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Abstract
Electric vehicles, as a components of sustainable mobility development, cleans up the local air
pollution, slashes CO2 emission through its efficient energy consumption and allows the
growing renewable energies play even more significant role in reducing the fossil fuel
dependency. Despite the excessive ecological advantages of electro mobility, its acceptance
among people was not so promising due to several issues; beside high purchase price and
limited range of EVs, one of the main reasons for low acceptance of EVs is the lack of public
charging infrastructures. The usage of EVs is currently limited mainly to short-distance trips
and the owners of EV are generally those who have the opportunity of charging their car
privately at home or work places (Frenzel et al., 2015). For this reason, the provision of a
comprehensive publicly accessible charging infrastructure is necessary for capturing new
groups of EV-users.
The technical properties of charging infrastructure are very different; however, the charging
time is the essential characteristic. Whereas the conventional charging process takes several
hours, the fast charging technology could load the battery of EVs within 30 till 60 minutes
(depending on efficiency of charging stations and battery capacity) which provides a very good
flexibility for the EV users in settlement areas also it gives the possibility of travelling the long
inter-city trips. These types of charging infrastructure could be an intermediate solution for the
limited range of EVs before it is technically solved. Regarding the high installation cost of these
facilities, their location plays a very important role for their long-term functionality and
profitability.
The goal of this dissertation is to develop an area-covering and demand-oriented location model
for Fast Charging Stations (FCSs) based on user’s activities and trip behaviours. The presented
location model considers two main use-case scenarios for FCSs in settlement areas (inner-city)
and on the major highways (inter-city). Based on these use-cases the location model has been
divided into two sub-models of “settlement areas” and “major highways” accordingly.
The usage of FCSs in settlement areas is supposed to increase the flexibility of users with their
daily routine activities such as shopping and leisure activities, doing personal works etc. The
“settlement areas” sub-model makes use of the activity time of EV-users in different facilities
in order to charge the battery of EVs. Considering this assumption, analysing the interaction
between people’s travel behaviour and urban facilities is the decisive factor in this sub-model.
The main relevant criteria in this sub-model are capability of the urban facilities for attracting
motorized individual traffic, activity time of users, catchment area of the facilities, land-use
type of the area and spatial impact of already existing charging stations.
In contrary, the inter-city travellers intend to travel their long journey in shortest possible time
therefore, the daily activities such as shopping and personal works do not come into
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consideration in the “major highways” sub-model. If the distance between origin and
destination cities is longer than the range of EVs, the travellers need for take an intermediate
stop(s) for charging the battery, which could be also utilized for a small relaxation break during
the trip. Considering this use-case scenario, the range of EVs plays an essential role for
determining the optimal location in this sub-model. Other main relevant criteria are national
and international traffic intensity on the highways, the role of the road segments for connecting
the poorly accessible regions, the detour acceptance of travellers on the highways and charging
behaviour regarding the state of charge by arrival to and departure from a charging station. The
users of location model can assign their desired weights to the employed criteria in each submodel and have their own individualised scenario-based results depending on the goals of their
projects.
The last part of the developed location model presents an algorithm for combining the
calculated potential of locations in the sub-models. The potentials are combined because some
locations can cover the demand for fast charging infrastructure in both settlement areas as well
as on the major highways so their potential should be considered for both use-cases
simultaneously. Combining the calculated potential of sub-models is performed by determining
the weight of each sub-model, in which the assigned weights represent the priority of the
corresponding use-cases for the specific project under study.
The developed location model is implemented in the platform of Geographic Information
System (ArcGIS) software. In order to analyse the geo-referenced layers and couple the
different information spatially, this dissertation developed its own customised toolboxes in
ArcGIS software by programming in Python. These toolboxes are developed in user-friendly
and graphical interfaces which allow to non-programmer users also to utilize the developed
location model easily.
The location model has been implemented in the study area of Germany and several scenariobased results with different weights to the criteria have been presented in chapter 4. Although
the pillar of this research is dedicated to fast charging infrastructure, the location model is
developed in a way that is adaptable for determining the optimal location of other fuelling
infrastructures such as Hydrogen or CNG (Compressed Natural Gas) as well. The deficits of
the model are mainly related to the lack of user-study data which is understandable due to
novelty of the topic of study. The last part of this dissertation suggests further research areas to
those researches who aim to dedicate their work to this topic and contribute to widespread the
electro-mobility as cleaner and more sustainable technology in transport sector.
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Nomenclature and Abbreviation
AC

Altering Current

BEV Battery Electric Vehicle
CNG Compressed Natural Gas
DC

Direct Current

EC

European Commission

EPA

Environmental Protection Agency

EV

Electric Vehicle

EVI

Electric Vehicles Initiative

FCS

Fast Charging Station

GHG

Greenhouse Gases

IEA

International Energy Agency

KBA Kraftfahrtbundesamt
MIT

Motorized Individual Traffic

NPE Nationale Plattform Elektromobilität
NPE National Platform for Electric Mobility
PHEV

Plug-in Hybrid Electric Vehicle

UNFCCC

United Nations Framework Convention on Climate Change

US DOE

United States Department of Energy

VAT Value Added Tax
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1 INTRODUCTION
Nowadays the climate change is one of the most important and complex issues that world faces
and its multi-layered aspects gained a significant attention of not only the environmental
advocates and scientific societies but also it is an important concernment in politics and
economy. Climate change impacts such as extreme and unpredictable weather events, melting
polar glaciers and raising the sea level, serious change in type and distribution of wildlife,
forests and vegetation, decreasing the agriculture products and water sources and many other
problems will throw the balance of human life in all regions around the world. Coping with
climate change requires that the current production level of Greenhouse Gas (GHG) be
dramatically reduced. In this regard, many nations especially the industrial countries set the
policies and plans to support the usage of low-carbon and renewable energy sources and reduce
their GHG emissions as much as they can. As an Example, Germany aims to cut 40% of GHG
emissions by 2020 and up to 95% by 2050 compared to 1990 levels (Benndorf et al., 2013).
Excessive combustion of fossil fuels (gas, oil and coal) for different purposes such as generating
electricity, industrial processes and transportation is the main source of CO2 emissions as
primary component of GHG (EC, 2011 and EPA, 2016). Apart from ecological disadvantages
of the fossil fuel resources, they will not last for ever. In this context, production of energy from
renewable resources plays a key role to tackle climate changes. For this purpose, there are plenty
of efforts and policies in national and international levels e.g. European Union ambitious plans
to increase the share of renewable energy to 20% by 2020 and according to the long-term plan
it should reach 55% - 75% by 2050 (EC, 2011). In addition to the efforts for energy production
from renewable resources, an efficient energy consumption in different sectors such as industry,
household and transport has a key priority. To tackle with the impacts of climate change, the
share of renewable energy sources in final energy consumption should be increased and
likewise efficiency of all energy consuming sectors such as building (new and existing
buildings), transport (private motorised, air transport, road freight transport), industry and
agriculture should be optimized.
Transport is one of the strategic energy consumption sectors which could contribute to reduce
the GHG emissions. Nearly 20% of the global CO2 emissions, as primary GHG element, comes
from this sector or more precisely from low-efficient conventional internal combustion engine
vehicles (IEA, 2015, pg. 10). The share of GHG emissions from transport sector in industrial
counties of EU and US reaches roughly a quarter of whole energy consumption sectors. More
alarmingly is the rapid urbanization in developing countries and fast-growing consumers of
fossil fuels in transport field make the reduction of GHGs an enormous challenge for the
authorities (Cohnen, 2006). These challenges and the potential of optimizing the energy
consumption in transport sector resulted to develop the clean and high efficient technologies in
automotive industry such as hybrid and hydrogen vehicles as well as Electric Vehicles (EVs)
in the recent years. Among these new technologies, EVs and their establishment in the transport
3

system as an effective solution for excessive CO2 emission of transport sector, are continuing
to gain more and more importance. EVs reduce the local air pollution, slashes CO2 emission
and through their efficient energy consumption in compare with conventional internal
combustion engine vehicles, allow the growing renewable energies play even a more significant
role in reducing the fossil fuel dependency.

Fig. 1:
Right side: share of U.S. GHG emissions by End-Use Sector
Source: https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions retrieved at 18.08.2016 (own
illustration)
Left side: share of EU GHG emissions by End-Use Sector
Source: http://ec.europa.eu/clima/policies/transport/index_en.htm retrieved at 18.08.2016 (own illustration)

The Electric Vehicles (EVs) could be categorized into two classes of battery electric vehicles
(BEVs) and Plug-in Hybrid Electric Vehicles (PHEV):
Battery Electric Vehicles (BEVs):
They have an electric motor and a rechargeable battery pack which provides the driving power.
Since BEVs are entirely powered by electricity, they considered as all-electric vehicles which
produce no emission by running. Inherently, electric engines are more energy-efficient than
fossil fuel engines which leads into less wasted energy and running costs by BEVs (without
considering the source of the electricity). Their energy source is exclusively electricity and their
battery should be charged by private or public charging infrastructures.
Plug-in Hybrid Electric Vehicles (PHEV):
In addition to electric motor, PHEVs use an internal combustion motor which is powered by
fossil fuels of gasoline or diesel. The electric motor works same as the BEVs powered by
smaller rechargeable battery, which should be charged by a private or public charging source.
When the battery is depleted, the combustion motors turns on and the vehicle operates same as
the conventional combustion engine vehicles. Despite their lower electric motor range
compared to the range of BEVs, they could also significantly contribute to reduce the transport
related emissions, especially reducing the local emissions, because many short daily trips in the
cities could be done by emission-free electric motor of the PHEVs.
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There are two more vehicle types of Hybrid Electric Vehicles (HEVs) and Fuel Cell Electric
Vehicles (FCEVs) which use electric motors but due to their energy source they are not
considered in this dissertation. In addition to the internal combustion motor, the HEVs could
run partially or totally by an electric motor, However only for a very limited range and speed.
The battery of HEVs is charged through regenerative braking system or by internal combustion
engine but can’t be externally recharged. The combustion motor turns off when the vehicle is
stopped and switches to the electric motor in order to save the fuel consumption. The vehicle
starts with electric motor and the combustion motor reengages by acceleration or higher speeds,
which need more power. The HEVs could achieve an improved fuel efficiency by combining
the conventional combustion and electric motors and pollute less in compare with conventional
combustion vehicles.
The FCEV combine hydrogen and oxygen in order to produce electricity and run their electric
motor. The by-products of this combination are water and heat, which is emission free. The
refuelling a FCEV is with pressurized hydrogen at the hydrogen stations. The range and
refuelling time of FCEVs are comparable with conventional combustion engine vehicles which
make them interesting option for long-range travelling. The main difference of HEVs and
FCEVs with the above mentioned BEVs and PHEVs is their energy source. Although HEVs
and FCEVs utilize an electric motor to run, their fuel source is not electricity (diesel or gasoline
by HEVs and Hydrogen by FECVs) therefore, they do not need charging infrastructures and
are not in the scope of this dissertation.
The combination of EVs in transport sector and renewable energy sources would drastically
diminish the need for oil, gas and coal, thereby the contribute effectively to solve the climate
change problem. Focusing on reduction of transportation-related CO2 emission, many countries
are trying to push the E-mobility in transport system and replace the internal combustion
vehicles with EVs. Federal German Government set the target of reaching one million EVs in
Germany by 2020 (Bundesregierung, 2009, S. 2) however, statistics show that the acceptance
of E-mobility among people and the share of EVs in Germany’s market is far less to achieve
the target of one million EVs by 2020. According to Kraftfahrtbundesamt (KBA, 2015) there
were less than only 20,000 EVs by January 2015 in Germany.
Several user studies explored the reasons of the low acceptance of EVs in Germany and
indicated to main reasons including technical limitations of EVs, an integrated payment system
as well as deficit of appropriate charging infrastructure. According to a study among 3000
private and commercial users of EV (Frenzel et al., 2015) the most significant reasons could be
summarized as high purchase price, limited range of EVs, long charging time of EVs in
comparison with conventional fossil fuel engine cars and the lack of public recharging
infrastructure. The high price of currently lithium-ion batteries in EVs which is roughly onethird of whole price, is one of the reasons why electric cars have been slow to catch the interests
of buyers. Many countries such as US, UK, China, Sweden… try to compensate the high
5

purchase price of EVs with financial incentives such as direct purchase subsidies or exemption
of VAT for EVs and/or setting CO2 taxation on the combustion engine vehicles. Reducing the
upfront cost of vehicle via financial incentives supported the early EV market and prevented
the failure of this new technology (Mock, 2014). Beside the high price, the low energy densitythe amount of electricity which could be stored in volume unit- is another big disadvantage of
current lithium-ion batteries which results in limited range of EVs. The insufficient range of
EVs in compare with combustion engines is considered as another major barrier for widespread
of EVs. Although even the limited range of EVs also meets the requirements of most single-car
households (Needell et al., 2016), however the feeling of running out of power before a suitable
charging station is reached or so called “Range Anxiety", is a significant factor for low
acceptance of EV. There are plenty of investments being done on battery technology to improve
the energy capacity and performance of batteries while ensuring they are remain still affordable
or even cheaper.
Another problem for acceptance of the E-mobility is the inconvenient payment systems of the
charging stations. Each operator of the charging stations develops its own marketing methods
such as unique payment equipment or beforehand registration, which mainly are not compatible
with each other. Lack of an easy and universal payment system make the charging experience
very complicated and inconvenient which is clearly recognized by the EV-users and needs to
be addressed.
Beside the researches to improve the technical aspects and a user-friendly and universal
payment system, capturing the new groups of EV-users and expansion of EV in market need a
comprehensive public charging infrastructure for those, who do not have the charging
opportunity privately or for those travellers who travel a distance, which is longer than range
of an EV. Specifying the adequate number of public charging infrastructure and their type
depends on different factors such as charging behaviour of EV users, development of EVs in
market, profitability of charging infrastructure etc. which is not the relevant topic in this
dissertation. Charging stations could be different in term of various aspects e.g. their plug-in
systems and charging efficiencies, which will be discussed in detail in chapter three. Whereas
the conventional charging process at home or work places takes several hours, the fast charging
technology could load the battery of EVs within 30 minutes (depending on efficiency of
charging stations and battery capacity) which provides a good flexibility for the users in the
urban areas moreover it gives the possibility of travelling the long-distance intercity trips.
Installation of adequate and easy accessible public Fast Charging Stations (FCSs), in them the
charging speed and convenience are comparable with the ease of filling the fuel tank of
combustion engine vehicles in a gas station, could be an intermediate solution for the limited
range of EVs; before it is technically solved. However, specific prerequisites for electric
network capacity and high installation and equipment costs of fast charging infrastructure
impede to build up a robust and national wide network of FCSs. For a cost-effective investment
6

on FCSs and ensure the future demand, the location of fast charging infrastructures should be
chosen optimally. Since the refuelling infrastructures are planned for a long-term operation, all
the necessary aspects for determining the optimal location of FCSs should be taken into
account.
This dissertation highlights the lack of public charging facilities for EVs and deals with finding
the optimal location of publicly accessible FCSs in the urban areas and on the major highways.
The main goal in this research is to develop a location model for analysing the potential of
locations for installation of FCS from urban structure, transport planning and user’s behaviour
point of views. In order to develop the location model, only those technical properties and
limitations of EVs and fast charging infrastructures (e.g. range of EVs and charging time) will
be regarded which are associated and coupled with user’s behaviour. Exploring the technical
attributes in detail is not the research question of this dissertation.
The location model considers two main use-case scenarios for FCS in urban areas (inner-city)
and on the major federal highways (intercity). The use-case of FCS in urban areas is supposed
to increase the flexibility of users with their daily routine activities such as shopping and leisure
activities, doing personal works etc. In urban areas each facility e.g. supermarket, restaurant or
an administration office is considered as a possible destination for urban travellers and the users
of EVs can make use of their activity time in these facilities in order to charge the battery of
their EVs. Considering this assumption, analysing the interaction between people’s travel
behaviour and urban infrastructure is an important factor in this use-case scenario.
On the contrary to the inner-city use-case, dealing with daily activities and potential of urban
facilities does not come into consideration in the intercity use-cases. The main purpose of
intercity travellers is not the daily routine activities but they intend to travel a relative longer
distance from a city to another within the shortest possible travel time. If the distance between
origin and destination cities is longer than the range of EVs, the intercity travellers need to take
an intermediate stop(s) for charging the battery. This charging time on the inter-city roads could
be also utilized for a small relaxation break during their trip. Considering the inter-city use-case
of FCSs, the criteria for evaluating the potential of a location on the major roads are not the
same as criteria in inner-city use-case. While activity time of the users in different urban
facilities is an important factor in the inner-city, the technical factor of range of EVs plays an
essential role for determining the optimal locations on the major roads.
The mentioned overview about use-cases and relevant criteria clarifies the reason of dividing
the location model into these two sub-models. However, this clear separation of use-cases could
be misleading because in some cases a location could be interesting both in urban areas and on
the highways. In order to consider the potential of a location in both use-cases simultaneously,
a decision algorithm or a combined potential based on both urban areas and major highways
use-cases with different weights has been proposed in which, the weights represent the priority
and importance of the corresponding use-cases.
7

The proposed location model aims to develop an efficient and transparent algorithm based on
the urban and transport criteria as well as travel behaviour of people in order to cover the
growing demand for public FCS of current electric car users. It is one step forward to increase
the acceptance of E-mobility among potential users. Although the pillar of this research is
dedicated to finding the optimal location of FCSs however, the location model will be
developed in a way that it is adaptable for determining the location of other fuelling
infrastructures such as Hydrogen or CNG (Compressed Natural Gas) refuelling stations as well.
Additionally, this research addresses the general problem of “lack of adequate data”. The basis
input data of the developed location model rely mainly on open-source and publicly accessible
data. In so doing, the cost of data gathering (monetary and temporal costs) reduces which makes
the usage of this model more flexible without affecting the quality of the results.

