number
of vehicles to the various departure times is based on this percentage distribution. The
model spans a total of 120 time steps, each lasting 15 minutes. This corresponds to a
time horizon of 30 hours. However, the departures of the vehicles are only considered
within a 24-hour framework, corresponding to 96 time steps. The remaining six hours
represent a buffer to ensure that each vehicle can complete its route in full.

28



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

3 Methodology and Data

(2] ~l co

w

[

[p%]

Percentage of total departures [%]
B

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hour of the day

Figure 3.7: Percentage distribution of departures over 24 hours

Finally, the routes are assigned to the two vehicle categories. The exact assignment
depends on the percentage distribution of the charging coordination. For this purpose,
fleet IDs 10 to 19 are added to the fleet input file. Fleets oo and 10 are identical, as are
fleets o1 and 11, and so forth. Fleets oo to 09 belong to the CTR category, while fleets 10
to 19 belong to the RND category in this case study. For the consideration of different
charging coordination expansion stages , 101 different fleet input data are generated.
The percentage distribution of vehicles is adjusted in steps of 1 percent from an initial
100 percent RND vehicles to 100 percent CTR vehicles. As part of the optimization, the
293 BEVs are first categorized into the categories CTR and RND, depending on the
percentage charging coordination distribution. Based on this, the vehicles are assigned
to the two directions of travel and the different routes for each direction. The departure
times are assigned based on the percentage time distribution over 24 hours (92 time
steps). The optimizations are carried out according to the procedure described in the
Subsection 3.2.2, which aims to maximize the potential investment savings of the fast-
charging infrastructure on Austrian highways.

The segment and fleet input data are based on the most up-to-date values available at
the time of the work and, therefore, reflect the status quo. The implemented vehicle
data is also designed based on the current vehicle data. The classification of BEVs
into different categories [39] serves as a guide, with the mid-size class being used as a
reference. The BMW iX3 Impressive, for example, can be assigned to the mid-size class

29



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

3 Methodology and Data

category. Based on the range and consumption data for this car [40], a battery size of
CAP}M”W = 70 kWh and a consumption of d®sumption — (.20 % are defined, which
enables a maximum range of 350 km.

Maximum Range of BEV =70 kWh/0.2 k]fvnfl = 350 km (3-38)

The range of BEVs has steadily increased over the years. While the average range in 2010
was 123 km, it is 393 km on average in 2023 [40]. This implies that BEVs could cover
the entire length of the A2 highway without recharging. However, most vehicles will
generally not enter the highway network with a full battery. Most vehicles have to use
country roads and expressways first or start their journey on another highway. In order
to adequately implement this behavior in the model, all initial battery SOC (SOCjy,;;)
are parameterized to 60 percent, which results in a good average for all vehicles. This
means that vehicles that have covered a longer distance before reaching the highway,
vehicles that have previously driven on other highways, vehicles that first had to use
country roads and expressways to join the highway, and vehicles that start their journey
on the highway with a full battery are taken into account.

The code, generated fleet input files, and the cell segment input files can be taken from
the GIT repository:
https://github.com/JulesFrdrch/PotentialSavingOnCapacity
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This chapter presents the results of the work. First, the model is evaluated using the
case study’s data. Based on the results and the research questions from Section 1.2,
sensitivity analyses focus on capacity savings, the influence of the number of vehicles
considered, the seasonal influence, and the influence of the weekend travel pattern.

4.1 Cost savings through charging coordination

Based on the fleet input data, the resulting origin-destination movements with time-
distributed departures over 24 hours, and the categorization of the vehicles into two
different categories with different behavior, the first step is to take a closer look at the
influence of charging coordination with increasing percentage distribution of charging
coordination. The following Figure 4.1 illustrates the potential savings in millions of
euros as a function of charging coordination in percent.

Objective function

Potential saving [million €]

0 5 w15 20 25 30 35 a0 45 50 5 & 6 70 75 B
Charging coordination [%]