Location Model

Sub-Model: Settlement Areas
Main use-case: increasing the flexibility of urban
travelers with thier daily routine activities

Sub-Model: Major Highways
Main use-case: Overcoming the limited range of
EVs for inter-city trips

Combined Model
Fig. 2: Overview of location model and use-cases and scenarios in each sub-model
The reminder of this dissertation is structured as follows: The theoretical background of
location models and their contribution for determining the optimal location of charging
infrastructure will be discussed in the next chapter. Introducing the fast charging infrastructures
and an overview of their technical characteristics as well as the status quo of FCSs will be
presented in the third chapter. Since the focus of this dissertation is not the technical aspects of
EVs and FCSs, only those technical properties have been introduced, that in the location model
have been utilized. The location model for FCSs is developed using the introduced background
of the location models in chapter 2 as well as the relevant technical properties of the EVs and
FCSs in chapter 3. The fourth chapter introduce the model including the criteria for optimal
location of FCSs, calculation rules and algorithms as well as input parameters. The detail of
implementing the proposed location model by means of ArcGIS Software and Python
programming as well as several scenario-based results of location model have been presented
in the 5th chapter. Finally, the last chapter is devoted for arguing the main points and finding
8

of this research, limitations of the study and provides directions and areas for future research in
this field.
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2 BACKGROUND OF LOCATION MODELS
2.1

Classical Location Models Theories

Almost every enterprise regardless of its sector and type of activity is facing the problem of
finding the optimal location for its facilities or branches. Determination of optimal location of
warehouse and fabrication in industry, retail centres and branches of firms in private sector and
public facilities such as schools, hospitals and fire stations for public sector authorities are some
classical cases for facility location models. Several basic approaches and methodologies have
been developed for the classical location models however, their application does not cover all
complex cases in the reality. Sophisticated cases require their own unique formulation of
location models depending on the specific context and attributes of the location problem such
as type of to be located facility, goals of stakeholders and other relevant criteria for optimal
location of facilities. This chapter is dedicated to introduce some basic cases and backgrounds
of location models, which contribute to formulate and develop the unique location model for
Fast Charging Stations (FCSs) in the next chapters.
2.1.1

Continuous and Discrete models

One of the key criteria in location models is the travel distance between users and facilities
which could be defined and measured based on different approaches e.g. distance in real space
or on the network. ReVelle and Eiselt (2005) distinguished between location models in ddimensional real space and network location problems and subdivided each of them into
continuous and discrete location problems.
Continuous location problems are the oldest location models. They deal with geometrical
representations of distance in real space and suppose that the to be sited points can generally be
placed anywhere in the service area. There are several functions for calculating the distances in
real space using coordinates of the endpoints. Three special of these functions are more popular
(Krause, 2012):
1. Euclidean (or straight line or 𝑙2 ): Euclid was the one who discussed the geometry
systematically and defined the distance between a point ( 𝑎𝑖 ,𝑎𝑗 ) and a point (𝑏𝑖 ,𝑏𝑗 ) with
𝑖 ≠ 𝑗 as: 𝑑𝑖𝑗 = 2√(𝑎𝑖 − 𝑏𝑖 )2 + (𝑎𝑗 − 𝑏𝑗 )2
2. Taxicab metric (or rectilinear distance or 𝑙1 ): The Taxicab geometry changes the
Euclidean distance formula to the following one which is proposed by Hermann
Minkowski: 𝑑𝑖𝑗 = |𝑎𝑖 − 𝑏𝑖 | + |𝑎𝑗 − 𝑏𝑗 |.
This formulation considers the distance between two points not on a straight line, but
on horizontal and vertical lines as if traveling the streets of a perfect city - hence the
name taxicab geometry.
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3. Chebyshev (or maximum metric or 𝑙∞ ): That is a metric defined on a vector space where
the distance is derived from a minimax approximation and equals to
𝑑𝑖𝑗 = 𝑀𝑎𝑥 {|𝑎𝑖 − 𝑏𝑖 | , |𝑎𝑗 − 𝑏𝑗 |}
Some examples of continuous location problems in the real space are the placement of a
helicopter stations for pick up the physical injured or locating video cameras or pollution
censors to monitor certain environments in the transport planning context. The classic model in
this area is Weber problem (Weber, 1909) which various extensions such as obnoxious Weber
model and N-facility Weber model for them have been developed in them generally the
Euclidean distances is taken (ReVelle & Eiselt, 2005). In the continuous location models the
user does not provide a set of potential sites as a possible location of the new facility. The
continuous models can be applied in limited contexts since the location of facilities could be
anywhere in the space being considered. On the other hand, when we suggest some potential
sites for the location of new facility, the best site for the new facility may not be included in the
user provided set of potential sites. Drezner (1994) presents a continuous model for location of
retail facilities that maximizes the market share captured by a new facility. Based on his model,
the captured market share by the facility (existing or new) is sensitive to both facility location
and attractiveness.
However, the definition of distance in the real word based on the direct distance is not the case
in this research because this research is interested to the location of public Fast Charging
Stations (FCSs) for Electric Vehicles (EVs) on a transportation network. In contrast to real
space, distances in network location problems are measured on the network itself, typically as
the shortest route on the network of arcs connecting two points of origin and destination. The
shortest path problem in graph theory is the problem of finding a path between two vertices or
nodes in a graph in a way that the sum of the weights of its constituent edges is minimized. A
road network can be considered as a graph with positive weights. The nodes represent road
junctions and each edge of the graph is associated with a road segment between two junctions.
The weight of an edge corresponds to the impedance on the road segment e.g. length, time
needed to traverse or cost of traversing the road segment.
In graph theory, the shortest path problem is the problem of finding a path between two nodes
so that the sum of the weights of its constituent edges is minimized. Representing a network as
a Matrix (Fig. 3), the shortest path problem could be solved by means of several algorithms and
heuristics such as Dijkstra (1959) which won’t be discussed in detail. Finding the quickest way
to get from one location to another one on a road map is fundamental in simulation of the traffic
flow and predict the transport situation according to different scenarios. Another application of
the shortest path algorithm is to determine the service area or accessibility of a facility. Service
area or catchment area of a facility refers to a region that encompasses all accessible streets
within a specified distance from this facility.
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Fig. 3 An example of representing a graph (network) as a matrix and vice versa
As it is explained in continuous location models, the user does not provide a set of potential
sites as a possible location of new facility because the optimal location of facilities could be
anywhere in the area but regarding the locating of facilities in a network, they could be located
only in a limited number of locations. The location models that deal with optimal location of
facilities in a network called discrete location models which widely have been used in many
practical problems. These models assume that there is a discrete set of demands and a discrete
set of candidate locations. Some attributes could be assigned to the both set of demand and
candidate locations such as information about the feasible solutions, capacity restrictions,
budget restrictions and maximum allowable distance between customers and facilities. The
Number of new facilities either could be given by user or could be unknown in advance and be
determined by a part of the model. Discrete location problems are often formulated as integer
or mixed integer programming problems. Most of such problems are NP -hard on general
networks. There is a sizable body of literature devoted to finding effective and efficient heuristic
algorithms for many discrete problems (ReVelle et.al., 2008). Berman and Krass (2002)
developed a framework within the scope of discrete location theory that explicitly captures both
of “Cannibalization” and “Market expansion” concepts in location models. In all objective
functions of the location problems, the factor distance or its other forms e.g. travel time or cost
play a fundamental role. Numerous travel demand studies have been carried out to estimate the
value of travel time and value of travel time savings. Abrantes and Wardman (2011) provide a
comprehensive review of travel time valuation in the U.K including impact of other variables
such as GDP, travel distance, purpose and mode on this critical parameter for transport
modelling. Litman (2008) summarizes also the researches on travel time valuation and
investigates the practical ways to incorporate the qualitative factors such as comfort and
convenience into travel time valuation. Discrete location problems can be divided to two main
categories based on their consideration of distance; maximum distance and total (average)
distance. Both these models have been well developed with different variations and sub-models
that will be described below.
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2.1.2 Coverage Models
An important feature of interest in the location models is the number of to be located facilities
for covering the whole demand area. The simplest model attemptes to locate a single facility to
cover the maximum area, whereas more complex models locate p facilities, where the parameter
p may be fixed by the decision maker or imposed by a budget limitation. Alternatively, the
number of facilities may be unknown at the outset and determined endogenously through the
model’s objective. Coverage models also known as “Maximum distances models” assume that
the demand within the covering distance of closest facility is considered as “covered”. In the
other word, the demand within the coverage distance of a facility is fully satisfied and the
demand of areas beyond the coverage distance is not satisfied. In this case being closer to a
facility than the maximum distance does not improve satisfaction.
The objective of the first covering location problem formulated by Toregas et al. (1971), known
as Set Covering Location Problem (SCLP), was to locate the minimum number of facilities
required to “cover” all of the demand nodes.
𝐼 = the set of demand nodes indexed by 𝑖
𝐽 = the set of candidate facility locations, indexed by 𝑗
𝑑𝑖𝑗 = distance between demand node 𝑖 and candidate site 𝑗
𝐷𝑐 =distance coverage
𝑁𝑖 = {𝑗|𝑑𝑖𝑗 ≤ 𝐷𝑐 } the set of all candidate locations that can cover demand point i and the
following decision variable:
𝑥𝑗 {

1 𝑖𝑓 𝑤𝑒 𝑙𝑜𝑐𝑎𝑡𝑒 𝑎 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑎𝑡 𝑠𝑖𝑡𝑒 𝑗
0 𝑖𝑓 𝑛𝑜𝑡

With this notation, the set covering location problem (SCLP) can be formulated as follows:
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑥𝑗
𝑗∈𝐽

Subject to:
∑ 𝑥𝑗 ≥ 1 ∀𝑖 ∈ 𝐼
𝑗∈𝑁𝑖

𝑥𝑗 ∈ {0,1} ∀𝑗 ∈ 𝐽
The objective function minimizes the number of required facilities for covering the demand
area. First constraint set ensures that each demand node is covered by at least one facility and
the second constraint set enforces the yes or no nature of the siting decision.
Apart from the introduced formulation for coverage location problem, there are several other
variations of this basic SCLP such as maximal covering, P-dispersion and P-center models.
These elaborated models cover the limitations of the basic model and have different
13

applications. In the basic SCLP, there is no budget constraint to address this problem; Church
and Velle (1974) introduced a model which has an upper limit on the number of the to be sited
facilities.
The objective of the Maximal Covering Location Problem (MCLP) is to locate a predetermined
number of facilities, 𝑝, in such a way that the covered demand is maximized.
The P-dispersion problem diﬀers from maximal covering problems in two ways. First, it
concerns only the distance between the newly located facilities. Second, its objective is to
maximize the minimum distance between any pair of facilities (Kuby, 1987). One potential
application of this model is the siting of military facilities, where the separation of facilities
makes them more diﬃcult to attack or locating franchise outlets where separation reduces
cannibalization effect among the stores. Among the coverage location models, we could also
refer to the P-center problem introduced by Hakimi (1964). It tries to minimize the maximum
distance from demand point to the potential facilities that we are siting a predetermined number
of facilities. The “vertex” p-center and “absolute” p-center problems are two variations of the
basic P-center model that assume the set of candidate facility locations should be at the nodes
of the network or could be anywhere along the arcs.
The P-center model is also known as equity models because it tries to improve the worst
performance of the transportation system. The objective function of the P-center model is
minimizing the longest trips that leads to more accessible facilities for the districts that are far
from center and could improve the spatial equity in the society. In the P-center model it is
supposed that the demand point is served by its nearest facility so this model is a proper location
model for siting the facilities that the choice of customers or users are limited to the closest
facility. There were many applications for P-center models in the literature such as for
emergency services (ReVelle & Hogan, 1988), for military alert sites for important national
areas interest (Bell et al., 2011), locating of emergency vehicles (Marianov & ReVelle, 1996)
and for locating bicycle stations in the historic city of Isfahan/Iran (Kaveh & Nasr, 2011).
Application of this model which tries to cover all the area under study and shorten the long trips
would lead to improve the accessibility of facilities for people in the far districts and to enhance
the social goals.
2.1.3 Total or Average Distance Models
The main concern of these models is to optimize the overall performance of the transport system
by reducing the total or average travel distance between facilities and demand nodes. The
approach of Total or Average Distance Models could be considered as “eﬃciency” objective
in compare with the “equity” objective of minimizing the maximum distance, which was
mentioned in the Maximum Distance Models. P-median problem is a classic model in this area
(Hakimi, 1964) which ﬁnds the locations of 𝑝 facilities to minimize the total distance between
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demand nodes and the facilities to which they are assigned. Given our previous deﬁnitions and
the following decision variables, P-median model could be formulated as follows:
1 if demand node i is assigned to facility at node j
0 if not
hi = demand at node i
yij {

Minimize:
∑ ∑ ℎ𝑖 𝑑𝑖𝑗 𝑦𝑖𝑗
𝑖∈𝐼 𝑗∈𝐽

Subject to:
∑ 𝑥𝑗 = 𝑝

(1)

𝑗∈𝐽

∑ 𝑦𝑖𝑗 = 1

∀𝑖 ∈ 𝐼

(2)

𝑗∈𝐽

𝑦𝑖𝑗 − 𝑥𝑗 ≤ 0 ∀𝑖 ∈ 𝐼 , ∀𝑗 ∈ 𝐽

(3)

𝑥𝑗 ∈ {0,1} ∀𝑗 ∈ 𝐽

(4)

𝑦𝑖𝑗 ∈ {0,1} ∀𝑗 ∈ 𝐽

(5)

This objective function minimizes the total travelled distance. Constraint (1) imposes that 𝑝
facilities should be located. Constraint set (2) forces that each demand node be assigned to
exactly one facility. Constraint set (3) restricts demand node assignments only to open facilities.
Constraint set (4) established the siting decision variable as binary. Constraint set (5) assigns
the demand at a node to only one facility.
The P-median problem makes three important assumptions that may not be appropriate for
certain siting scenarios. Firstly, it assumes that each potential location has the same ﬁxed costs
for siting a facility at it. Secondly, it assumes that the facilities being sited do not have capacity
limitations which is referred as an “uncapacitated” location problem in the literature. Finally, it
assumes that the planners know in advance that, how many facilities should be located (value
of 𝑝 is given in advance).
The Fixed Charge Location Problem model (FCLP) relaxes the mentioned three assumptions
of p-median model. The objective of the FCLP is to minimize total number of facility and
transportation costs. In so doing, it determines the optimal number and new facilities, as well
as the assignments of demand to each facility. Considering the restricted capacity for each
facility, demand may not be assigned to the closest facility, as was the case in the previous
presented models such as SCLP, MCLP, P-center, P-dispersion and P-median (Current et al.,
2001). Given the previous deﬁnitions and the following inputs:
fi = ﬁxed cost of locating a facility at candidate site j
Cj = capacity of a facility at candidate site j
α = cost per unit demand per unit distance
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Balinski, (1965) formulated the capacitated Fixed Charge Location Problem (FCLP) as below:
Minimize:
∑ 𝑓𝑖 𝑥𝑗 + 𝛼 ∑ ∑ ℎ𝑖 𝑑𝑖𝑗 𝑦𝑖𝑗
𝑗∈𝐽

𝑖∈𝐼 𝑗∈𝐽

Subject to:
∑ 𝑦𝑖𝑗 = 1

∀𝑖 ∈ 𝐼

(1)

𝑗∈𝐽

𝑦𝑖𝑗 − 𝑥𝑗 ≤ 0 ∀𝑖 ∈ 𝐼 , ∀𝑗 ∈ 𝐽

(2)

∑𝑗∈𝐽 ℎ𝑖 𝑦𝑖𝑗 − 𝐶𝑗 𝑥𝑗 ≤ 0 ∀𝑖 ∈ 𝐼

(3)

𝑥𝑗 ∈ {0,1} ∀𝑗 ∈ 𝐽

(4)

𝑦𝑖𝑗 ∈ {0,1} ∀𝑗 ∈ 𝐽

(5)

The objective function in FCLP minimizes the sum of the ﬁxed facility location costs and the
total travel costs for demand nodes to be served. The second set of terms of objective function
is often referred as demand-weighted distance. Constraint (3) prohibits the total demand
assigned to a facility from exceeding the capacity of the facility, 𝐶𝑗 . The other constraints are
the similar to the constraint sets in the P-median problems. Relaxing the constraint set (5) allows
demand at a node to be assigned (partially) to multiple facilities. It should be also regarded that
constraint (2) is not needed in this integer programming formulation since constraint set (3) will
also force demands to be assigned only to open facilities. However, including constraint set (2)
in the formulation signiﬁcantly strengthens the linear programming relaxation of the model.
There are several other features of the FCLP that may not be initially apparent. The inclusion
of (5) as a binary constraint requires that all demand points be singly sourced. That is, all
demand at a particular location is assigned to one facility. Note also that, due to the facility
capacities, demand may be served by a facility which is not its closest one. If constraint set (3)
is removed, the model becomes the Uncapacitated Fixed Charge Location Problem (UFCLP).
In this case, each demand can be completely served by its closest facility and (5) can be replaced
by non-negativity constraints on the assignment variables, 𝑦𝑖𝑗 . Hub location problem and
Maximum location problem are other types of discrete facility location models. Their objective
function approach is based on total or average distance to utilize larger capacity or faster
vehicles over far distances such as logistics systems and airline networks which are designed
for an origin to destination delivery.
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2.2

Choice Behaviour

There are two main approaches toward solving the facility location problems based on
traveller’s choice behaviour: Firstly, the passenger chooses the closest available facility
regardless of the quality of facility and secondly, the passenger chooses the facility based on
wide variety of factors (including the distance) to maximize his/her utility. The first approach
is utilized for some public facility such as primary schools, police stations or some
administrational offices for citizens in which there are some choice limitations from local
regulation and the users are not allowed to choose their facility freely (ReVelle & Eiselt, 2005).
For example, parents should send their child to a public primary school according to the
dwelling location and the capacity of the school and cannot choose a farther school while the
closer one is not fully occupied yet. In these approaches it is supposed that the attractiveness or
quality of the facilities is not important and all the facilities in this category are the same from
user or customer point of view. These restriction from local authorities ensure the allocation of
a minimum quotas for each district and minimize the public-sector investment on the basic and
essential facilities.
The second approach is mainly utilized in retail center location models and the facilities that
the attractiveness and quality of facility play an important role for users. Although the factor
distance to the facility is still an important criterion for choosing a specific facility however,
the user can choose a farther facility freely in order to maximize his/her utility.
Regardless of passenger’s behaviour in choosing the facility based on first or second approach,
it is supposed that the passenger utilizes the shortest path algorithm for routing and reaching
the selected facility and minimize his/her travel distance or travel cost. This section classifies
the facilities into two categories in term of travellers’ choice behaviour: 1- facilities which are
chosen based on closest facility approach and 2- facilities which are chosen based on maximum
utility theory. These two approaches are described below:
2.2.1 Closest Facility
The choice behaviour is an essential factor to differentiate between types of facilities to be
located. In the nearest facility approach, the closest facility is supposed to be selected by a
passenger regardless of its quality. The supposition of choosing the nearest facility is the main
supposition in both categories of the Maximum Distance Models and Total/Average Distance
Model that were presented in previous section (Toregas et al., 1971). It is supposed that users
choose the nearest public facility because the quality of service in all facilities is the same. The
public facilities are the typical example for this approach which could be divided into two
groups of vital and non-vital facilities according to their importance for residents and the
relevant location model could be assigned based on this categorization.
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❖ Vital public facilities:
The importance of accessibility to some basic public services such as preliminary school,
emergency medical care centers or police stations, which are essential for every society, could
be different from those that their existence is not considered as basic services. Everyone needs
to get a minimum level of access to these necessities of life and the local government should
guarantee this minimum access level by providing adequate public facilities in the proper
location. Location problem of vital public facilities such as emergency medical service (EMS)
stations, ambulances, fire stations or police station, that the minimum level of accessibility
should be provided to all users, should be modelled based on the equity oriented location models
such as Maximum Distance Models including P-center model (Toregas et al., 1971). These
models try to enhance the spatial accessibility of facilities for all users and improve the social
equity objectives.
❖ Non-Vital public facilities:
Enhancing the mobility equity of people by providing more accessible facilities do not
necessarily lead to improve the overall performance in whole transportation system or maybe
it is not feasible regarding the budget constraints. For example, providing a low-density area
with a public facility such as swimming pool could result in improving the social quality of the
inhabitant but it puts a great economic burden on the local government. Therefore, the type of
facility to be located plays an important role for developing a proper location model. Apart from
type of facility, the goals of decision makers also should be regarded by developing the location
models. If the goal of facilities is improving the social equity through providing more accessible
public facilities to the residents, then the Maximum Distance Models are proper models but if
the authorities intend to improve the efficiency of whole transport system and try to minimize
the total (average) travelled distance in the transport network, then the efficiency oriented
location models such as P-median models could be utilized (ReVelle & Eiselt, 2005). Efficient
distribution of facilities in the urban texture and decreasing the total (average) travelled
distances in whole transport system will help to achieve other urban planning and
environmental goals such as less traffic congestion and air emission.
However, there is no specific definition for the vital and non-vital public facilities and
differentiation between these two types of facilities could be a controversial issue. The main
assumption in nearest facility approach is that the choice behaviour of users is a deterministic
behaviour with values of zero or one (one if the facility is chosen and zero if not) because it is
supposed that the quality of all facilities is the same and choice behaviour of user is based on
only the distance. However, in many cases, especially in the retail facilities, the users do not
choose necessarily the nearest facility because other characteristics of facilities effects their
choice and we deal with the probability of choosing a facility. Next section is dedicated to
introduce the choice behaviour models when the facilities’ quality is not considered as same.
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2.2.2 Maximum Utility Theory
Somehow all people are involved to choose between different options. Every day individuals
should decide between different alternatives; commuters choose between alternative routes and
transport modes, customers choose between products based on their attributes such as price,
quality and quantity. The choice models formulate the human choice process considering the
underlying rational decision process which has a functional form. Depending on the behavioural
context, a specific function could be selected to model that specific choice behaviour. Most of
choice models are based on economic principle of utility theory which assumes that a decision
maker’s preference for an alternative is captured by a value called utility. Briefly, a decision
maker is modelled as selecting an alternative with the highest utility among other available
choices (Ramsey, 1928 and Simon, 1959). In this approach the selection of a facility is based
on a wide variety of other factors, rather than only travel distance, such as attractiveness, service
fee, opening hours, urban network’s capacity, etc.
Finding the optimal location of retail facilities is one of the obvious examples for this kind of
facilities. In fact, according to these models the passenger chooses a facility among the available
options to increase his/her utility. In contrast to the closest facility choice approach, which is
supposed to be a deterministic behaviour with values of zero or one (one if the facility is chosen
and zero if not), the choice behaviour in maximum utility approach is a probabilistic behaviour
with a value between zero and one. The greater value shows that the probability of being chosen
is higher.
Multinomial Logit Model (MNL) is one of the most commonly used form of the probabilistic
choice models for modelling the choice behaviour of individuals. This model is based on the
utility maximization theory and utilized commonly in the transportation topics such as travel
mode choice and facility location problems is very common (Haase & Müller, 2014 and
Paulssen et al., 2014). The maximum utility theory is the most common theoretical basis of
choice models in there the human beings strive to maximize their total utility through their
choices. Ben-Akiva and Bierlaire (1999) defined the model’s elements and distinguished the
general assumption as below:
➢ Decision-maker: defines the attributes of decision maker individual or group. Discrete
choice models are also referred as disaggregate models, in them the decision-maker is
assumed to be an individual. According to this definition, a group of people (a household
or an organization, for example) may be also considered as the “individual” decisionmaking unit. If the decision maker assumed to be a group of persons, so all the internal
interactions within the particular individuals of group will be ignored and consider only
the decisions of the group as a whole.
➢ Alternatives: determines the available options to the decision-maker. Analysing the
process of the decision making requires not only the information of what has been
chosen, but also the information of what have not been chosen. Therefore, assumptions
must be made about all available alternatives that an individual considers during a
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choice process. The set of considered alternatives is called the choice set. A discrete
choice set contains a finite number of alternatives that can be explicitly listed. A
universal choice set contains all potential alternatives in the application’s context and a
subset of universal choice set which are available for decision-makers considered as
alternatives in the choice. In addition to availability, the decision-maker’s awareness of
the alternatives could also affect the choice set.
➢ Attributes: refers to characteristics of an alternative. It measures the benefits and costs
of each alternative to the decision-maker. Each alternative in the choice set is
characterized by a set of attributes. In case of the facility location problem of shopping
and retail center these attributes could be the distance of facility to the customers, level
of prices, area, parking availability, etc. An attribute is not necessarily a directly
measurable quantity. It can be any function of available data. We will discuss attributes
after introducing mathematical formulation of maximum utility theory under the
attractiveness heading.
➢ Decision rule: describes the utilized process by the decision-maker to evaluate the
attributes of the alternatives in the choice set and to determine a choice. Most applied
models for shopping and retail location applications are based on utility theory, which
assumes that the decision-maker’s preference for an alternative is captured by a value,
called utility, and the decision-maker selects the alternative in the choice set with the
highest utility. This concept, employed by consumer theory of micro-economics,
presents strong limitations for practical applications. The complexity of human
behaviour suggests that the decision rule should include a probabilistic dimension.
Specific families of models can be derived depending on the assumptions about the
source of uncertainty. Random utility models, used intensively in econometrics and in
travel behaviour analysis, are based on deterministic decision rules, where utilities are
represented by random variables.
According to the random utility theory, it wouldn’t be a realistic assumption that the decisionmaker has all information about the attributes of available choices. Even if the decision-maker
has all these information, the analyst who models the decision-making process is not aware of
all the decision rules of the choice process. In fact, the analyst is assumed to have incomplete
information and uncertainty in the decision-making process should be taken into account. In
this regard, the utility is modelled as a random variable to reflect the uncertainty. More
specifically, the utility that utility of alternative 𝑖 in the choice set 𝑆𝑗 to the decision-makers is
given by:
𝑈𝑖 = 𝑉𝑖 + 𝜀𝑖
in that 𝑉𝑖 represents the deterministic (or systematic) part of the utility and 𝜀𝑖 is the random
term, capturing the uncertainty which represents all the elements that has not been in the
deterministic part considered.
The deterministic term (𝑉𝑖 ) of each alternative is a function of the attributes of the alternatives
and the decision rules which describes the characteristics of the decision-maker. For simplifying
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the formulation, an appropriate vector 𝑥𝑖 represents all the attributes of the alternative and
characteristics of the decision-maker which could be defined as:
𝑉𝑖 = 𝑉(𝑥𝑖 )
The random part of the utility functions (𝜀𝑖 ) is the source of many potential models. Probit and
Probit-like models are based on the Normal distribution motivated by the Central Limit
Theorem. The main advantage of the Probit model is its ability to capture all correlations among
alternatives. However, due to the high complexity of its formulation, the scope of applications
is limited. The logit family formulations are more popular models based on a probability
distribution function of random variables, introduced by Gumbel (1958). The advantage of the
logit models are their controllability, however this ability imposes restrictions on the covariance
structure. The derivation of other models in the “Logit family” is aimed at relaxing restrictions,
while maintaining tractability. The Multinomial Logit Model (MNL) is derived from the
assumption that the error terms of the utility function (𝜀𝑖 ) are independent and identically
Gumbel distributed.

∀ 𝑗 ∈ 𝑆𝑛 ,

𝜀𝑗 ~ 𝐺𝑢𝑚𝑏𝑒𝑙 ( 𝜂 , 𝜇 ), 𝜇 > 0

Probability density function of Gumbel distribution:

𝑓(𝑥) = 𝜇 𝑒 − 𝜇 ( 𝑥− 𝜂) 𝑒 −𝑒

−𝜇 (𝑥− 𝜂)

Cumulative distribution function of Gumbel distribution:

𝐹(𝑥) = 𝑒 −𝑒

−𝜇 (𝑥− 𝜂)

The alternative 𝑖 from the choice set of 𝑆𝑛 if its utility is greater than utility of all available
alternatives is:

𝑃 (𝑖 | 𝑆𝑛 ) = 𝑃 ( 𝑈𝑗 ≥ 𝑈𝑗 )
𝑃 ( 𝑉𝑖 + 𝜀𝑖 ≥ 𝑉𝑗 + 𝜀𝑗 )
After calculations, the probability of alternative 𝑖 within the choice set 𝑆𝑗 is given by:

𝑒 𝑉𝑖
𝑃(𝑖|𝑆𝑛 ) =
∑𝑗𝜖𝑆𝑛 𝑒 𝑉𝑗
A classic application of Multinomial Logit Model in transportation context is travel model
choice. Considering the choice set as:
𝑆𝑛 = {𝑐𝑎𝑟, 𝑏𝑢𝑠 , 𝑏𝑖𝑘𝑒, 𝑤𝑎𝑙𝑘}
The probability of choosing car using the MNL model will be:
𝑃(𝑐𝑎𝑟|𝑆𝑛 ) =

𝑒 𝑉𝑐𝑎𝑟

𝑒 𝑉𝑐𝑎𝑟
+ 𝑒 𝑉𝑏𝑢𝑠 + 𝑒 𝑉𝑏𝑖𝑘𝑒 + 𝑒 𝑉𝑤𝑎𝑙𝑘
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❖ Retail facilities
One of the first approaches to include other factors in modelling of choice behaviour rather than
only distance was a gravity based model introduced by Huff (1964) in which the probability of
patronizing a customer to a specific facility was proportional to its size (attractiveness) and
inversely proportional to the distance to it. Peeters and Plastria (1998) modified Huff’s basic
model according to the assumption that an individual will patronize a more distant facility only
if that facility is more attractive. For public facility locations problem, covering models and
median models with some extensional attributes such as capacity limits on facilities try to
minimize the number of facility to cover all demand points or minimize the total (average)
travelled distances.
Facility Type

Public Facility
Retail Facility
Vital Facilities

• Examples: Primary schools, emergency
services, police stations, …
• Minimum accessibility should be
guraranteed for all residents
• Equity goals are most important
• Choice behaviour: Closest facility
• Location models: Coverage Models

Non-Vital Facilities

• Examples: Hospitals, secondary schools,
libraries, parks, …
• Satisfying the minimum accessibility is
in second priority
• Equity or Efficiency goals depending on
decision maker’s opinion
• Choice behaviour: closest facility or
maximum utility models
• Location models: Coverage models or
Total/Average Distance Models

• Examples: Shopping centers, large retail
centers services,
• Satisfying the minimum accessibility is
not important
• Efficiency goals are most important
• Choice behaviour: Maximum utility
Models
• Location models: Total/Average
Distance Models

Fig. 4. Classification of facility types and summary of relevant choice behaviour and location models
However, in case of retail facility location problem, the competitive socio-economic
information of travellers and attributes of retail centers also affect the location problems by
influencing the choice behaviour of users. In retail facility location problem, the discrete choice
models (McFadden, 1973) are nowadays more popular because they consider not only the
distance to the facility but also the attributes of retail center as an effective factor in choice
behaviour of user. These attributes e.g. size, parking availability, proximity to major
intersections as well as other variables marketing expenditures, prices, etc. may affect the
“perceived attractiveness” of a facility (Berman and Krass, 2002). However, some attributes
may refer to comparable characteristics and thus substitutable.
The choice behaviour modelling is the determining deference between location models of
public facilities, in there the facilities will be located only based on shortest travelled distance
and the facilities like retail centers, in there the maximum utility theory will be applied for
modelling the choice behaviour of users.
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2.3

Location Models for Fast Charging Stations

Increasing concerns about global climate change and potential of transport sector to deal with
this phenomenon encouraged many public authorities to promote the establishment of electro
mobility by implementing supportive government policies and other local strategies to
accelerate the growth of EVs among people. The provision of subsidies and other supportive
policies could be financial or non-financial to both demand and supply sides. The financial
incentives such as purchase subsidies or reducing the value added tax or other ongoing costs
like registration costs on EVs in some countries such as US, Norway and Netherland could
stimulate the demand side. These incentive policies could be implemented along with some
disincentive policies on conventional combustion engine vehicles such as setting taxes on fossil
fuels so that the total cost of ownership in long-term are modified and EVs be competitive with
their gas-powered counterparts. Other benefits from local authorities such as reduced/exempted
parking fee or congestion charges or allowing to access bus or car pool lanes also could promote
EVs adaption among people (Trigg et al., 2013). However, these incentives won’t last for ever
and ideally the extra help is only for a short term. One big obstacle for widespread adaption of
EVs is the technical issues related to the batteries; mainly their lower capacity and longer
refuelling time in comparison with gas-powered vehicles. Numerus scientific researches are
trying to improve the performance of current Lithium-ion batteries of EVs or replace them with
new technologies not only to address their technical limitations but also to drop the cost of EVs
through producing higher-performance and cheaper batteries because the battery’s cost makes
up roughly one third of cost of EVs.
Apart from higher costs of EVs and technical issues, deficit of appropriate charging
infrastructure is an important reason for low adaptation of EVs. The relation between EV’s
market share and developing the charging infrastructure seems at first view to be a “the chicken
or the egg” dilemma; Without EVs there is no recharging infrastructure and there is no charging
infrastructure because there are no EVs. However, studies show a strong positive relation
between provision of charging infrastructure and EVs market share (Sierzchula et al., 2014)
and proper provision of charging infrastructure could stimulate the demand for EVs. The fact
is that for many current EVs users the only possibility of recharging the vehicle’s battery is at
home or work places which imposes a major constraint for the users who do not have private
charging possibilities (Frenzel et al., 2015). Moreover, a large portion of existing public
charging stations are not high powered enough which generally require several hours for
recharging which imposes significant restrictions and limits the usage of EVs only for shortdistance inner-city travels.
For most EV owners, the over-night charging at home or during the worktime at workplaces is
enough. The slow charging process works fine for many people. For capturing the potential EV
users who live in apartments without EV charging facilities or no charging station at the
workplaces, the slow charging stations are highly demanded. The slow charging stations needs
much less installation costs and the technical requirements especially in term of electricity
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power network are already provided with the current infrastructures. However, for taking a long
road trip or for very rare situations, in there the EV-users need a quick charging infrastructure,
the limitations of the current slow-charging infrastructure become very clear.
Automaker companies are trying to overcome these limitations with comprehensive installation
of charging facilities, which could full the battery of EVs as fast as possible. For this purpose,
the so called Fast Charging Stations (FCSs), which according to EU definition (EU, 2014)
deliver the electricity with a power of more than 22 kW seems to be an ideal solution. A
common 50 KW powered FCS can load the battery of an EV with sufficient electricity for more
than 100 kilometres in less than 20 minutes. Fast charging infrastructures provide not only the
refuelling opportunity to those who cannot charge their EV privately but also, they are
considered as an intermediate solution for technical deficits of current batteries such as low
capacity and long refuelling time. FCSs provide a mid-term solution for these technical
limitations allowing the user to extend the range of EVs beyond the inter-city short trips, before
the technology progress comes to that point. The technical properties of FCSs will be described
in more detail in chapter three.
However, high installation cost of FCSs is a significant barrier to establish an extensive fast
charging network and in this regard the profitability and long-term operatability of them should
be ensured so that the investors are willing to spend their money in this field. In the recent years,
plenty of research works and projects analysed the location problem of FCSs with different
approaches and point of views. Some researchers viewed this problem from electricity supply
grid with some objectives such as reducing power loses or/and reducing the voltage deviation
(Wang et al., 2013; Mohsenzadeh et al., 2015; Bayram et al., 2013). Some researchers
investigated the economics and business cases for this technology focusing on profitability
objectives such as return of investment which are based on some assumptions and analysed
about development of EVs in the market, utilisation level of charging stations and the price of
electricity in the charging stations (Wirges et al., 2012; Schroeder & Traber, 2012; Zhu et al.,
2016).
Some other researchers investigated the optimal location of (fast) charging infrastructure based
on user’s behaviour, which is one of the significant components of the location model in this
dissertation as well. The refuelling infrastructure location models generally try to minimize the
number of needed stations (Wang & Lin, 2009; Kim & Kuby, 2012) however, these models
should be adjusted based on the specific characteristics of FCSs. The perceived range anxiety
resulted from limited driving range is certainly one of the serious restrictions of EVs which
affects the travel behaviour of users, especially the long-distance trips, and impede the speed
up of EV’s adaptation. In this regard, plenty of researches are dedicated to develop the location
models for FCSs on the major highways. Some of them are mathematical models based on
classical location models e.g. continuous facility location models (Sathaye & Kelley, 2013), set
covering problem (Zhang et al., 2015) and P-center location model (Jia et al., 2014) or other
mathematical formulations such as mixed integer program (Li et al., 2016) and some others
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developed scenarios based on user’s travel and charging behaviour and implement them by
means of simulating the traffic flow (Nicholas et al., 2012).
Morrissey et al. (2016) explored the EV user’s fast charging behaviour in Dublin and found that
user’s requirements in urban areas and rural commuter groups are very different. Based on
observation of user charging behaviour in this research, the rural commuters are the common
users of the FCSs on the primary highway corridors while the urban users tend to charge their
vehicles close to their home. According to this research the over-focusing on covering the
demand for FCSs on major highways, which is the case by many current strategies for
addressing the perceived range anxiety of users, may not be appropriate for all. According to
this research the demand in the major cities also should be taken more seriously into account.
Baouche et al. (2014) employed the classical constraints of p-dispersion and fixed charge
location problems for location problem of charging stations including FCSs in urban areas. Zhu
et al. (2016) utilized these constraints for proposing a genetic algorithm-based method which
determines the location and size of charging stations considering the construction costs and
travellers’ charging convenience. Another study (He et al., 2016) utilized the P-median and
maximal covering location models for determining the optimal location of FCSs in Beijin. The
mentioned studies utilized O-D Matrix for locating the FCSs in urban areas. Another approach
of location models focuses on charging and travel and charging behaviour of users instead of
utilizing the mathematical formulations of classical location models and develops use-case
scenarios based on the user behavioural aspects (Giménez-Gaydou et al., 2014).
The location models in this dissertation is a demand-oriented model which considers the urban
structure, transport planning and user’s behaviour point of views and the presented introduction
on background of location models helps to develop our own unique location model in this
dissertation.
Considering the FCSs as to-be-located facilities, which cannot be located anywhere in the area
under study and they should be installed only along the transportation network, the developed
location model in this dissertation is categorized as discrete models. However, as we will see
in chapter 4 with more details, the utilized spatial function for the parameter distance in the
location model is based on Euclidian function in the real space which is utilised in continuous
location models. In fact, the nature of the location problem in this dissertation is a discrete
location model because the FCSs should be located on the transportation network (not anywhere
in the area under study) so that these facilities are usable for EVs, however, the utilized
methodology for finding the optimal location for FCSs (presented in chapter 4) is a continuous
location model. The reason for utilising a continuous methodology for a discrete location
problem is model’s complexity. Calculating the distance on transport network by shortest path
algorithms such as Dijkstra in graph theory, which is common in the discrete models, imposes
a great computational burden therefore, the definition of parameter distance by Euclidian
function is employed which relieves the complexity of the location model. This simplification
should be considered by interpretation of the output of the model.
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The presented location model in this dissertation also tries to reflect both equity and efficiency
goals. This is addressed in the weighting of criteria in the model and not by utilising the same
mathematical formulation of classical location models such as coverage or total (average)
distance models.
The main supposition behind the presented location model explains why the common
mathematical formulations of classical location models have not been utilized in this
dissertation. The backbone for developing the location model, is that the charging of an EV is
not the main activity of the travellers but the travellers make use of their activity time in the
facilities (not in the charging station by itself) such as shopping centers, restaurants in the cities
or rest areas on the major highways for charging their EVs. Based on this assumption we do not
deal with a specific type of facility but a wide variety of facilities could be a potential place for
installation of FCSs next to them. In fact, the (fast) charging of an EV is not supposed as main
trip purpose of travellers, but it is a side-activity which is accomplished while the travellers are
busy with their main activity such as shopping or leisure activity in the settlement areas or
having a small rest on the major highways for inter-city travellers. Based on this supposition,
implementation of the exact mathematical formulation of classical location models is not
possible for FCSs because the origin-destination trip matrix with corresponding trip purpose
for the relevant facility, which is utilised in the classical models, is not available for FCSs.
The theories and models regarding choice behaviour have not been included in the developed
location models in this dissertation because of the same reason for not utilising the classical
location models. In the section 2.2 the choice behaviour of travellers for different types of
facilities were analysed and according to the type of the facility, the suitable model for
determining the choice behaviour of travellers were introduced. For example, the choice
behaviour of travellers regarding the retail facilities is based on maximum utility theory and for
public facilities (vital and non-vital) the closest facility explains the choice behaviour of
travellers. Since the FCSs could be installed beside any of the introduced types of facility (vital
or non-vital public facilities or retail facilities), utilisation of a unique choice model for all types
of facilities is not correct. Therefore, the choice behaviour of travellers has not been included
in the location models. In order to close this gap and calculate the choice behaviour of travellers,
this dissertation utilises guidelines for estimating the number of attracted travellers to a facility
which is described in chapter 4.
Before introducing the developed location model in chapter 4, it is important to get familiar
with the important features of FCSs and EVs and understand the effect of these features on the
location model. For this reason, the next chapter gives an insight into the important
characteristics of FCSs, especially those which are related to travel and charging behaviour of
EV users, because they will be utilized for modelling the location problem in chapter 4.
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3 BACKGROUND OF ELECTRO MOBILITY
The charging infrastructures could differ depending on charging method and technology, input
electricity type and charging performance. These characteristics and capacity of battery
influence mainly the charging time of EVs that could vary from 30 minutes until twelve hours.
Charging methods could be inductive in which the energy is transferred via a magnetic field,
battery swapping in which the battery is not charged directly but the depleted battery is replaced
with a fully charged one or the most common method of cable charging, which is equipped with
a connector on the end of charging cable that can be coupled to a socket on the EV. In addition
to transferring the electricity in cable charging method, the coupling allows additional
transmissions such as starting or stopping the charging operation or energy meter. Regardless
of charging method, the power levels of charging infrastructure play a key role for determining
the charging time of EVs which can be divided into three charging levels. Level 1 is the lowest
common voltage level available at home and considering the average capacity of a battery as
20 kWh, it takes roughly 6-8 hours to fully charge an empty battery. Utilizing a single or three
phase AC electricity source with 3.7-22 kW power, the level 2 charging stations could reduce
the charging time up to one hour. Both level 1 and 2 chargers provide AC current which should
be converted to DC in order to charge the battery. It happens via an on-board AC/DC rectifier
in the EVs, which take input power from an AC source and converts it to DC current. The
AC/DC conversion process via on-board rectifier of EVs causes a large loss of power. In
addition, only a very limited number of EVs are equipped with an on-board AC/DC rectifier,
which can convert more than 22 kW AC power to DC therefore the level 3 charger was
developed which supply the battery of EVs directly with high DC power. According to EU
definition (EU, 2014), charging stations which transfer the electricity with a power of more than
22 kW are labelled as Fast Charging Stations (FCSs). Due to mentioned technical advantages
of DC electricity source, most of the installed FCSs in praxis deliver only DC current. Many
studies explored and reviewed the technical features of FCSs in detail (e.g. Channegowda et
al., 2015) which is not the case in this dissertation.