Figure 4.1: Potential savings in millions of euros as a function of charging coordination in percent
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The Figure 4.1 shows that a full charging coordination share of 100 percent results
in significantly higher potential investment and capacity savings than in the scenario
without charging coordination (o percent). Without charging coordination, cost savings
of EUR 1,971,568.65 would be possible. This corresponds to an unused capacity of
9,857.84 kW and a utilization of only 4.8 percent of the available capacity. The introduc-
tion of charging coordination makes it possible to reduce the required capacity further
and thus optimize cost savings. In a possible scenario in which all 293 vehicles are
part of a charging coordination, a maximum investment saving of EUR 2,004,954.36
and thus a capacity saving of 10,024.77 kW would be possible. This means that only
3.189 percent of the expanded capacity would be used. Compared to an optimization
without charging coordination, the introduction of full charging coordination enables
an increase in cost savings of EUR 33,385.71 along the Austrian A2 highway. This
confirms the conclusions of Golab et al. [20] of the over-sizing of the fast charging
network in Austria and the fact that the expanded charging capacities would never be
fully utilized. The combination of an over-sized fast-charging infrastructure and a low
electric-vehicle rate (3.5 percent [5]) in Austria generates significant savings potential
that a coordinated charging strategy can further increase.

In addition, an unexpected trend in the objective function can be seen and observed
that the objective function decreases between 7 and 20 percent and between 50 and 65
percent charging coordination. The objective function is expected to steadily improve
and increase as the proportion of vehicles that comply with charging coordination
increases. This effect will be discussed in more detail later and examined more closely
with the help of sensitivity analyses (Section 4.2).

First, detailed insights into the results and the associated verification of the model are
provided. The scenario with a charging coordination of 25 percent and 75 percent RND
vehicles is examined. According to the available data, 73 of the 293 vehicles are assigned
to the CTR category, while 220 vehicles are assigned to the RND category.

The Figure 4.2 and Figure 4.3 illustrate two specific battery states of all vehicles in a
category, shown over all time steps t and all segments s. The battery states shown are
classified as follows

¢ Blue: The charging process is started
. : The charging process has been completed and the charging station is
being exited

It is clear that vehicles in the RND category start the charging process in a range
between 20 and 40 percent SOC and leave the charging station with at least 8o percent,
while vehicles in the CTR category adhere to the prescribed charging entry window of
10 to 50 percent SOC. The energy charged is not limited, but at least six minutes.
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Figure 4.2: SOC of the vehicles in the CTR category during the start of the charging process (blue) and
during the end of the charging process (orange) over all time steps
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Figure 4.3: SOC of the vehicles in the RND category during the start of the charging process (blue) and
during the end of the charging process (orange) over all time step

Thanks to the increased flexibility, CTR vehicles can adapt to the circumstances and
distribute the charged energy and the maximum charging capacities used effectively.
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The Figure 4.4 illustrates the distribution of total charging energy in MWh as well as
the respective shares of RND and CTR vehicles in the various percentage distributions
of charging coordination.

m——fmout of charged energy  es=RND  e—CTR

Energy charged [MWh]

] 5 10 15 20 25 30 35 40 45 50 55 &0 65 70 75 EO &5 80 a5 100
Charging coordination [%]

Figure 4.4: Total charged energy [MWh] and the distribution between the two categories over the different
percentage distributions of the charging coordination share

4.2 Sensitivity analyses

As already explained, the objective function does not show the expected steady increase
as the share of charging coordination increases. A possible explanation for this behavior
lies in the number of vehicles surveyed. In the defined case study, the relevant BEV
shares are determined based on ASFINAG counting station data. According to this,
only 293 BEVs use the A2 highway over 24 hours. This number is very low, as on
average, only around 12 BEV use the highway every hour. This low number could
be responsible for the course of the objective function. As part of the case study, the
vehicle numbers and route distributions are generated using ASFINAG’s 2023 annual
statistics, which represent an average value for the entire year. However, it should be
noted that BEVs behave differently in different seasons. For example, the consumption
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of BEVs is significantly higher in winter than in summer [41]. In addition, traffic on
highways in different seasons is influenced by tourism and other factors. In order to
estimate the seasonal influences better, this is examined in a further sensitivity analysis.
In a third sensitivity analysis, the influence of the weekend and the changes in traffic
volume at the weekend in the different seasons are examined.

4.2.1 Influence of the number of vehicles

In order to evaluate the influence of the vehicles under consideration, an initial sensi-
tivity analysis is carried out. For this purpose, the input data is increased in two steps.
The number of vehicles is increased by the same factor as the expanded fast-charging
infrastructure.