3.1

Fast Charging Stations (Charging Time)

Due to the huge investment on battery technology, the production price and storage capacity of
batteries is improving very fast, which result in longer driving range and consequently higher
acceptance of EVs between the people. Having a battery with higher storage capacity, however,
indicates simultaneously to longer charging time of the batteries, which highlights the need for
more comprehensive fast charging infrastructures. The EVs could only be truly competitive
with the combustion engines vehicles when not only their price and driving range but also their
charging time (especially on the major roads) do not take much longer than filling a tank in gas
stations. Considering the level 1 and 2 charging stations which deliver only AC current, the
maximum input power is 22 kW and moreover, most of EVs even are not able to charge their
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battery with 22 kW power due to limitation of their on-board AC/DC rectifier. The Level 3 or
FCSs provide high DC current (more than 22 kW) bypass the on-board rectifier and provide
DC electricity to the battery that charge much faster than level 1 and 2. The charging power of
FCSs are not all equal and most of installed FCSs in the practice have the power between 50
kW and 120 kW. The charging time depends on different technical features of different
components such as efficiency and plug-in system of charging station, type and capacity of
battery and the state of charge of battery (SOC). Regardless of these technical features, the
charging speed follows roughly the same pattern in a way that when the battery is closer to
empty, the charging speed is higher because the electricity can flow at a faster pace from the
power source to the battery and as the battery fills up the charging process becomes slower.
Since the technical factors are not the topic of this dissertation and in order to keep it simple,
the following figure for charging time of a battery with FCSs could be presented:

100%

State of Charge

80%

30-60

15-30

Time (Minutes)

Fig. 5: Simplified state of charge of battery, Source: own illustration

As it is shown in the simplified sketch of Fig. 5, charging process up to 80% of battery takes
roughly 15-30 Minutes (depending on technical parameters of battery and FCSs) and the
remaining 20% of battery also takes the same time (Hayes & Davis, 2014). The charging
efficiency of to-be-installed (and existing) FCSs should be specified as input parameter in the
location model by user because as it is discussed, the charging efficiency is the main factor
which specifies the charging time of battery.

3.2

Fast Charging Stations (Plug-in Systems)

Beside the charging efficiency, another important characteristic of FCSs is their plug-in system.
Most of the EVs have a standard connector based on the SAE J1772 standard which enable
them to use “Level 1” or “Level 2” chargers without extra devices that eliminate drivers
concerns about whether their vehicles are compatible with charging infrastructure or not.
However, considering the FCSs with DC electricity source, there are three DC plug-in charging
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types by now and the main point is that they are not compatible with all EVs which is an
important drawback from users’ perspective.
❖ CHAdeMO:
This DC charging system which is developed by the Japanese auto industries provides a current
source up to 62.5 kW to the Asian EV products e.g. Nissan Leaf, Mitsubishi i-MiEV and Kia
Soul as well as Peugeot and Renault. CHAdeMO chargers are most installed DC-charger by
now because of their early mover advantage. However, automaker companies in Europe and
U.S. introduced their own charging system later which is not compatible with CHAdeMO
standard.
❖ Combined Charging System (CCS)
After CHAdeMO, the Combined Charging System (CCS) was introduced by German engineers
which combines single-phase with rapid three-phase charging using AC at a maximum of 43
kW, as well as DC charging at a maximum of 200 kW with the looking to a future system with
350 kW output1. Although the current number of CCS chargers are less than CHAdeMOs, the
non-Japanese automakers of BMW, Daimler, Ford, General Motors and Volkswagen are
strongly supporting the CCS which makes the future of dominant DC-chargers unclear.
According to the directive of the European Parliament (EU, 2014), from 2017 onwards, the
member states of the European Union must equip their FCSs with at least one CCS plug-in
standard in their expanded or new charging infrastructure.
❖ Supercharger:
The Superchargers can be used only by Tesla EVs but the big advantage of Supercharger is that
it can charge the battery faster than other two charging systems. They provide 120 kW DCpower to Tesla EVs which is more than double charging efficiency of previous two systems.
While other automakers try to involve private sector for building their FCSs, Tesla is
developing the Supercharger network by its own. The location and other details of
Superchargers can be retrieved directly from website of this company2.
The main character of introduced plug-in standards is their incompatibility with each other,
which means that each EV is compatible only with one of the above-mentioned plug-ins. It is
necessary that the user of introduced location model should be aware of this character in order
to determine the input-parameters of the model correctly. The determination of the desired plugin system depends on goals of installation of these specific FCSs for example German automanufacturers are not interested on CHAdeMo or Supercharger FCSs because these types of
plug-in systems do not support their products. Since the area under study in this dissertation is

http://www.charinev.org/1
https://www.tesla.com/supercharger2
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Germany, it is tried to utilize the CCS plug-in standard as to-be-installed (and existing) FCSs
in order to generate the scenario-based results in chapter 5. However, other plug-in systems also
could be entered as input parameter as we will see in the section 5.1.5.
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3.3

EVs in Market

Although the focus of this research is to determine the optimal location for installation of FCSs,
taking a general look at the number of EVs and required FCSs could help to acquire a holistic
view about development of EVs in the world and a better strategic decision for establishment
of the fast charging infrastructure for future. The statistics show that the EV market has changed
significantly in the last years and global demand for EVs is growing. According to the last
report of International Energy Agency (IEA, 2016), the number of registered EVs by early 2015
is more than 750,000 (see the Fig. 6).

Fig. 6. Evaluation of the global EV (battery electric vehicle and plug-in hybrid) stock, 2010-2015, IEA (2016)
In addition to analysing the current development of EVs, a reliable estimation of EV market in
the future for providing a proper and sufficient charging infrastructure is also important.
However, estimation of the number of EVs in the future, even for short term period, depends
on many challenging criteria and uncertainties about covering the weaknesses of widespread
adoption of EV technologies.
The huge researches and investments in automotive and energy industries are being done in
order to overcome the technical challenges of EVs market acceptance. In this context, the
battery technology plays most significant role for solving the limited range of EVs and charging
time of battery as well as production costs.

Fig. 7. Evaluation of energy density of battery and its cost, source: IEA (2016)
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Looking at the constant increase of the energy density and likewise decrease of production cost
of batteries, as well as the defined targets for even more progresses (see the Fig. 7), it seems
that the technical barriers such as limited range of EVs is getting removed and their purchase
price will decrease in the next few years.
While the technical progresses are pushing the EVs market significantly, the uncertainty about
continuation of governmental supports and incentives for EVs could have a negative effect on
widespread acceptance of EVs. Moreover, there are some external factors such as future price
of fossil fuel and electricity, which influence the development of EVs and make the prediction
of EVs market in future even more difficult.
As it is described, the future of EV’s market depends on many internal and external factors
which make it very difficult to have a trustworthy prediction even in near future. Investigating
the future trend of EV market is not the main topic of this dissertation therefore, we point out
the political targets of several countries and international societies in order to give an insight
into the aims and possible trends of EVs nationally and worldwide.
The Electric Vehicles Initiative (EVI), a forum consists of 16 world’s major economies with
most EV stock and rapid growing EV market established in 2009 under Clean Energy
Ministerial, aims to reach 20 million EVs by 2020 globally (Trigg et. al., 2013). According to
IEA (2016), in order to limit the average global temperature increase below 2°C, the number of
EVs by 2030 should reach 150 million (IEA, 2016. see Fig. 8). The required number of EVs
for preventing the increase of global temperature below 4°C by 2030 is also shown in Fig. 8 as
per IEA 4DS. The “Paris Declaration on “Electro-Mobility and Climate Change and Call to
Action” in December 2015 reaffirmed also the urgent need to accelerate the EVs in the market
and the target, that at least 20% of all road vehicles (cars, 2 and 3-wheelers, trucks, buses and
others) be electrically powered by 2030 (UNFCCC, 2015).

Fig. 8 Development scenarios for the stock of EVs (battery electric vehicle and plug-in hybrid) to 2030, IEA
(2016)

Germany as one of the pioneer countries in E-mobility also has taken several national and local
measures to speed up the EV market. National Platform for E-Mobility (NPE), which is an
advisory council of German Government consist of different stakeholder groups of automotive
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industry, politicians and scientific society, set the national target of one million EVs (only
BEVs) by 2020 and fulfil the ambitious vision of over five million by 2030 (Bundesregierung,
2009). Although the development of EVs by now shows a constant growth of both BEVs and
PHEVs in the Germany’s market, the growth rate is far below than reaching the NPE targets
(see the Fig. 9).
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Fig. 9: Development of Electric Vehicles (BEVs and PHEVs) in the Germany's market since 2010,
Own illustration: Data retrieved at 01.09.2016 from Kraftfahrt-Bundesamt (KBA)
http://www.kba.de/DE/Statistik/Fahrzeuge/Neuzulassungen/Umwelt/n_umwelt_z.html?nn=652326

Some researchers tried to estimate the number of EVs in Germany by 2020 in order to evaluate
the plausibility and achievability of Germany’s EV targets. As it is mentioned, forecasting the
future of E-Mobility and number of EVs in the market depends on different criteria such as
progress in battery technology, governmental incentives and fuel and electricity prices, which
cannot be determined easily. Therefore, the researcher’s predictions are scenario-based which
means the value of influencing criteria in future are determined based on the assumptions and
consequently, prediction of the number of EVs is associated with these assumptions. Plötz et.
al. (2013) estimated the development of EV’s Market in Germany based on three different
scenarios of contra-, middle- and pro- scenarios (see Fig. 10). These scenarios are based on
assumptions on fuel price, electricity price and the price of battery in 2020. By the time of
accomplishing this research (2013), the main action for supporting the EVs was provision of
national wide public charging infrastructure, which is still the first priority among different
measures. However, observation of the EV development in recent years shows that relaying
only on charging infrastructure measure won’t be enough to achieve the target of one million
EVs by 2020 in Germany. Therefore, the German government set additional measures of direct
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purchase subsidies and indirect tax exemption policies on May 2016, which could result in
acceleration of the adoption of EVs and positive effect the market development1. However,
these financial incentives are limited and will last by end of 2019.

Fig. 10: Estimation of EVs market evaluation in Germany according to three scenarios untill 2020.
Source Plötz et. al. (2013)

Another barrier for spreading the E-mobility, which is directly related to the charging
infrastructure is the complexity and not-user-friendly payment systems of charging stations. No
matter fast or slow, the charging stations can be operated by different groups of local
governments or by private retailer. Each operator follows its own interests and goals through
its unique payment equipment and methods or beforehand registration. Some research institutes
are more interested in the profile and charging behaviour of users. Therefore, the EV-users are
forced to register beforehand in different registration portals. On the other hand, the private
operators are more interested in profitability of the charging stations therefore, they follow their
own marketing strategies and develop their own payment system. Whatever the goals of
operators are, this leads to different payment systems and increase the complexity and a very
inconvenient charging experience. The EV-users need to register themselves and create several
accounts in different portals, carry plenty of payment cards for different stations and always
keep themselves updated by the new operators. The problem of the lack of a convenient and
universal payment system for all charging points is clearly recognized by the EV-users and
needs to be addressed promptly.

Directive by Federal Council of German (Bundesrat) Retrieved on 01.09.2016 from 1
https://www.bundesregierung.de/Content/DE/Artikel/2016/05/2016-05-18-elektromobilitaet.html
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3.4

Trend of Charging Infrastructure

Unlike the direct and indirect financial incentives for EVs which supposed to be a short-term
and temporary measure, the investment on provision of sufficient public charging infrastructure
is a strategic plan. Public charging infrastructures not only encourage people for EV adoption
but also, they are supposed to operate in long-term and supply the required infrastructures after
expansion of EV market. This section provides an overview of current development of charging
infrastructure and its estimation for future worldwide, and then focuses on the Germany as the
case of this dissertation.

Fig. 11. Global development of charging infrastructure, Source: IEA (2016)
According to the IEA (2016) the overall growth of publicly accessible charging infrastructure
in 2015 (71%) was comparable to the growth of personal EVs (78%) in the world. This trend
could be observed by comparing the Fig. 6 and Fig. 11 which confirms the positive relation
between development of the stock of EVs and the public charging infrastructure.
The growth rate of charging infrastructure differs from country to country and with respect to
type of charging stations whether they are slow or fast charging infrastructures. Estimation of
required public charging stations is an important point by long-term planning the charging
infrastructure and their functionality and profitability for private investors. Analysing the ratio
of EVs and charging infrastructure in different counties gives a good overview about the
number of required public charging stations depending on growth of EVs market.
Based on the IEA (2016) analyse, the number of EVs (including BEVs and PHEVs) per
charging outlet varies vastly from county to country. According to this analyse, one slow
charging outlet is installed for 5-15 EVs in different counties and global average is 7.8 EVs per
slow charging outlet. This ratio varies even more for fast charging infrastructure, where the
average number of EVs per each publicly accessible fast charging outlet is 45 (27 of them are
BEVs).
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Fig. 12. Ratio of electric cars (BEVs and PHEVs) per publicly available outlet (slow and fast charging points) in
selected countries, Source: IEA (2016)

The possible explanation for the different ratios in different countries could be the low share of
EVs in the market, which cause the supply and demand for charging infrastructure has not been
balanced by now. Another important factor which by interpretation of this ratios should be
regarded is the share of BEV and PHEV in whole EV stock because the charging infrastructure
requirement of BEVs and PHEVs are different. The battery capacity of PHEVs is generally
smaller than battery of BEVs, so their charging time is correspondingly shorter and their
demand for fast charging infrastructure is less than BEV. Moreover, their combustion motor
runs with fossil fuel which eliminates their need for fast charging stations to some degrees. On
the other hand, the higher battery capacity of BEVs highlights the necessity of fast charging
stations for them, which cannot use another alternative fuel. So, it could be concluded that the
more share of BEVs, the more need for fast charging infrastructure so that the larger battery of
BEVs could be charged in shorter time.
Netherlands and Norway are the only countries with more than 1% stock shares for EVs which
could help to identify the optimal balance between EVs and charging stations. However, due to
very different share of BEV and PHEV in these two countries, their requirement for slow and
fast public charging stations differs significantly. Norway’s high share of BEV than
Netherlands indicates to higher demand for fast charging infrastructure which is obvious in Fig.
12. On the other hand, the very low share of BEV in Netherlands explains the high number of
EVs per fast charging outlet in this country.
Germany is one of the prominent countries which is investing heavily in E-mobility especially
in research and development field. As it is mentioned previously, the fast charging method of
Combined Charging System (CCS) was developed by Germany’s automakers association and
its technical properties is continuously being improved. Despite Germany’s efforts for
supporting the E-mobility in research and development fields, this country was not so promising
with provision of charging infrastructure. The average number of EVs per fast charging outlet
in Germany is 60 and considering the BEVs, it is 39 which is more than the global average with
45 and 27 respectively (IEA, 2016).
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Concerning the limited range of current EVs, the main use-case of FCSs is supposed to
eliminate the range anxiety of users for their long-distance trips, which became the priority of
many researchers and policies.
However, regarding the considerable portion of short-distance city trips, over-focusing on
positioning the FCSs on major roads may not be appropriate for urban travellers. In order to
highlight the necessity of public charging stations in the urban areas, Plötz et. al. (2013)
analysed the database of Mobility in Germany (Mobilität in Deutschland or MID, 2008) in term
of availability of private garage for households in different cities. The assessment describes that
many households do not have their private garage for their vehicle, and consequently they have
no opportunity to charge their EVs (if any) at home (see Fig. 13). Provision of charging
infrastructure in urban areas, in addition to the major roads, could significantly contribute to
increasing the flexibility of urban travellers by covering the demand in unexpected situations.