1. Multiplication of the input data by a factor of 5
2. Multiplication of the input data by a factor of 10

This results in the following vehicle numbers over 24 hours and the following total
capacity along the A2 highway:

‘ Amount of vehicles over 24h ‘ Amout of total charging capacity

Case Study 293 10,355 kW
Case Study x 5 1465 51,775 kW
Case Study x 10 2930 103,550 kW

Table 4.1: Amount of vehicles over 24 hours and amount of the total charging capacity for three different
scenarios

The optimizations are repeated with the new input data to analyze the influence of the
amount of total vehicles observed. First, the 202 different fleet input and segment input
files for both extensions are generated. Figure 4.5 illustrates the three different scenarios.
The maximum possible capacity saving as a percentage of the total capacity is plotted as
a function of the charging coordination distribution to illustrate the respective savings
potential. In this way, the different cases can be compared despite different capacities
along the route. The results of the case study are shown in blue, the multiplication by 5
in and the multiplication by 10 in green.

The analysis of the data shows that increasing the input data by a factor of 5 ( )
already leads to a significant improvement in the steadily increasing objective function.
Although smaller outliers are still recognizable, these occur to a much lesser extent than
in the case study (blue). A further increase in the input data and, therefore, the number
of vehicles by a factor of 10 (green) results in a further improvement. The course of the

35



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

4 Results

—Case study =——=Casestudyx5 ===Casestudyx10

=) -] -]
o & o
o =] n

Maximum possible capacity savings [%]

=]
o
=]

35 40 45 50 55 B0 6 J0 75 B0 8 90 95 100
Charging coordination [%]

=]
2}
>
=
=
[}
(%]
=
¥
o

w
=

Figure 4.5: Maximum possible capacity savings for the three different scenarios over the different distribu-
tion of charging coordination

objective function shows only very slight deviations upwards and downwards and an
almost constantly increasing course.

Figure 4.6 illustrates the distribution of charged energy and the respective shares of
RND and CTR vehicles over the percentage distribution of charging coordination for
scenario case study x 10. Compared to the distribution of the charged energy in the
case study (Figure 4.4), it can be seen that the consideration of a higher number of
vehicles significantly smoothes the result. An almost linear decrease in the energy to be
charged can be seen as charging coordination increases.

The number of vehicles included in the analysis affects the distribution of charged
energy and the measured impact of charging coordination. Figure 4.5 presents the
capacity savings achieved through charging coordination compared to a scenario
without coordination, showing a difference of up to 1.5 percent.

4.2.2 Influence of the season-related variations in travel patterns

The seasonal influence on capacity savings will be examined in more detail in the
following sensitivity analysis. The traffic data, along with the fleets and routes, can
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Figure 4.6: Total charged energy for scenario case study x 10 and the distribution between the two
categories over the different percentage distributions of the charging coordination share

vary significantly depending on the season. On the one hand, tourism, for example,
changes the volume of traffic in Austria at different times of the year. In winter, winter
sports, and in summer, vacation traffic in and through Austria plays a significant role in
the volume of traffic. In addition, BEVs differ in consumption from winter to summer.
In winter, an BEV travels around a quarter less than in summer, due to the higher
consumption in winter [42].

In the presented case study the annual counting statistics are used to create the
vehicle and route movements, while average values for battery capacity, initial SOC,
and specific consumption are used for the vehicle parametrization. In the following
sensitivity analysis, a distinction is made between the average year & 2023, winter, and
summer. The ASFINAG monthly statistics for January 2023 reflect the fleet data for the
winter period, while the July monthly statistics are used for the summer period. The
counting data values are then re-evaluated to form new total vehicles over 24 hours
and new route distributions for the respective season. In addition, a higher specific
consumption per 100 km is used for winter and a lower one for summer. The new data
is shown in Table 4.2. The average consumption in kW per vehicle on the respective
route is also given.

The number of vehicles varies significantly throughout the year. For example, the
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Season | Number of vehicles | Specific consumption | J Consumption per

per 24h (kWh/100km) vehicle (kW)
O 2023 203 20 49.7
Winter 255 22.5 56.8
Summer 498 18 46.6

Table 4.2: Overview of the different seasons and the number of vehicles, the specific consumption and the
average total consumption of each vehicle over its entire route

number of vehicles in January (winter) is almost twice as high as in July (summer).
However, the energy consumption of the vehicles is higher in winter (56.8 kW) com-
pared to summer (46.6 kW). This discrepancy is due to the significantly higher specific
energy consumption per 100 km in winter (22.5 kWh/100 km) compared to summer

(18 kWh/100 km).

In this sensitivity analysis, the input data is recalculated with a factor of 10, as this
has proven to be a more meaningful basis. However,in the following results only
four different distributions of charging coordination are optimized as reference points,
and a complete objective function is derived from these four optimizations. The four
reference points include o percent, 20 percent, 50 percent, and 100 percent charging
coordination. Figure 4.7 illustrates the unused capacities for the three seasons on
the different distributions of charging coordination. The scenario “Case study x 10”
includes an expansion of 103.550 MW capacity.