It is worthy of note that the slow (normal) charging infrastructure for most of the private EV
users in the cities is adequate or even more suitable in compare to the fast charging
infrastructure. The installation cost of normal charging points is much less and the technical
requirements, especially the power grid network, are already prepared. Rather than private EVusers, a considerable share of today’s EVs belong to company fleets that charge almost
exclusively overnight in the workplaces, which means these vehicles do not usually suffer from
a shortage of fast charging points. Private EV users or company fleets, the FCSs are not required
for most of the daily trips in urban areas because the EV could departure with a fully-charged
battery and return to the start point, where the private charging point at home, on the public
park places or streets or at the work place is available and the battery could be charged for next
day.
In fact, the provision of FCSs is only needed for a very small number of emergency situations,
otherwise, in the normal situations the slow charging stations would be adequate. However, in
these rare situations the application of FCSs is highly essential to resolve the uncertainties of
EV users. As examples for the rare situations, in there the FCSs are highly demanded:
-

Users do not have access to private charging stations and the next public charging station
is far from the destination
The battery of EV is not fully-charged by departure

-

For the very small fraction of daily trips, their length exceeds the range of EV
Unexpected situations e.g. turning back to fetch a forgotten thing at the departure point
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Number of Vehicles

Other
In close vicinity
Parking lot
Parking garage

Size of the municipality (thousand inhabitants)
Fig. 13: Distribution of different types of park places in Germany according to size of municipality
Source: Plötz et. al. (2013)

Considering the lack of public charging stations in Germany, this country is trying to put more
supportive measures in order to establish a national wide charging infrastructure. Along with
the recent financial subsidies by Federal Government in May 2016, an additional 300 Million
Euros has been approved for investing on national wide charging infrastructure, which mostly
should be spent on DC-fast charging stations1. German National Platform for Electric Mobility
outlines the undersupply of FCSs in its recent report and declares its plan for provision of
charging infrastructure with an improved charging efficiency (NPE, 2015).

Fig. 14: Planning for FCSs, Source NPE (2015)

Directive by Federal Council of German (Bundesrat) Retrieved on 01.09.2016 from 1
https://www.bundesregierung.de/Content/DE/Artikel/2016/05/2016-05-18-elektromobilitaet.html
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According to this report, if the current projects in FCSs are implemented successfully, the
number of charging stations by 2017 will reach 1,400. However, additional 5,700 fast charging
points in the period from 2017 to 2020 will be needed. For this purpose, both the industry and
the public sector should invest on new projects and initiate them in the proper time.
At the same time, the capacity of supply grid should be increased so that the charging efficiency
of current and to-be-installed charging stations could be upgraded to minimum 150 kW. The
NPE’s report (NPE, 2015) highlights, that the number of DC-FCSs should reach 7100 points
by 2020. This increase in number of FCSs should be implemented simultaneously by increasing
the charging efficiency of current and newly installed FCSs as well. The charging efficiency of
several hundred locations on the motorway arteries and important transport links should be
increased to minimum 150 kW charging efficiency. After 2020 it is anticipated that the battery
technology is well-advanced and the energy density of batteries is significantly increased and
there is no need for installation of additional FCSs in order to address the limited range of EVs.
However, depending on the progress in battery technology, the already installed charging
stations should be configured with the charging efficiency of 350 kW and the share of renewable
sources by the provided electricity should reach 40-45 percent.

This chapter reviewed the current trends and possible future scenarios for development of EVs
and FCSs globally and in Germany in order to give an overview into technical properties of
FCSs and development of electro-mobility. Two introduced technical characteristics of FCSs;
charging efficiency and plug-in systems will be utilized in the next chapter in order to develop
the location models. Charging time of battery is strongly affected by charging efficiency of FCS
and as we will see in chapter 4, the better matching of charging time of battery using a FCSs
with the activity time of travellers in an urban facility (supermarket, restaurant, cinema, etc.),
the potential of the facility for installing a FCSs in this location is higher. Therefore, the
charging efficiency of to-be-installed (existing) FCSs is considered as input parameters of the
location model. In addition, since each EVs can utilize a specific type of plug-in standards for
fast charging process, the type of plug-in system of the to-be-installed (existing) FCSs is
important and should be also determined based on goals project and fed in the location model
as input parameter.
The demand for FCSs originates from EVs therefore the first step for estimating the number of
to-be-installed FCSs is to know how many EVs will be driven in the future. For this purpose,
the current number of EVs and their development from the past years have been analysed and
it is tried to find out how the number of EVs will shape up from now on. Due to uncertainties
about the effective factors for estimating the number of EVs in future such as technical progress
in battery technology, cost of EVs in future, variable price of fossil fuels and electricity and
doubtfulness about continuation of governmental incentives for EVs, the estimation of EVs is
not simple. Section 3.4 presented political targets for developing the FCSs in different countries
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including Germany which will be utilized in chapter 5 for depiction of the scenario-based results
of the location model.
Next chapter presents the methodology of location models for determining the optimal location
of fast charging infrastructure, which is divided into two sub-models of settlement areas and
major highways. The introduced theoretical background of location models in chapter 2 and
indicated properties of fast charging infrastructure (charging efficiency and incompatibility of
their plug-in standards) in chapter 3 were regarded in developing the location model.
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4 LOCATION FINDING MODEL
In the recent years, plenty of research works and projects have analysed the location problem
of FCSs with different approaches such as electricity supply grid aspect considering objectives
such as reducing the power loses or/and reducing the voltage deviation or economics and
business case approaches focusing on profitability objectives. Some researchers explored the
problem from transportation planning and user’s behaviour point of view, which is the case in
this dissertation as well. This approach, due to different use-case scenarios of FCSs, is generally
divided into two categories of settlement areas and major highways. The assumed use-cases of
FCSs in this dissertation are very different in settlement areas and on the major roads which
leads to different use-cases. Therefore, two different sub-models were developed to address the
different criteria and input data in each sub-model. The use-cases and main assumptions in each
sub-model were described as below:
The usage of location model on the major highways is for those inter-city trips which their
length exceeds the range of EV and accordingly, the travellers need at least one intermediate
stop during their trip for recharging the battery of EV and reach the destination. If the trip’s
length between the cities is less than the range of EV, then the intermediate stop for reloading
the battery is not necessary anymore, which means that there is no need for installing a FCSs
between the origin and destination. The main assumption about user’s travel behaviour on the
major highway is that they want to reach the destination city as quick as possible and they do
not accomplish any daily routine activities such as shopping or leisure activities during the trip.
Considering the assumption that the travellers do not spend time for daily activities on the major
highways, the duration of stop for recharging should be as quick as possible, which is supposed
to be no longer than a short break for refreshing or having a small snack in rest areas beside the
highways. Concerning the limited range of EVs and perceived range anxiety of users for longdistance trips, the provision of FCSs on the major highway has been the priority of many
researches and policies in the recent years (Sathaye & Kelley, 2013, Zhang et al., 2015).
However, according to the research by Morrissey et al. (2016), the provision of FCSs on
highways satisfy mainly the demand of rural residents by their long-distance trips while a larger
group of potential users in major cities are ignored or simply dismissed due to mainly shortdistance regional trips in urban areas with the simplification that the length of urban trips won’t
exceed the range of EVs. This research indicates that over-focusing on covering the demand on
the highways may not be appropriate for all users and demand in the major cities should be
taken into account more seriously.
The main usage of location model in settlement areas is to increase the flexibility of urban
travellers with those short urban trips which their length -in appose to the trips on major
highways- are less than the range of EVs. In fact, having FCSs in settlement areas relieves the
travellers mind from being worried and alarmed about some rare situations such as departing
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the charging station with not-fully charged battery or having a long trip chain in urban area
which might exceed the range of EV. The main assumption behind the location models in
settlement areas is that charging the battery of EV is a side-activity while the owner of EV is
busy with his/her main activity. This assumption has been taken for developing the location
model in settlement areas because in appose to the refuelling the conventional combustion
engine vehicles by gas stations in which the driver cannot leave the vehicle; charging the battery
of EVs and payment can be done without interfere of driver and that’s why the owner of EVs
can leave the EV in the charging station and make use of activity time of their daily routine
activities such as supermarket shopping for charging the EV. Therefore, determination of
optimal location of FCSs in settlement areas focuses on the interaction between people’s travel
behaviour and urban facilities.
In order to have a holistic location model, the two sub-models of settlement areas and major
highways are combined using a decision algorithm, so that the potential of a location could be
determined based on the both sub-models.
Inner-city

Location Model

Inter-city

- Use-Case:
• Covering the demand for fast charging infrastructure in
urban areas
• Short-distance trips (less than range of EVs)

- Use-Case:
• Covering the demand for fast charging infrastructure on
the major highways
• Long-distance trips (more than range of EVs)

- Scenario:
• Making use of daily routine activities of users to charge
the battery
• Determination of optimal location of FCSs based on
spatial Interaction of urban facilities and travel
behavior of users

- Scenario:
• Making use of intermediate breaks during long-distance
trips to charge the battery
• Determination of optimal location of FCSs based on
area-covering and demand-oriented allocation of FCSs
on the major highways

Decision algorithm based on both
sub-models

Fig. 15: General overview on the location model
The above mentioned sub-models in settlement areas and on the major highways are developed
based on the presented classical location models in chapter 2. Although the FCSs are considered
as facilities which should be installed on the transport network and subsequently the discrete
location models are suitable for them however, the developed location model (both sub-models)
in this dissertation utilises the distances in real space which is characteristic of continuous
location models. The reason of employing the definition of distance in real space is
simplification of the location problem which relieves the computational complexity.
The presented approaches of coverage location models with focus on equity goals and total
(average) distance location models with focus on efficiency goals are addressed in sub-model
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of major highways in this dissertation through the employing of different criteria and their
weights. The user of developed location models in this dissertation could generate equity- or
efficiency-based scenarios by employing different criteria with different weights. However, the
O-D trip matrix which is inseparable components of presented classical location models in
chapter 2 is not available for inter-city trips which make it impossible to utilize their
mathematical formulations in this dissertation therefore, the unique solutions which is proper
with special technical properties of FCSs -including type of plug-in systems presented in
chapter 3- have been developed for finding the optimal location of FCSs on the major roads.
The sub-model of settlement areas also does not utilize the exact formulations of classical
location models, firstly because the O-D trip matrix for in urban area is associated with trip
purpose while the “charging an EV” is not considered as a trip purpose but rather it is performed
as side-activity of other activities in settlement areas. Secondly, the choice behaviour models
(closest facility or maximum utility theories) is not applicable for FCSs because as it is
described in section 2.2, these models are vary depending on type of facilities (vital or non-vital
public facilities or retail facilities), while FCSs could be installed by any type of facilities and
employing a specific type of choice behaviour model for all type of facilities could not be
proper. In order to address the behaviour of users for choosing different urban facilities, this
dissertation utilises guidelines for estimating the number of attracted travellers to different
urban facility which is based on surveys and described in the section 4.1.1.1.
The technical properties of FCSs presented in chapter 3 have been also utilized in development
of the location models. The type of plug-in system of to-be-installed (existing) charging
infrastructure should be fed in the location model as input parameters. In addition, the charging
efficiency of charging infrastructures, which directly effects the charging time of battery, is one
of the technical characteristics of FCSs which plays an important role in the settlement area
sub-model.
The presented topics in the last two chapters about background of location theories and
important features of the FCSs are necessary for developing the location models which will be
presented in this chapter. The methodology of discussed sub-models are presented in the
sections 4.1 and 4.2 for finding the optimal location of FCSs in settlement areas and on the
major highways respectively. The section 4.3 at the end of this chapter is dedicated to combine
the results of both sub-models and give a holistic view of the location models.
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4.1 Settlement Areas
Unlike the conventional slow and normal AC charging processes, which take several hours to
load the battery of an EV, the fast charging technology supply a high DC power which not only
saves a large loss of power in compare with AC charging, but also the charging time of the
battery is significantly shorter. It takes roughly 30 till 60 minutes (depending on efficiency of
charging stations and battery capacity) to charge the battery. This charging duration provides a
great flexibility for the users in the urban areas with their daily routine activities as well as
people’s travel behaviour in urban areas. In urban areas the users can make use of activity time
of their daily routine activities such as supermarket shopping for charging the battery of their
EVs. In other words, charging an EV by itself is not considered as a trip purpose but it is a subactivity which will be done while the user is doing his/her main-activity. In this regard, the key
idea of the sub-model in urban areas relays on potential of different urban facilities for
installation of FCSs. Therefore, the main factor in this location sub-model is the interaction of
people’s travel behaviour and urban facilities. The potential of each facility, as we will see in
the following sections, is originated by number of attracted Motorized Individual Traffic (MIT).
Then the activity time of users is an important criterion for determining the potential of a
facility. The greater is the number of attracted motorized individual trips to a facility and the
better matching of activity time of users with charging time of battery, the greater is the potential
of the facility. The users’ comfortability during the charging process also will be regarded in
the model through the indicators of opening hours and park place availability of a facility. The
utilized criteria for calculating the potential of each facility have be explained in the following
sections. The calculated number of MIT to each facility in combination with activity time and
comfortability of users results in potential of a facility. The calculated potential of each facility
refers theoretically to a single point but the location model should refer to potential of an area
instead of a point. Therefore, the study area will be divided into the proper zones and the
calculated potential of facilities will be transferred and aggregated in the corresponding zones
considering different factors e.g. catchment area of facilities, user’s maximum detour
acceptance, synergy effect of closely allied facilities and the spatial impact of existing charging
infrastructures.
The input data, which are mainly open-source and publicly accessible data, were analysed and
depicted as different georeferenced layers in the Geographical Information System (ArcGIS
Software). After introducing the utilized criteria in the next section, the developed location
model will be presented and then the input data and their sources will be addressed.
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Result

- Type of a Facility
- Size of a Facility
- Synergy Effect of Facilities
- Share of MIT
- Car occupancy of a Vehicle

Estimation of the number of attracted Motorized Individual Traffic
(MIT) to a facility based on the relevant factors and guidelines.
The more MIT to a facility, the higher is the potential of the facility
for installation of Fast Charging Station (FCS)

Number of attracted MIT

- Activity time of users in a
facility
- Charging time of the
battery of an Electric Vehicle

Weighting the facilities according to the activity time of users.
The better matching the activity time of users in a facility with the
charging time of an EV, the higher is the potential of the facility.

Exploring the effect of
activity time of users on
potential of a facility

- Parking lot availability at a
facility
- Opening hours of the
facility

Weighting the facilities according to the comfortability of users
during the charging time.
Availability of park place and longer opening hours of a facility
results in more comfortability of user by charging and consequently
leads to a higher potential of the facility.

Exploring the effect of
comfortability of users on
potential of a facility

Weighting algorithm for
activity time and comfort
factors

According to assigned weights to the factors of activity time and
comfortability of users in the location model, the final potential of a
facilitiy will be calculated.

Potential of a facility

- Influence radius of a facility
- Spatial effect of distance
on user behaviour

Estimation of the influence area of a facility based on relevant
factors and then aggregation of potential of facilities into the zones.
The larger influence area of a facility, the larger is the effecting
radius of the facility for transmission of potential of facility into the
surrounding zones.

Aggregating the potential of
facilities in zones based on
influence area of facilities
and user bahaviour

- Type of existing charging
stations
- Efficiency of existing
charging stations
- Spatial effect of FCS on
user behaviour

Analyzing the effect of existing charging station on elimination of
potential of zones.
Determination of the type and efficiency of to be considered
existing charging stations. The larger is the supposed catchment
area of an existing charging station, the effect of them on potential
of surrounding zones will be larger.