The analysis of the data shows that the two extreme seasons, winter and summer, reduce
the potential capacity and cost savings. The high number of vehicles in summer leads to
a reduction in unused capacity despite the lower consumption. The high consumption
in winter, in turn, leads to a reduction in potential savings despite the lower number of
vehicles. In addition, a convergence of the lines in the different seasons can be seen as
charging coordination increases. This leads to the conclusion that charging coordination
helps to better balance the different loads caused by the different seasons and increase
the savings potential.

4.2.3 Influence of the weekend travel patterns

The case study considers an average day, as described in Subsubsection 3.3.3. The
average day covers all days from Monday to Sunday and results in an average. The
following sensitivity analysis focuses on the influence of the weekend. The weekend
shows significant differences from the weekdays, as it is generally used by most of
the population for travel or visits and not for commuting. In the following sensitivity
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4 Results
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Figure 4.7: Unused capacities in MW in the different seasons with four different distributions of charging
coordination and following completion of the objective function

analysis, a distinction is made between average days and weekends for the three
previously considered seasons, resulting in new values for the vehicles considered in
the various scenarios shown in Table 4.3.

The data analysis shows that, in addition to the number of vehicles, the average
consumption per vehicle also changes. This change is due to the adjustment of the
vehicle distribution on the various routes, which was determined by the counting point
data. On winter weekends, for example, fewer vehicles are on the road, but an average
longer distance is traveled. On summer weekends, on the other hand, a higher number
of vehicles are on the road, but on shorter routes. Figure 4.8 and Figure 4.9 illustrate
the percentage capacity saving in relation to total capacity. The already known possible
capacity saving from the previous sensitivity analysis is shown on the left. The possible
capacity saving for the weekend is shown on the same scale on the right.
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4 Results

Average day (Monday - Sunday)

Season | Number of vehiclesh | Specific consumption | @ Consumption per

per 24h (kWh/100km) vehicle (kW)
J 2023 293 20 49.7
Winter 255 22.5 56.8
Summer 498 18 46.6

Weekend (Saturday - Sunday)

Season | Number of vehiclesh | Specific consumption | J Consumption per

per 24h (kWh/100km) vehicle (kW)
O 2023 361 20 51.7
Winter 223 22.5 58.5
Summer 631 18 46.2

Table 4.3: Overview of the different seasons and the number of vehicles, the specific consumption and the
average total consumption of each vehicle on its entire route for an average day and weekend

@ Day (Ma-Sa)

Potential Saving at charging capachty %]
e o s o

Figure 4.8: Potential savings of charging capacity
for average days with four different dis-
tributions of charging coordination and
following completion of the objective
function
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Figure 4.9: Potential savings of charging capacity
for weekend days with four different
distributions of charging coordination
and following completion of the objec-
tive function

The results show that, on average over the year and in summer, charging capacity
requirements are higher at weekends and, the savings potential is therefore lower. In
winter, the capacity requirement is lower, which leads to a marginally higher savings
potential. At weekends, a similar phenomenon manifests itself, which was already
evident in the results for the average day. The results show that increased coordination
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4 Results

of the charging process leads to capacity savings and that extreme fluctuations, such
as those caused by the season or the weekend, can be reduced in their impact on the
required charging capacities. The difference in the required capacity in relation to the
total capacity is 1.75 percent between the average day and the weekend in summer
without charging coordination. With charging coordination, this difference is reduced
to just 1 percent.

A weekend scenario with 20 percent charging coordination is considered in the follow-
ing. The maximum utilization rates of all seven segments equipped with a charging
station (see Table 3.6) are shown as a percentage of the total capacity. The maximum
utilization refers to the time at which the highest capacity requirement exists and, at the
same time, the least unused capacity is available. It should be noted that this maximum
utilization can occur at a different time step for each segment.

m@2023 mWinter mSummer

30

R
o

R
=

Maximum use of the existing charging capacity [%]

m

1 2 3 ¥ 11 13 14

Segment with charging station

Figure 4.10: Maximum utilization, during the highest usage over all time steps, in percent for the charging
stations in the segments containing a charging station for 20 percent charging coordination
for the average year 2023, winter and summer on a weekend day