Potential of a zone based on
existing charging stations
(Final Potential in residentail
location sub-model)

Fig. 16: Main steps of location model in Settlement areas for installation of FCSs
4.1.1 Criteria
In this sub-model, the capability of a location for installation of a FCS directly depends on the
potential of urban facilities in this area. The potential of each urban facility is quantified based
on different factors such as their ability for attracting people (customers, visitors, guests, etc.)
and consequently attracting motorized individual traffic, catchment area of urban facilities,
activity time of users in different facilities, synergy effect of closely allied facilities, land-use
type of the area and spatial impact of existing charging stations. Rather than potential of urban
facilities, the factors which deals with user’s convenient such as maximum detour acceptance
by user to reach a FCS will be also regarded in this sub-model.
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Potential of facilities

Approach/Way of Proceeding

Potential of zones

Relavant Factors

4.1.1.1 Motorized Individual Traffic (MIT)
This criterion indicates that the more attracted motorized individual traffic (MIT) to a facility,
the greater is the potential of this facility for installation of FCS because it is assumed that by
higher attracted MIT to a facility, the number of EVs to this facility will be also higher (the
share of EVs in whole MIT is considered to be the same in different regions). By this
assumption, more attracted MIT to a facility leads to higher number of attracted EV to the
facility which results in higher demand for FCS beside this facility. Therefore, the higher
attracted MIT to a facility, the higher is the potential of this facility for installation of FCSs as
well. Generally, the number of attracted motorized individual traffic could be different
according to the time of day, day of week, by month, season or other factors therefore, an
average value of daily attracted individual traffic will be regarded in the location model. Even
with considering the average value, gathering the exact number of daily attracted MIT for each
single urban facility requires a very huge survey work, which is almost impossible especially
in large scale cases. Therefore, the average number of daily attracted MIT to each urban facility
has been estimated by means of guidelines from previous survey works, in this research the
guidelines introduced by Bosserhoff (2000) and Vogt & Bosserhoff (2006). According to these
guidelines, different attributes of facilities such as their type and size are utilized in order to
estimate the number of daily attracted MIT to each facility. It should be mentioned that
estimation of number of attracted MIT to each facility in this research does not include the trips
with the purposes of “work” and “return to home”. These trips were dismissed because of not
matching activity time with the fast charging time process. The activity time, which plays an
essential role for potential of a facility, will be discussed as a separate criterion in next section
in more detail. The number of attracted MIT to a facility has been estimated by means of
following factors:
❖ Type and size of facility
According to the guidelines by Bosserhoff (2000) and Vogt & Bosserhoff (2006), the number
of attracted people to a facility could be estimated based on type and size of the facility and the
type of urban area the facility is located in. The facilities are categorized in different types such
as shopping, leisure, sport, cultural, educational facilities, and service sector etc. Each type is
divided again into smaller categories e.g. the shopping facilities include retail shops, wholesale,
discount supermarket, DIY market, furniture store, shopping mall, factory outlet grocery
shopping, self-service department stores and so on. The number of attracted customers/visitors
to each type is defined by the size unit of facilities. For example, a grocery store up to 800 m2
sale floor attracts daily 1.00 – 1.20 customer per square meter or a cinema attracts daily 0.90 –
1.2 visitor per seat averagely. As above examples, the utilized guidelines in this research assign
a range between the minimum and maximum values for estimating the number of attracted
customers/visitors to each facility type. Opting the correct value from this range depends on the
type of urban area, where the facility is located in. The facilities in dense settled neighbourhoods
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of cities attract higher number of people while those located in sparsely populated areas outside
the cities attract less. In order to include this in the presented location model, three different
types of urban area have been defined. The “city center”, which is the densest area of a city in
term of urban facilities, “suburban area” which is still a part of urban area but not as dense as
city center and “sparse area” which is not within the urban borders and sparsely settled. For
estimating the number of attracted people to each facility, the maximum value from the
mentioned guidelines is applied for the facilities located in “city center” and the minimum value
for those located in “sparse areas” and the average of maximum and minimum values will be
utilized for the facilities in the “suburban areas”. After categorisation of urban facilities based
on their type and specifying the urban area of each facility, the factors for estimation of attracted
customer/visitor per size unit are determined. In this step, the size of each facility is required so
that the average attracted daily customers/visitors to the facility –per size unit– could be
calculated. Several approaches were considered for determining the size of urban facilities.
Calculating the area of the facilities by means of software such as ArcGIS and using data bases
such as open street map were the first ideas; however, the results were not so promising due to
several issues. The polygon shapefiles corresponding to the urban facilities show only the base
area of the facilities but not their total area including the number of floors. In addition, even
estimation of size of facilities based on simple area of them could not be utilized directly. The
size of facilities should correspond to the proper units according to the guidelines e.g. sale floor
in case of the shopping facilities, number of beds in hospitals or number of seats in cinema of
theatre. It means that the size of facilities based on their simple area could not represent the size
of a facility.
Since specifying the exact size of each single facility, especially for large-scale area under
study, is a very time consuming and complex process therefore, the size of widely and
frequently utilized facilities were gathered/calculated and the less common facilities were
aggregated into the categories according to their type. Then an average size where assigned for
each category. For example, in case of grocery shopping facilities, the size of main chain
supermarkets such as Aldi, Lidl, REWE, etc. were investigated or calculated based on the
limited number of samples and then, an average size of them were assigned to the unknown
grocery supermarkets, which are not common chain supermarkets. Assigning the size to more
chain facilities and avoiding the aggregation of the rest of facilities will lead to better and more
accurate results for estimation of daily attracted customers/visitors to the facilities. The number
of attracted customers/visitors for each single facility is calculated as below:
❖ Synergy Effect
It should be noted that for certain types of facilities, such as clothing shopping, the closely
located facilities in a dense urban area could cause a synergy effect for attracting
customers/visitors which could result in miscalculation the estimated number of attracted
customers/visitors. Considering a customer who visits several closely located facilities, the
47

number of attracted people is still one but without attention to the synergy effect, it will be
counted multiple times (one visitor for each facility) mistakenly. To avoid this miscalculation,
the synergy effect will be considered for certain type of facilities depending on their urban area
type. For example, it is assumed that some service facilities such as post offices, bank or
clothing shops have certain levels of synergy effect, when they are located in the city center
area. The synergy effect of facilities, if any, will be calculated based on the guidelines by
Bosserhoff (2000) and Vogt & Bosserhoff (2006).
❖ Share of MIT trips and car occupation degree
The average number of attracted customers/visitors has been estimated for different facilities
however, this value by itself is not specifying the potential of a facility. In fact, the number of
attracted motorized vehicles is important for potential of each facility not the number of
attracted customers/visitors. Imagine that a facility attracts lots of customers who reach the
facility by foot or public transport. In this case, the facility could not be a proper place for
installation of fast charging station simply because there is no car to be charged. This section
calculates the number of attracted motorized individual traffic out of number of attracted
customers/visitors by differentiating the travel model and the passenger occupancy of a vehicle.
The share of MIT trips is specified by three factors. The first one is the purpose of trip, which
will be identified by type of facility. For example, according to the mentioned guidelines of
Bosserhoff (2000) and Vogt & Bosserhoff (2006), the share of motorized traffic for shopping
purpose by an Aldi supermarket is 40% - 60%.
Same as factors for attracted customer/visitor to each facility, here also we deal with a range
for share of MIT trips and utilization of proper factor from this range depends on the second
factor which is the type of urban area. The share of MIT trips in the city centres are much lower
than outskirt areas because of dense public transport network, more biking and walking trips
due to shorter trip distances, difficulties for finding a park place, speed limitations, toll costs
and so on. In oppose to city center, the share of motorized trips in sparse areas reaches the
maximum value due to longer distances which is inconvenient to be travelled on foot or by
bike, less public transport facilities, convenient park place availability etc. The share of
motorized trips to those facilities located in suburban areas is supposed to be in the middle
point. Therefore, depending on the type of urban areas, the minimum value of MIT share will
be assigned to the facilities in city center, maximum value to the facility located in the sparse
area and the average of them will be applied to the facilities located in the suburban areas.
The guideline parameters from Bosserhoff (2000) and Vogt & Bosserhoff (2006) are based on
average share of MIT according to the type of facility however, there is other factor which could
influence these average values and it is the availability of personal car per capita in the region.
The idea is that the more vehicle availability in a region, the share of trips with motorized
individual vehicle is also increase. It means that the residents which have more accessibility to
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personal motorized vehicle (higher per capita vehicle availability) tends to utilize it more and
travel less by other travel modes and on the other side, the residents with less vehicle
accessibility (lower per capita vehicle availability) tends to travel less with car and utilize more
other travel modes. In order to investigate this assumption, the relation between share of
personal vehicle as travel modes and availability of vehicle per capita in 16 provinces of
Germany have been analysed. The share of travel modes in different provinces in Germany
according to the traffic survey in Germany (MID, 2008) has been depicted as below:

Fig. 17. Travel mode in different provinces of Germany, source: Mobilität in Deutschland, Ergebnisbericht
Struktur – Aufkommen – Emissionen – Trends, 2008

According to the Kraftfahrt Bundesamtes (KBA)1, there were 544 personal vehicles pro 1000
residents in Germany by average on 01.01.2016 however, there are considerable differences
between the different provinces. While the vehicle availability in federal state of Saarland,
Rheinland-Pfalz und Bayern reaches ca. 600 vehicles pro 1000 residents, this number is only
ca. 400 vehicles in Berlin, Hamburg und Bremen. In order to analyse, if this differences in
vehicle availability could influence the share of motorized vehicle, a regression analyse has
been performed. The regression analyse shows a positive relation between the share of trips

1

KBA Webseite http://www.kba.de/ Fahrzeugzulassungen (FZ) Bestand an Kraftfahrzeugen und
Kraftfahrzeuganhängern nach Zulassungsbezirken 1. Januar 2016
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with individual motorized vehicles and the vehicle availability per capita in 16 provinces of
Germany (see Fig. 18 and Table 1).
The regression line is:
Average MIT (driver and co − driver) = 11598 + (0.11 ∗ Vehicle per 1000 residents)
Meaning that for increasing one car pro 1000 residents, the share of motorized individual traffic
increases 0.11 percent.

MIT Share (driver and co-driver)
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Vehicle per 1000 residents

Fig. 18. Relation between share of with motorized trips and vehicle availability, data source: MID (2008) and
BKA1, own illustration

And the statistics below show a positive and significant relation between the variables:
Table 1. Regression results for share of motorized individual trips (dependent variable) and number of vehicles
per 1000 residents (independent variable), source: own calculation
Coefficient

Standard Error

T-Statistic

P-Value

MIT Share

1.1598

6.6847

0.1735

0.8647

Vehicles per 1000 resident

0.1126

0.0136

8.2595

9.426E-07

According to this analyse, the number of attracted MIT to facilities depends also on the vehicle
availability of the residents in this region. It means that the share of trips with motorized
individual vehicle to the facilities located in regions with higher vehicle availability is higher
than the share of trips with motorized individual vehicle to a similar facility which is located in
a region with lower vehicle accessibility. In this regard, a multiplication factor based on the

KBA Webseite http://www.kba.de/1
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vehicle availability in the region is calculated, which will be multiplied to the parameters from
Bosserhoff (2000) and Vogt & Bosserhoff (2006).
(Vehicle per 1000 residents−Average vehicle per 1000 residents)

MF = 1 + (

) ∗ 0.11

100

(1)

MF: multiplication factor for modifying the MIT share parameter
And then the modified parameter for MIT share will be calculated as below:
Modified MIT Share = MF ∗ (MIT Share from the guidelines)

(2)

Tthe occupancy rate of passenger in the vehicle should be also regarded. The occupation degree
of vehicles depends on the type of facilities and in order to have an integrated result with
previous sections, we utilise as before the guidelines from Bosserhoff (2000) und Vogt &
Bosserhoff (2006) for this factor as well.
To sum up, the number of motorized individual trips to each facility will be calculated by
following formula:
MIT =

(Size of facility)∗(Customer/visitor pro unit)∗(Modified MIT Share)∗(1 −Synergy effect)
(Person pro car)

(3)

The calculated number of motorized individual traffic (MIT) is considered as base potential for
each facility. Two other criteria of activity time and comfort by charging influence the potential
of each facility. Next two sections are dedicated to explain these two criteria in the model with
more details.
4.1.1.2 Activity Time (AT)
As it is already mentioned, the EV-user could make use of the time he/she spends for the routine
and daily activities such as shopping or leisure activities in order to charge the battery of EV.
The better matching of the activity time with charging time, the larger is the potential of the
facility for FCSs. Therefore, the activity time of users should be evaluated in relation to the
charging time of battery. The charging time depends on different technical features of battery
and the charging stations, as well as the charging process in relation with the state of charge
(SOC) of battery. It is obvious that, the smaller battery capacity and higher charging efficiency
of charging station lead to shorter charging time. However, aside the capacity of battery and
charging efficiency of charging station, the charging speed is not the same during the charging
process. An empty battery charges at the beginning faster and as the battery fills up the charging
process becomes slower. Simplified speaking, charging process up to 80% of a 24-kWh battery
by means of a 50 kW FCS takes roughly 30 Minutes and the remaining 20% of battery also
takes the same time. With this simplification, the following charging graph and rating sketch
have been utilized for comparing and evaluating the activity time of users in different facilities:
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30

60
Time (Minutes)

Activity time does not match
to FCS use-case

Battery is already fullly
loaded, occupying the FCS

Fully advantaged from
efficient charging, battery is
still charging

Still making use of efficient
charging process

80%
Emergency cases

State of Charge (SOC)

100%

120

Fig. 19: Simplified state of charge of battery and categorisation of activity time source: own illustration
According to the Fig. 19, the activity of users in a facility with time less than 15 minutes
duration is considered as very short but still useful in emergency cases, between 15 and 30
minutes is the period in which user plugs out the charger while he/she still could have utilized
the efficient and fast charging process. The best rating has been assigned to an activity time
between 30 and 60 minutes because the user is already made full advantage of the efficient
charging process (up to 80% of battery) and then leaves the charging station when the charging
process is getting slower. After 60 minutes the battery is already full however, occupying the
stations will be tolerated up to an additional 60 minutes. When the activity time exceeds 120
minutes then the FCS is not a proper investment because the charging demand could be satisfied
by not-fast charging infrastructures which its installation costs are much less than a FCS.
After calculation of the effect of activity time, the following two factors explore the comfort
during the charging process and the idea is that the more comfortable charging, the potential of
the facility for installation of a FCS is greater. Following factors have been selected as
determining factors for comfort of users during the charging process:
4.1.1.3 Parking lot availability (PL)
This factor increases the comfortability of users of EVs because availability of a parking lot
directly at a facility, where the EV could be parked and charged, will not only saves the park
place searching time but also the facility will be reachable without any walking detour. The
walking detour is an important factor especially for shopping facilities, in which the purchased
goods should be carried till vehicle. The park place availability is a feature which is assigned
to the urban facilities based on the type of facility and type of urban area. For example, a DIY
market or a furniture store like IKEA is supposed to have their own parking lot directly to the
facilities but for some other facilities such as a grocery chain supermarket of Lidl, it depends
on the urban area in which the facility is located in. Generally, the facilities located in city center
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do not have their own park place but those facilities located in out skirt areas usually have their
own park place for their customers / visitors.
4.1.1.4 Opening hours (OH)
An important supposition behind the sub-model of settlement area is that the fast charging
station should increase the flexibility of users with their daily routine activities which means
that the charging station by itself is not the main destination for an urban trip but the facility
next to the charging station and the relevant activity in this facility is the main purpose. In fact,
charging an EV is considered as secondary activity and the main trip purpose is the activity in
the facility. In this regard, although a public charging station is supposed to be open and
accessible any time, the possibility of using the facility next to the charging station is an
important factor for comfortable usage of the charging infrastructure. The users could make use
of the charging time for their activities in surrounding facilities instead of staying in the vehicle
and getting bored. Therefore, the longer opening hours for a facility, its potential for installation
of a fast charging station is higher (depending on how this criterion in the model considered is).
To simplify this factor, the opening hours of facilities is categorized in four classes, first one
indicates to 5 days/week open facilities such as banks or other administrative offices, second
one includes the 6 days/week open facilities e.g. supermarkets and discounters, third class
includes 7 days working facilities but not round the clock e.g. restaurants and finally the 24/7
open facilities such as gas stations.
4.1.2 Weighting the criteria
In the previous sections it is described, how the number of individual motorized traffic (MIT)
using different attributes of facilities and guidelines is calculated. With the assumption that the
more attracted MIT to a facility leads to more EV attraction to the facility and higher demand
for charging infrastructure, the calculated number of MIT is utilized as base potential of
facilities. Afterwards, three criteria of activity time, parking lot availability and opening hours
have been presented which effect the base potential of the facilities. For sure, there are plenty
of other criteria which could affect the potential of a facility such as social security in the
neighbourhood, power supply grid, installation cost such as land price or construction costs for
transmitting the electricity from power grid to the charging point etc. Since the focus of this
dissertation is on transportation planning aspect and traveller’s behavioural point of view, only
the mentioned three criteria have been entered in the location model. In addition, investigating
further criteria in the location model requires additional data gathering, which is due to limited
resources in this dissertation was not possible. Moreover, it should be noted that having more
criteria in the model doesn’t necessarily lead to better results because it could cause model
complexity and overfitting. However, the influence of these three criteria on the base potential
should not be necessarily with a same weight but according to the goals of installing the FCSs
or priorities of city planners, they could affect the potential of facilities in different ways. It
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means that a proper weight to each criterion not only reflects the EV users’ comfortability, but
also it could help the city planners to reflect their priorities by installation of FCSs and support
their urban planning goals by desired distribution of FCSs in the urban areas. As an example,
by setting a higher weight for criterion parking lot availability in compare to other two, the
facilities which provide park place to their visitors/customers will get more potential in
comparison with those facilities which do not have this option. The facilities with own park
place provide more comfortability for users by imposing no on foot detour from park place to
the facility and saving the park place search time and parking fee. In addition to user’s
comfortability, the criterion of park place availability could be interesting for city planner to
achieve their goals easier. By assigning higher weight for this criterion, the potential of a facility
located in the city centers, which generally do not have their own park place, will be evaluated
lower than a similar facility with park place outer parts of the city. Higher potential for the
locations outside the town and avoiding the installation of FCSs in the crowded areas in city
centers could help the city planners to achieve their goals for reducing the individual traffic
flow in the city center and encourage people not to bring their car into the urban core. As it is
described, determining the weight of each criterion depends on the goals of installation of FCSs
and the presented location model is able to reflect this topic by assigning different weights to
the criteria. The following sections describe the utilized weighting system of the location model
in more detail.
❖ Activity Time (AT)
The number of attracted MIT is employed as base potential of each facility and as it is already
described, the better matching of activity time of customers/visitors in a facility, the higher is
the potential for installation of FCS. It should be noted that by calculation of the number of
attracted MIT to each facility, the trips with the purposes of “work” and “return to home” were
dismissed because of obviously not matching activity time of these trip purposes with the
required time for charging the battery of an EV using a FCS. For the rest of trip purposes such
as shopping, going to restaurant, cinema, etc. the average activity time of customers/visitors in
different facilities were gathered and assigned to each facility. Data gathering process will be
described in section 5.1.3. The current section describes how important is this criterion for
evaluating the potential a facility and how it should be considered in the location model with
different weights. For this purpose, the presented sketch in Fig. 19 which categorises the activity
time is utilized. Based on state of charge of the battery depicted in Fig. 19, the activity time
between 30 and 60 minutes optimally matches with the charging time using a FCS. The activity
durations of 15-30 and 60-120 minutes are not as optimal activity time as 30-60 minutes but
still match the use-case of FCSs. The activity duration less than 15 minutes is supposed to be
helpful only in emergency situations when the battery is almost empty therefore, this duration
will be evaluated as third best category. Those facilities, in them the users spend more than 120
minutes are not proper for installation of FCSs but for slow or normal charging stations which
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need much less investment to be installed. According to this argument, the following
categorisation has been determined for different duration of activities:
Assigned category

2

Activity time (minutes)

3
15

4

3

30

1

60

120

Fig. 20. Categories of different activity duration in accordance with charging time of a battery with FCSs
The assigned category are utilized in the location model in a way that the better matching
activity time with charging time (categories 4 and 3 in Fig. 20) increases the potential of the
facility and conversely the poorly or not-matching activity durations (categories 2 and 1 in the
Fig. 20) decrease it. However, this increase and decrease are not constant values and the
mentioned categories won’t be directly implemented for influencing on the base potential of
facilities but the degree of increase of decrease depend on assigned weight for this criterion.
The assigned weights to each criterion are in following levels and the researcher or user of the
location model can choose one of the following weights based on his/her goals of sitting the
FCSs:
- no weight (the criterion will not be considered at all)
- very low
- low
- medium
- high
- very high (cause extreme differences between different activity duration categories)

1,00

Multiplication Factor (MF)

0,90
0,80
0,70

Weights

0,60

no weight

0,50

very low

0,40

low

0,30

medium

0,20

high

0,10

very high

0,00
1

2

3

4

Activity Time Category (ATi)
Fig. 21. Utilized linear function for calculating the multiplication factor based on activity time category and the
assigned weights

The assigned category and weight to the criterion are fed into a weighting system for
determining a multiplication factor, which should be multiplied to the already calculated base
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potential of each facility. The value of multiplication factor could vary in the range of zero till
one, depending on the assigned weight. The logic of the multiplication factor is that the higher
is the weight, the sharper should be the increase and decrease of the base potential of facilities
depending on their category of activity time meaning that the better matching activity time with
charging time, the potential of the corresponding facility should increase sharply and the less
matching or not-matching activity times, the potential of corresponding facilities should
decrease sharply as well. In the other words, depending on activity time in the facilities, the
higher weights influence the base potential of facility more significantly in compare with lower
weights. Assigning lower weights cause the increase and decrease of base potential in a
smoother manner resulting less differences of this criterion. Assigning “no weight” to this
criterion means that the base potential should not be influenced by activity time. Considering
this logic, a simple linear function has been utilized to calculate the multiplication factor as
below:
MFiAT =

L+

U−L
ATMax − ATMin

(ATi − ATMin )

(4)

MFiAT : Multiplication factor for the facility i caused by criterion activity time
L and U: Lower and upper limits corresponding to the assigned weight (see Table 2)
ATi : Assigned category to the Activity Time of customers/visitors in the facility i (1, 2, 3,4)
ATMin : Minimum level of the Activity Time category (ATMin = 1)
ATMax : Maximum level of the Activity Time category (ATMax = 4)
Table 2: lower and upper limits according to the assigned weights for the criteria
No Weight

Very Low

Low

Medium

High

Very High

Lower limit

0.5

0.4

0.3

0.2

0.1

0

Upper limit

0.5

0.6

0.7

0.8

0.9

1

The formula (4) calculates the multiplication factor of the facility (MFiAT ) considering the
average activity duration in the facility (ATi ) and the assigned weight to this criterion. The
weight varies from “no weight” to “very high”. In the extreme cases, if the assigned weight is
“no weight” then the multiplication factor for all activity times will be the same (MFiAT =
0.5) meaning that the base potential of all facilities will be multiplied in a constant value and
the comparative potential of facilities does not change. It should be noted that the absolute value
of potential will change however, important is that their comparative order which remains
unchanged. The weight “very high” cause an extreme difference for the multiplication factor in
a way that the lowest activity time category results in MFiAT = 0.0 and highest activity duration
category results in MFiAT = 1.0. This multiplication factor consequently causes a sharp
increase for those facilities their activity time matches better to the charging time and sharp
decrease for not matching activity times. The potential of each facility considering the activity
time criterion is calculated as below:
Potential_F 𝑖 =

MIT𝑖 ∗ (MFiAT + 0.5 + 0.5)

(5)

Potential_Fi : Potential of facility 𝑖
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❖ Parking lot availability (PL)
Availability of parking lot next to a facility increases the comfortability of users by parking and
charging their EVs without spending time for searching a park place and any walking detour.
How important this criterion in the location model should be, is specified by the assigned weight
to this criterion and the weighting system. The park place availability of each facility is
categorized as zero and one as below:
Assigned category
Parking lot

1

4

Not available

Available

Fig. 22. Categories of facilities based on availability of parking lot
In order keep a uniform scale for assigned categories of all criteria, the best situation
(availability of park place next to the facility) is labelled was category 4 and the worth situation
(facility without parking lot) is labelled with category 1. The weighting system for determining
the importance of this criterion in the location model is the same as previous criterion of activity
time. It means that the higher weights for this criterion increase and decrease sharply the
potential of facilities with and without their own parking lot respectively while the lower
assigned weights to this criterion causes less differences in potentials of the facilities with and
without parking lots. The weights for this criterion start also from “no weight” with no effect
on the potential of the facilities up to “very high” which cause extreme differences in potential
of facilities. The factor, which is multiplied to the potential of each facility is determined by
formula 6 as below:
MFiPL =

L+

U−L
PLMax − PLMin

(PLi − PLMin )

(6)

MFiPL : Multiplication factor for the facility i caused by criterion parking lot availability criterion
PLi : Assigned category to the parking lot availability of the facility i (1, 4)
PLMin : Minimum level of the parking lot availability category (PLMin = 1)
PLMax : Maximum level of the parking lot availability category (PLMax = 4)
L and U: Lower and upper limits corresponding to the assigned weight (see Table 2)

The potential of each facility considering the availability of parking lot is calculated as below:
Potential_F 𝑖 = MIT𝑖 ∗ (MFiPL + 0.5 + 0.5)

(7)

Potential_Fi : Potential of facility 𝑖
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❖ Opening hours (OH)
As it is described in the section 4.1.1.4, the longer is the opening hours of a facility, the more
comfortable is utilize the nearby FCS. The opening hours of facilities were categorized in four
categories as below:
Assigned category
Opening hours

1

2

3

4

5 day a week

6 days/week

7 days a week
(limited)

7 days a week
(unlimited)

Fig. 23. Categories of facilities based on their opening hours
Here also the optimal situation (24/7 open facilities) is labelled with category 4 compared to
the worst opening hours (only 5 days a week) with category 1. The importance of this criterion
for determining the potential of a facility is evaluated in the same weighting system as the last
two criteria. A weight from “no weight” to “very high” is assigned to this criterion and then by
means of following linear function, the corresponding multiplication factor is determined.
MFiOH =

L+

U−L
OHMax − OHMin

(OHi − OHMin )

(8)

MFiOH : Multiplication factor for the facility i caused by criterion opening hours
L and U: Lower and upper limits corresponding to the assigned weight (see Table 2)
OHi : Assigned category to the opening hours of the facility i (1, 2, 3,4; see Fig. 23)
OHMin : Minimum level of the opening hours category (OHMin = 1)
OHMax : Maximum level of the opening hours category (OHMax = 4)

After determining the multiplication factor, the potential of a facility will be influenced as
below:
Potential_F i = MITi ∗ (MFiOH + 0.5 + 0.5)

(9)

Potential_Fi : Potential of facility 𝑖

Considering more than one creation for determining the potential of a facility, the relevant
components (formulas 3, 5, 7) will be summed together i.e. considering all the three criteria,
the following formula will be utilized for determining the potential of an urban facility:
Potential_Fi =

MITi ∗ ( MFiAT + MFiPL + MFiOH )

Potential_Fi : Potential of facility 𝑖
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(10)

4.1.3 Aggregation of facilities’ potential in zones
The potential of each facility for installation of FCSs has been calculated in the previous
sections however, each facility presents the potential in one single point while the location
model in this dissertation aims to determine the potential for fast charging infrastructure in an
area not in a single point. This section deals with determination of potential of an area out of
the calculated potential for each facility through transmission and aggregation of calculated
potential of facilities into their surrounding areas. Important challenges for this purpose are
firstly to define the area, where under influence of potential of a facility is, and secondly to
specify the spatial properties of the potential within the influenced area which describes the
distribution of the potential to the surrounding area of each facility. Both these topics should be
regarded in close relation with EV user’s behaviour in term of the distance acceptance between
the park place of vehicle, where the charging station is located, and the facility which is
considered as destination of the user for his/her activity.
The main assumption to define the influence area or maximum influence radius of a facility is
that the user parks his/her EV at the charging station and then goes to the facility on foot (and
back from facility to the charging station). This assumption is employed in the location model
because the charging and payment process of an EV is fully automatic and there is no need for
presence of the driver at the charging point. The drivers of EV make use of the charging time
for accomplishing his/her other activities in the nearby urban facilities which should be reached
by foot. The maximum distance on foot, which the EV users accepts from the charging station
till nearby facility (or from facility to the charging station in the return way) is called as
influence radius of the facility in this dissertation. This influence radius is utilized to transmit
the calculated potential of the facility to the area within this radius and it is considered that the
potential of areas beyond this radius are not influenced by the facility.
Important point is that the influence radius is not considered to be the same for all facilities but
it varies according to type and attributes of the facility. For example, it is supposed that the
users accept longer distance to reach a leisure facility such as restaurant or cinema than a daily
shopping facility such as supermarkets in there the purchased goods should be carried.
Therefore, the influence radius of restaurant and cinema is supposed to be larger than a
supermarket.
In order to specify the influence radius of the facilities, this research classified the facilities into
three categories; the first one indicates to those facility, the user accept only a very short onfoot distance to reach them, the second category include those facilities, for them the user is
ready to have a longer distance on-foot and the third category indicates to the facilities with
largest influence radius. For specifying the influence radius of different facilities, this
dissertation utilizes the results of an online user-study survey, conducted as part of the project
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SLAM1 (SchnellLadenetz für Achsen und Metropolen) between 461 participants which is
described in more detail in section 5.1.4. Since this survey covers a limited number of facilities
for determining the on-foot detour acceptance of users, the categorisation of other facilities
which do not feet in this on-line survey were implemented with consideration of the following
factors:
❖ Carrying goods
By some facilities, mainly the shopping and sport facilities, the visitors / customers should carry
the purchased goods or their sport accessories which is not comfortable for long on-foot detour.
Therefore, this type of facilities is considered to have a short detour acceptance. In contrary to
these facilities, the users generally do not need to carry anything for leisure activities e.g. going
to restaurant so they are more likely to travel longer distance to reach a restaurant in compare
with a shopping or sport center. It should be also noted that although the factor carriage of goods
for some shopping facilities reduces the detour acceptance of the users, however, some of them
such as furniture or DIY markets like IKEA are much larger than a small shop. Considering
both these cases with the same influence radius won’t be plausible therefore, the factor of size
of the facilities should be also considered by categorisation of the facilities.
❖ Frequency of utilisation of facilities
It is assumed that the walking detour acceptance for some facilities such as grocery
supermarkets and discounters, which provide daily life requirements, be shorter in compare
with those which seldom utilized. The reason is that travelling an on-foot detour frequently,
even for relatively short detours, is not comfortable for users, therefore this factor for
categorizing the facilities has been regarded. The observed walking detour acceptance in the
on-line user-study survey in SLAM project also proves this assumption which is described in
in section 5.1.4.
In so doing, the facilities have been classified in three categories in term of their maximum
influence radius. First category represents the facilities with the shortest influence radius, the
second one includes the facilities with larger influence radius and the third category include
those facilities which user is ready to walk the most detour to reach them. Orienting to the
average speed of pedestrians, the influence radiuses were set to 125 and 375 and 625 meters for
these three categories, which corresponds to ca. 2, 6 and 10 minutes walking time (Verband
Deutscher Verkehrsunternehmen, 2001). After definition of maximum influence radius of
facilities, the second step is to clarify the properties of potential within the influenced area. The
main supposition is that the closer is an area to a facility, the influence of the facility is greater
and by getting farther from the facility the influence weakens. This assumption has been
depicted in the left side of Fig. 24.

1

http://www.slam-projekt.de
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Fig. 24. Left side: Influence radius of a facility and declining the potential by getting far from the facility
Right side: Overlapping the influence radiuses of several closely located facilities

The idea for aggregating the potential of closely located facilities is shown in the right side of
the Fig. 24. It depicts the overlapping of influence areas of several facilities and the intersecting
areas which get the potential of corresponding facilities, depending on influence radiuses and
the distance to the respective facilities. At the first glance, the implementation of this idea seems
to be easy however, there are several issues that should be dealt with. The first difficulty is to
specify a function for specifying the relation between potential of surrounding areas with their
distance to the facility. This function should calculate the potential of surrounding area a facility
with consideration of the distance of the area from facility. The first and simplest idea will be
a linear function, which evenly decreases the potential of surrounding area until the maximum
acceptable detour and the area beyond this radius do not get any potential from the facility.
Considering the influence radius of a facility as continuous parameters, the distribution of the
potential of a facility in this area also should be continuous which means that it imposes a very
huge calculation complexity even by employing a simple linear function. The implementation
of this method is much more complex, when several closely located facilities should be
considered together and their intersecting area should be aggregated.
In order to simplify the calculations and implement the idea of maximum influence radius and
the declining potential by distance, the presented location model in this dissertation divides the
area under study into equally sized zones. The zoning of the area under study should be
performed in a way that the zones cover all the study area and they should be discrete without
overlapping. For this purpose, the whole area under study is divided into square-shaped zones
and in so doing, each facility is located in a zone (a zone could contain more than one facilities)
which acquire the potential of the facility (facilities) and depending on influence radius of the
facility (facilities) located in this zone, a fraction of the potential could be assigned to the
neighbouring zones. In so doing, instead of having a continuous parameter (area and distance)
and utilizing a function for specifying the relation of potential of the area with distance, the
potential of each facility is transmitted directly to the zone(s) which makes the calculation of
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this method much easier. The simplified influence area of a facility using zoning the study area
is depicted as below:

Fig. 25. Left side: Influence radius of a facility and declining the potential by getting far from the facility
Right side: Simplified transmission of potential of a facility to the square-shaped zones

The side length of each zone is determined to 250 meter which corresponds to the smallest
influence radius of a facility (first category) and makes the calculation of aggregated potential
of facilities in a zone easier. In addition, utilizing this size for zones enable the researchers to
aggregate the potentials of zones in larger scales as it is shown below:

Fig. 26. Ability of aggregation of 250m-zones into larger scales of 500m, 1000m etc.
After zoning the area under study, the potential of each zone will be calculated based on the
potential of facilities in this zone and the facilities in the direct and indirect neighbouring zones
depending on their influence radiuses. Potential of a zone is calculated by following
components:
Component_1𝑖 : Potential of all facilities (categories 1 and 2 and 3) in the considered zone i
Component_2𝑖 : Potential of facilities with category 2 located in direct neighbour zones of the
considered zone of i
Component_3𝑖 : Potential of facilities with category 3 located in direct neighbour zones of the
considered zone of i
Component_4𝑖 : Potential of facilities with category 3 located in indirect neighbour zones of the
considered zone of i
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Fig. 27. Effect of facilities on potential of a zone according to their influence radius (category) and distance
from the zone

It means that the potential of facilities in a zone– regardless of the category of the facility in
term of its influence radius – will be assigned to this zone, because it is supposed that the
corresponding zone is located within the maximum acceptable detour of all three categories of
facilities (component 1). The category 1 facilities located in direct and indirect neighbouring
zones do not influence the potential of the zone due to their limited influence radius. The
facilities in direct neighbouring zones with larger influence radiuses influence the potential of
the zone but it should be noted that, due to their distance to the considered zone, only a fraction
of their potential and not the whole potential will be assigned to the considered zone. By
assigning the potential of facilities, the fraction of category 2 facilities (component 2) will be
lower than the category 3 facilities (component 3) because the influence radius of category 2
facilities are smaller than category 3. The last component for calculation of the potential of a
zone consist of the category 3 facilities in indirect neighbouring zones (component 4).
According to the described approach, the potential of each zone will be calculated as below:
Potential_ZS𝑖 = Component_1𝑖 + α ∗ (Component_2𝑖 ) + β ∗ (Component_3𝑖 ) + γ ∗ (Component_4𝑖 )

(11)

Potential_ZSi : Potential of zone 𝑖 in the sub − model "Settlement Areas"
Subject to:

α ,β ,γ ≤ 1

and

α≤β

Since a fraction of potential of facilities in neighbouring zones (Component_2𝑖 ,
Component_2𝑖 and Component_2𝑖 ) should be assigned to the considered zone of 𝑖, the
parameters α , β and γ in the formula (11) should not be greater than one. In addition, regarding
the farther influence radius of category 3 facilities in compare to category 2, the influence of
category 3 facilities in direct neighbouring zones is greater than the influence of facilities in
category 2 therefore, the condition 𝛼 ≤ 𝛽 should be also respected.
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4.1.4 Effect of existing fast charging stations
The last step in the sub-model “Settlement Areas” analyses the effect of existing charging
stations on potential of zones in the location model. The demand for the fast charging in an area
(zone) could be already satisfied by an existing FCS. In this process different factors such as
technical aspects of charging stations, user behaviour in term of detour acceptance and type of
the facilities in the area are regarded.
As it is briefly in the third chapter mentioned, there is no unique and uniform standard for
charging infrastructures in term of their technical properties. The FCSs are different particularly
from their plug-in systems and charging efficiency. The developed location model in this
dissertation considers these two aspects of FCSs. The CHAdeMO standard is the first
introduced plug-in system which is heavily supported by Asian automakers such as Nissan and
Mitsubishi. Thanks to earlier development of this plug-in type in the market, CHAdeMO is the
first big player and leading the FCSs, however, Tesla superchargers and CCS (Combined
Charging System) plug-in systems are growing also very fast. Tesla EVs are one of the bestselling electric cars thanks to their considerably higher range however, superchargers are
compatible only with Tesla electric cars. CCS plug-in system introduced later than the other
two however, it is supported by largest auto industry alliances in Europe and is expanding
quickly. The plug-in system of FCSs are designed to be compatible only for certain types of
EVs and do not fit to all of them therefore the to-be-considered FCSs should be specified in the
location model. In addition, the charging efficiency differentiate the fast charging process from
slower ones and plays the most notably role for determining the charging time of a battery
(considering a certain capacity of battery). As it is described in the section 4.1.1.2, the charging
time of battery in combination with activity time of users are of important factors for evaluating
the potential of a facility. The EU definition (EU, 2014) terms the charging stations with
charging power greater than 22 kW as fast charging infrastructures however, considering the
wide spectrum of charging power starting from 22 kW and accordingly the charging time of the
battery, the users of the location model may be interested to specify their own definition in term
of the to-be-considered charging power therefore, the location models in this dissertation
provides this possibility. To sum up, the desired plug-in system and the charging efficiency of
existing charging infrastructure should be determined by the user of location models according
to the individual project purposes and fed as input parameters to the model.
Hereafter, the spatial effect of specified existing charging stations on potential of relevant zones
(the corresponding zone in which the FCSs is located and the neighbouring zones) is in the
location model has been regarded. The assumptions and background of the spatial effect of a
FCSs in the location model are similar to the assumptions about EV users’ behaviour in term
of their detour acceptance in previous section (section 4.1.3). An existing charging station
satisfies the demand for the fast charging in close vicinity of the stations and by getting far from
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the station, its effect on potential of farther areas weakens. In order to model this, a
simplification as below has been employed:

Fig. 28. Left side: Influence radius of a fast charging stations and declining its effect by getting far from it
Right side: Simplified influence of a FCS on the square-shaped zones