It can be seen that the charging stations located in the middle of the A2 highway
(segments 7 and 11) are used by a significantly higher volume of traffic than the charging
stations at the ends of the route (segments 1, 2, 3, 13, and 14). The required capacity at
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4 Results

the busy charging stations shows less variability than at the peripheral charging stations
despite the different traffic volumes between the seasons. In this model, vehicles use
peripheral charging stations less intensively than the central charging stations. Segment
7, for example, is crossed by each of the ten existing routes, while segment 14 is only
crossed by four routes. The charging station in segment 7 requires only 1.17 percent
more fast charging capacity in summer than in winter. In a less busy segment (segment
14), on the other hand, 9.07 percent more fast-charging capacity is required in summer
than in winter.The charging power required over all time steps for the CS in segment 7
is shown in Figure 4.11. For comparison, Figure 4.12 shows the charging power required
over all time steps for the CS in segment 14.
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Figure 4.11: Charging power in kW of the charging station in segment 14 over all time steps for three
different seasons
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4 Results
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Figure 4.12: Charging power in kW of the charging station in segment 7 over all time steps for three
different seasons

The departures in the model shown in Figure 3.7 in the methodology chapter are
distributed over 24 hours. It can be seen that a significant number of vehicles are only
on the highway network from the sixth hour onwards (corresponds to time step 24).
The high number of departures occurs until around 8 p.m. (corresponds to time step
80). Afterward, the vehicles that have just started driving their route. Figure 4.11, which
reflects the charging power in segment 7, shows that an almost constant charging power
is required during the high amount of departures period (time steps 24 to 8o and
slightly beyond). It should be noted that vehicles in the model only depart every 4 time
steps. Due to the high number of vehicles passing through segment 7, the charging
power can also be distributed constantly over the period in the time steps in which
no departures are performed for all seasons. In segment 14, shown in Figure 4.12,
the various departures can be seen every 4 time steps. As only a few vehicles pass
through this segment, there are temporary drops in the required charging power. This
phenomenon manifests itself in both figures for all three seasons investigated. The
previous findings indicate that the coordination of the charging process depends on
the number of vehicles examined. In addition, optimized coordination of the charging
process can help to make more efficient use of the available capacity and to make
utilization more even throughout the day. This can lead to avoiding power peaks and
promoting charging processes at times of low utilization.
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4 Results

4.3 Utilization of the charging stations

In a final investigation, the influence of charging coordination will be illustrated using
one specific segment with CS. For this purpose, the CS in segment 7 is used again,
as it is the only one passed by all vehicles. Two optimizations are carried out with
identical input data. In one optimization, all vehicles are assigned to the RND category
so that no charging coordination occurs. This case is shown in black in Figure 4.13,
while full charging coordination (green) assigns all vehicles to the CTR category. The
case study is again given a factor of 10 to illustrate the effect of the even distribution
of charging power in a busy charging station as observed in Subsection 4.2.3. The
analysis of charging coordination shows that a reduction in the required power in this
segment of more than 200 kW is achieved compared to optimization without charging
coordination. In addition, the required charging power can be kept almost constant
over a longer period, leading to a significant reduction in power fluctuations.

=—without coordination  =——=with coordination

1200

S T —
| @W'

200

Charging Power [kW]
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Figure 4.13: Charging power in kW of the charging station in segment 7 over all time steps for full charging
coordination and without charging coordination
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5 Conclusion and further work

This chapter presents the conclusions obtained and answers the research questions. The
applicability of the model in reality, the identified potential for improvement and the
charging coordination are evaluated. Finally, suggestions for the further development
and expansion of the work and the model are presented.

5.1 Savings potential through charging coordination along an
Austrian motorway

In this study, the existing work from Golab et al. [20] was continued and extended to in-
clude variable charging coordination. For this purpose, two different vehicle categories
were defined, and the behavior in charging duration, charging quantity, and charging
time was parameterized based on the SOC of the BEVs at the time of movement.
According to this vehicle category classification, vehicles involved in charging coordina-
tion have a wider window for initiating the charging process. In addition, a minimum
charging quantity has been avoided. These factors allow the charging coordination to
react to the charging behavior of the RND vehicles. Furthermore, it was specified that
no queues could form at the charging stations in order to prevent the optimization
from creating a queue at every charging station and to keep the required capacities
low. To finalize the optimization model, fleet movements were established using traffic
count data, and cell segments were developed based on highway profiles.

This study confirms the findings of Golab et al. [20] that the installed capacities are
oversized. Without charging coordination, capacity savings of 95.2 percent of the total
charging capacity along the A2 would be possible. With this saving, all charging
processes would be possible without waiting times. These savings can be further
increased by introducing charging coordination. With complete charging coordination
of all BEVs on the A2, a capacity saving of 96.8 percent would be possible. It is clear that
the introduction of charging coordination could further reduce the required capacities.
Another positive aspect is that vehicles that are part of this coordination can maintain
and distribute the utilisation of the various charging stations more evenly. This has
the great advantage that the charging capacities can be better distributed locally. This
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5 Conclusion and further work

means that locally high charging demand can be averted and distributed to other
charging stations that are currently underutilised.

The increase in the number of BEVs travelling within 24 hours and the expanded
fast-charging infrastructure by a factor of 5 and 10 respectively led to the finding that
the number of vehicles examined has a significant influence on the more stable relative
growth of the available capacity. This effect also extends to the linearisation of the
behaviour of the potential capacity savings with different percentage distributions of
charging coordination. Increasing the number of vehicles results in an almost constant
increase in the influence of charging coordination on capacity savings and the associated
cost savings. Furthermore, charging coordination contributes to a better distribution of
charged energy, which would help make more accurate forecasts. Increasing the number
of vehicles under consideration increases the potential for charging coordination. The
increased number of vehicles can compensate for capacity differences even more
effectively and ensures an even capacity requirement locally. Assuming a further
increase in the share of BEVs in Austria in the future, these effecst could be further
strengthened.

The volume of traffic and the routes driven are affected by seasonal fluctuations, which
impact the number of routes driven and the drivers” destinations. For example, people
travel to different destinations in summer than in winter. In order to evaluate the
effects of these seasonal changes on the means of transport, seasonal changes were also
examined in this study. The different demands on fleet movements change the required
capacity in terms of quantity and local distribution. Charging coordination makes it
possible to balance extreme requirements better and to distribute the required capacities
better so that the required amount of capacity no longer deviates too much from one
another. For example, on an average day in summer without charging coordination,
1.6 percent more of the total fast-charging capacity is required than on an average
day in winter without charging coordination. With charging coordination, only 0.2
percent more of the total fast-charging capacity is required in summer than in winter,
even though almost double the amount of vehicles are on the road within 24 hours in
summer.

This study further analyses traffic changes on weekends at different seasons. In this con-
text, charging coordination also makes it possible to approximate the required capacity
differences and confirms the previous findings. In addition, charging coordination
helps to equalize the required capacity at locations with high BEV traffic throughout
the day, regardless of the season.
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5 Conclusion and further work

5.2 Realisation of charging coordination

This study deals with the idea of charging coordination for BEVs. A key aspect of such
coordination would be the obligation of participating vehicles to comply strictly with
the specified charging instructions. This implies that the time, duration, and location
of the charging process are not freely selectable. In order to promote the acceptance
of such restrictions, it would be advisable to provide specific benefits or promises
for participating drivers. These could be discounts on the kilowatt hours charged,
discounts at neighboring catering establishments, or guaranteeing a secure and prompt
charging process. Operators of fast-charging stations could also benefit. A faster return
on investment could be achieved through maximised use and optimised utilisation of
charging capacities. However, it is also necessary to discuss penalties if the charging
coordination requirements are not met. Effective communication between the driver
and the charging coordination system is essential. This includes information regarding
the driver’s destination, journey duration, and preferred rest areas. The suitability
of charging coordination is limited to vehicles travelling long distances. In addition,
charging coordination must be able to react to short-term changes, which requires
real-time adaptation. The introduction of charging coordination makes it possible to
precisely analyse the fast-charging infrastructure by identifying overdimensioning and
potential bottlenecks in charging capacity. This allows the planning of future expansion
projects to be optimised, leading to a significant reduction in peak loads in the system
and cost savings.

5.3 Further work and outlook

In this work, the entire time horizon is optimised at once. The model could be extended
by creating a “real-time capable” model. Instead of an optimization as “perfect fore-
sight”, the model could be extended by optimization with a “rolling horizon”. It should
also be noted that only one Austrian highway was considered in this work. Extending
the input data to the entire Austrian highway network would make it possible to
estimate the savings potential throughout Austria. In addition, the model could also be
expanded in terms of the accuracy of fleet movements if the segments were extended.
In addition, more in-depth analyses of BEV movements on Austrian highways and their
departure times could be developed.
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Appendix A. Directory of resources

Resources | Used for Where

Grammarly | Spellchecking and correcting the grammatics Total work

ChatGPT Creating code samples for plots, help with code issues | Total work
Creation of textual examples and structures

Deepl Help with translation and spellchecking Total work

Table A1: Directory of resources
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