By consideration of the effect of existing charging infrastructures on the relevant zones, the
category of facilities in the zones - in term of their maximum detour acceptance - should be also
regarded. It means that, in addition to the distance of a zone to an existing FCS, the category of
the facilities located in these zones also should be considered because the potential of facilities
with different detour acceptance are influenced differently by the existing charging station. Fig.
29 depicts influence of an existing FCSs on potential of the facilities based on their distance
and category type of surrounding facilities.
The potential of facilities located in the zone, in which a FCS is already exists, will be reset to
zero because it is assumed that all categories of facilities in this zone could satisfy their demand
for fast charging using the FCS. The reduction of potential of facilities in neighbouring zones
(direct and indirect) depends on the category of the facilities. A fraction of the demand for fast
charging related to the facilities with maximum influence radius of 500 and 750 meter (category
2 and 3) in direct neighbouring zones is satisfied using the existing station. It means that the
potential of facilities with category 2 and 3 in direct neighbouring zones should be decreased
however, the decrease of potential of category 3 facilities in the direct neighbouring zones will
be sharper than the decrease of the potential of category 2 facilities. In the indirect neighbouring
zones, only the potential of category 3 facilities will be decreased because only the
customers/visitors of these category of facilities are ready to park/charge their EV by the
charging station and take a 500 - 750 meters walking detour to reach these facilities. The
charging station has no effect on potential of other two facility categories because the charging
station is beyond the influence radius of these facilities.
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Fig. 29. Influence of an existing FCSs on potential of facilities according to their distance and influence radius
category

In order to decrease the potential of facilities in the corresponding zone as well as direct and
indirect zones according to their influence radius, the same introduced parameters of
α , β and γ in the previous section (4.1.3) should be employed because the user’s detour
acceptance behaviour is the same. By so doing, the potential of the facilities should be modified
as below:
Potential_F ∗ 𝑖 = 0 ; for all facilities in the zone containing a FCS
Potential_F ∗ 𝑖 = (1 − α )
∗ Potential_F 𝑖 ; for category 2 facilities in direct neigghbouring zones
Potential_F ∗ 𝑖 = (1 − β )
∗ Potential_F 𝑖 ; for category 3 facilities in direct neigghbouring zones
Potential_F ∗ 𝑖 = (1 − γ )
∗ Potential_F 𝑖 ; for category 3 facilities in indirect neigghbouring zones
PotentialF∗ 𝑖 : Modified potential of facility 𝑖
Subject to:

α ,β ,γ ≤ 1

and

α≤β

The aggregation of the potential of facilities into the zones should be updated using the modified
potential of facilities as it is described in previous section. The result of the introduce sub-model
is a value for each zone, originated from potential of urban facilities, which represents the
potential of the zone for the use-case of FCSs in the settlement areas. However, the other
expected use-case of FCSs is on the major highways for enabling the long-range intercity
travels. The second part of the location model in the next section is dedicated to determine the
potential of zones considering the use-case of FCSs on the major roads.
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4.2 Major Highways
Of main reasons for low adaptation of E-Vehicles among people are the limited range of EVs,
long charging time and lack of enough public charging stations on the highways which limits
the EV’s usage only to the daily inner-city trips but not to the longer-distance weekend or
vacation trips. Beside huge efforts to improve the technical features of EVs in order to increase
the capacity of batteries and the range of EVs, installation of FCSs in proper location on the
major roads could help to cover this deficit and help to widespread acceptance of EVs. The
second main block of the presented location model in this dissertation aims to develop an
efficient and transparent location finding model for FCSs on the highways based on user’s travel
and charging behaviour as well as the technical properties of charging stations and electric
vehicles.
Different parameters were employed in this sub-model which are based on traveller’s charging
behaviour e.g. state of charge of battery by arrival and departure or range anxiety as well as
their travel behaviour in term of their detour acceptance to reach a charging station. Technical
parameter of range of EVs plays an important role for determination of the optimal location of
FCSs on the major roads. Apart from them, other significant criteria such as traffic volume of
commuters and importance of the roads for international traffic were investigated and employed
in this part of location model. Similar to the previous sub-model, this block of the location
model also utilises a weighting system so that the user could put different weights on the
model’s criteria in order to generate his/her individualized results, depending on the projects
priorities or research purposes.
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Result

- Daily Traffic Volume
- Forign Daily Traffic Volume
- TEN-T Network
- Autobahn Accessibility

Introducing the criteria for determining the coverage prority of each
road segment

Criteria for determining the
coverage priority

Weighting algorithm for the
determined criteria

According to assigned weights to the introduced criteria, the
Priority of each road segment for covering the demand for FCSs is
calculated.

Coverage priority of each
road segment

- Plug-in System of FCSs
- Charging efficiency of FCSs
- Detour acceptance by user
- Range of EVs
- Assigning the coverage
status to each road segment

Determining the effect of existing FCSs based on technical features
of FCSs and EVs such as plug-in Type of and efficiency of FCSs and
the range of Evs as well as based on coverage status of the road
segment regarding the FCSs

Exploring the effect of
existing FCSs on the
potential of a road segment

- Coverage status of road
segments in different detour
classes
- Maximum detour
acceptance by user

Assigning a weights to each road segment which represents the
effect of existing FCSs (different coverage status of the road
segments) and the detour acceptance behaviour of travellers

Weight of each road
segment based on effect of
existing FCSs

- Coverage priority of each
road segment
- assigned weight to each
road segement based on
effect of existing FCSs

Determining the potential of each road segment based on the
coverage priority of each road segment and the effect of existing
fast charging infrastructures

Potential of each road
segment for installation of a
FCSs

- Potential of each road
segment
- Maximum detour
acceptance by user

Aggregating the potential of road segments into the zones based on
the maximum detour acceptance of the users in order to reach a
FCS.

Aggregated potential of raod
segments in zones based on
detour acceptance by users
(Final Potential in major
highways sub-model)

Potential of each road segment

Approach/Way of Proceeding

Potential of
zones

Relavant Factors

Fig. 30: Main steps of the location model on major highways for installation of FCSs
4.2.1 Criteria
This section differentiates the importance and priorities of the major roads for covering the
FCSs demand on them so that the distribution of FCS will be nationwide comprehensive and
demand-oriented. The coverage priority could be determined based on wide variety of criteria.
First idea was to regard the already existing development plans of different federal states of
Germany (Landesentwicklungspläne in German) which specify the priorities and categories of
interregional roads based on their different criteria (see the Fig. 31 as an Example). First
problem for employing these development plans was the missing development plans of some
federal stats. The second issue, which was more problematic, was the non-transparency of the
process of development plans. Since these development plans were determined by different
decision-makers, it is assumed that each group of decision-makers utilized their own criteria
for preparing the development plans which could be different from other federal states. Due to
utilizing inconsistent criteria in development plans of different federal states, the process of
determining the priority of major roads is assumed to be not-uniform and therefore, they were
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not comparable and combinable together. Because of the mentioned reasons, this research
utilizes its own criteria for determining the priority of the roads so that they are transparent and
uniform for all road segments.

Fig. 31. Example of development plan, the Province of North Rhine-Westphalia, source:
http://maps.regioplaner.de/ retrieved on 10.04.2015

Due to data gathering difficulties and in order to avoid too much model complexity, the
following 4 main criteria have been chosen: daily traffic volume on roads, foreign daily traffic
volume, importance of roads as part Trans-European Transport Network (TEN-T) and the
autobahn network accessibility. An important point for determining the coverage priority is that
the importance of mentioned criteria could be configured differently, depending on goals of
project or decision-makers’ opinion. For example, if the main goal is to provide the FCSs to as
many EVs’ users as possible (efficiency goals), so the criterion of “daily traffic volume” should
get a higher weight in compare with others but if the provision of service to poorly accessibly
areas are more important (equity goals), then the criterion “autobahn accessibility” plays more
important role for determining the coverage priority.
4.2.1.1 Daily Traffic Volume (DTV)
It is assumed that more traffic volume on a road results in higher number of EVs (or potential
EVs) on this road and consequently the demand for FCSs is higher. Considering this
assumption, the data of daily traffic volume (DTV) have been gathered and assigned to
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autobahns and secondary roads (Bundesstraße in German) of Germany. The data gathering
process is described in section 5.2.1. The assigned values of DTV to the road segments are
categorized in 10 levels (DTV=1, 2, …, 10), whereas the level 1 indicates to the roads with
least traffic volume and the level 10 to the roads with highest traffic volume. Then, the
categorized values of DTVs are fed in the location model, the coverage priority of the roads
increases with higher traffic volume and conversely decreases with lower traffic volumes. Since
these increase and decrease are not constant values but depend on assigned weight to this
criterion, a similar weighting procedure in the “Settlement Area” sub-model (see the section
4.1.2) has been employed. The weights vary from “no weight” (the DTV is not considered at
all for determining the priority of road segments) to “very important” (which cause extreme
differences in coverage priority of road segments depending on different categories of DTV).
The category of DTV and the assigned weight for this criterion will determine the coverage
priority of each road segment using a linear function as below:
PriorityiDTV =

LDTV +

UDTV − LDTV
(DTVi − DTVMin )
DTVMax − DTVMin

(12)

PriorityiDTV : Coverage priority for the road segment i caused by criterion daily traffic volume
LDTV and UDTV : Lower and upper limits corresponding to the assigned weight (see Table 2 Table 1)
DTVi : Category of daily traffic volume on road segment i (1, 2, … , 10)
DTVMin : Minimum level of daily traffic volume (DTVMin = 1)
DTVMax : Maximum level of daily traffic volume (DTVMax = 10)

4.2.1.2 Foreign Daily Traffic Volume (FDTV)
Depending on goals of the research, planners/decision-makers might be interested to cover the
demand for FCSs on those highways which are important for international traffic. In this case,
the assumption is that the more foreign daily traffic volume (FDTV) on a road, the coverage
priority of this road is higher (depending on the weight of this criterion). The data gathering of
the FDTV is described in section 5.1.3. Their value is classified in 8 categories (FDTV= 1, 2,
…, 8) in which the category 1 indicates to a road segment with the least foreign traffic and
category 8 indicates to highest foreign traffic. Same as previous criterion, a linear function is
utilized for considering the weight of foreign traffic for calculating the coverage priority of road
segments.
PriorityiFDTV =

LFDTV +

UFDTV − LFDTV
(FDTVi − FDTVMin )
FDTVMax − FDTVMin

(13)

PriorityiFDTV : Coverage priority for the road segment i caused by criterion foreign daily traffic volume
LFDTV and UFDTV : Lower and upper limits corresponding to the assigned weight (see Table 2)
FDTVi : Assigned Category of foreign daily traffic volume on road segment i (1, 2, …, 8)
FDTVMin : Minimum category of foreign daily traffic volume (FDTVMin = 1)
FDTVMax : Maximum category of foreign daily traffic volume (FDTVMax = 8)
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4.2.1.3 Trans-European Transport Network (TEN-T)
The Trans-European Transport Network (TEN-T) refers to a set of transport network in the
European Union which aims to improve the connection between the planned countries. This
network plays an important role for easing and supporting the inner-Europe good, passenger
and energy transport, which effect other aspects especially the economy of the contributed
countries. The presented location model regards this network by determining the priority of the
roads in a way that the user of the model can put more priority on the roads, which part of the
TEN-T Network are. For considering this, the following categories has been assigned to each
road segment:
(TEN − T)i = 0 ; If the road segment i is part of TEN-T network
(TEN − T)i = 1 ; If the road segment i is not part of TEN-T network
In so doing, the priority of each road segment, depending on the assigned weight to the factor
“TEN-T” is calculated as below:
Priorityi(TEN−T) = [L(TEN−T) +

U(TEN−T) − L(TEN−T)
(TEN−TMax )−(TEN−TMin )

∗ ((TEN − Ti ) − (TEN −

TMin )) ]

(14)

Priorityi(TEN−T) : Coverage priority for the road segment i caused by TEN-T Network
L(TEN−T) and U(TEN−T) : Lower and upper limits corresponding to the assigned weight (see Table 2)
TEN − Ti : Assigned category of TEN-T Network assigned to the road segment i (0,1)
TEN − TMin : Minimum category of TEN-T network (TEN − TMin = 0)
TEN − TMax : Maximum category of TEN-T network (TEN − TMax = 1)

4.2.1.4 Autobahn Accessibility (AAC)
Generally, the highways are classified according to their capacity and function. In Germany,
the road type “autobahn” with largest capacity and highest traffic speed, is the most important
road category for long-distance trips. The second major through-roads are labelled as federal
highway (Bundesstraße in German), which generally have a lower traffic capacity in compare
with autobahns; however, they are also expected to carry a large volume of inter-city traffic.
The federal highway network is more important for those regions, their accessibility to the
autobahn is difficult because the inter-city trips of residents in these regions relay mainly on
federal highways. Focusing too much on only efficiency criteria such as traffic volume or
foreign traffic volume would result to cover only the demand on autobahns (with normally
higher traffic volume on them) and the federal highways will be ignored, which could result in
inequity issues for the residents of difficult accessible regions. On this account, the decisionmakers might be interested in covering the demand for FCSs not only based on efficiency
criteria but also with consideration of equity goals by providing the FCSs for the regions which
are located relatively far from the autobahn network. To consider this criterion in the presented
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location model, the autobahn accessibility (AAC) of each federal highway is calculated and
categorized in 5 classes. The class 1 indicate to those federal highways, which could access an
autobahn within 15 minutes and proceeding with 15-minutes steps, the class 5 refers to those,
for them an autobahn is accessibly after more than 60 minutes driving. Considering this
criterion, a higher coverage priority will be assigned to the federal highways which are far from
the autobahn network and the roads which are in close vicinity of autobahns, will be regarded
with less priority (depending on assigned weight for this criterion). Calculation of coverage
priority of federal highways considering the autobahn accessibility is as below:
PriorityiAAC =

LAAC +

UAAC − LAAC
(AACi − AACMin )
AACMax − AACMin

(15)

𝑖 ∈ Federal highway segment (not autobahn segments)
PriorityiAAC) : Coverage priority for the federal highway segment i caused by autobahn accessibility
LAAC and UAAC : Lower and upper limits corresponding to the assigned weight (see Table 2)
AACi : Assigned category of autobahn accessibility assigned to the federal highway segment i (1, 2, 3, 4, 5)
AACMin : Minimum category of autobahn accessibility (AACMin = 1)
AACMax : Maximum category of autobahn accessibility (AACMax = 5)

Since the criterion autobahn accessibility changes the coverage priority of only secondary
highways (the accessibility of an autobahn to autobahn network makes no sense), the calculated
value by equation 15 will be added only to the secondary roads but the coverage priority of
autobahns will remain the same. In this case, the coverage priority of all secondary highways
will be added with a positive value (the value of PriorityiAAC for each secondary highway) but
since this criterion is not relevant for autobahns. In order to make the priority of autobahns and
secondary highways comparable to each other, the coverage priority of autobahns will be added
with the constant of 0.5 which is the average value of lower- and upper limits.
PriorityiAAC =

0.5

(16)

𝑖 ∈ Autobahn segment (not secondary highway segments)

Considering more than one creation for determining the coverage priority, the relevant
components (formulas 12, 13, 14, 15 and 16) will be summed together. For example, by
considering all the criteria, the following formula is utilized for determining the coverage
priority of federal highway segments:
Priorityi =

UDTV − LDTV
(DTVi − DTVMin ) ]
DTVMax − DTVMin

[LDTV +
+ [LFDTV +

UFDTV − LFDTV
(FDTVi − FDTVMin ) ]
FDTVMax − FDTVMin

+ [L(TEN−T) +
+ [LAAC +

U(TEN−T) − L(TEN−T)
(TEN − TMax ) − (TEN − TMin )

((TEN − Ti ) − (TEN − TMin )) ]

UAAC − LAAC
(AACi − AACMin ) ]
AACMax − AACMin

72

(17)

And coverage priority of autobahn segments is calculated according to the formula 18.
Priorityi =

[LDTV +
+ [LFDTV +

UDTV − LDTV
(DTVi − DTVMin ) ]
DTVMax − DTVMin
UFDTV − LFDTV
(FDTVi − FDTVMin ) ]
FDTVMax − FDTVMin

+ [L(TEN−T) +

U(TEN−T) − L(TEN−T)
(TEN − TMax ) − (TEN − TMin )

+ 0.5

((TEN − Ti ) − (TEN − TMin )) ]
(18)

4.2.2 Effect of existing fast charging stations
This section analyses the effect of already installed fast charging infrastructures on covering
the demand on the highways because it could be possible that despite a high coverage priority
of a road segment, the demand for FCSs is already satisfied. In order to investigate the effect
of existing FCSs in the location model, some technical properties of FCSs and EVs as well as
traveller’s behaviour in term of their detour acceptance should be analysed.
4.2.2.1 Plug-in system and charging power of FCSs
As it is described in the sub-model settlement areas, the two key technical characteristics of
plug-in system and charging power are the most important properties associated with the FCSs.
Different plug-in standards are not compatible with every EVs and the charging power plays
the most significant role for amount of the transferred electrical energy from grid to the battery
in a specific time. The presented location model differentiates between FCSs in terms of these
characteristics therefore, they should be specified by users according to their own unique
research purposes and then fed in the model as input parameters. Since an existing FCS could
satisfy the demand for FCSs both in settlement areas and on the major highways, therefore the
technical properties of the to-be-considered FCSs in both sub-models should be the same.
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4.2.2.2 Detour to FCSs
The next step is to identify those roads which are affected by the determined FCSs. In order to
do that, we look to the traveller’s behaviour in term of their detour acceptance. The assumption
is that, the less detour to a charging station makes it more accessible from the highway and it is
more accessible and comfortable to utilise by travellers. On the other hand, the attractiveness
of a FCS located far from the highway is lower because of the imposed detour. The FCSs, which
are located beyond maximum acceptable detour of travellers, are not attractive anymore. Here,
it is necessary to mention that the analysing the travellers’ detour behaviour requires a
comprehensive user study which is not the topic of this dissertation. However, reasonable
assumptions have been employed in order to model the mentioned detour acceptance behaviour
of travellers. Three detour classes have been defined in which the first one indicates to the easy
accessibly charging station, the second one refers to a greater imposed detour and the last detour
class is the one with largest detour to the FCSs but still acceptable by travellers. This approach,
which is depicted Fig. 32, is implemented using network analyses of the ArcGIS software
whereas the first detour class indicates to roads with maximum 2 km detour, the second class
indicates the accessible roads with 2-5 km detour and the last class specifies those roads from
them the FCS is reachable within 5-10 km detour. In this specific example, the Autobahn A96
is located directly to the FCS (passing through the first detour class) and the travellers can
utilize it conveniently, while federal highway B17 is reachable with 5-10 km detour, which is
the third detour class.

Fast Charging Station

Highway Network

Detour Classes
0-2 km
2-5 km
5-10 km

Fig. 32. Modelling the detour acceptance behaviour of travellers and creating the detour classes using the network
analyses in ArcGIS software
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4.2.2.3 Range of EVs
The factor range, as an important characteristic of the EVs, plays a significant role for
determining the optimal location of FCSs on the major roads. In simplified terms, the range of
EVs determines up to which point from a FCS the demand for fast chargers is covered and from
which point on, the next charging station is required so that a connected and continuous network
of FCSs on the major roads is established. In order to regard the range of EVs in the location
model, a value for this factor should be determined and fed as an input parameter in the model.
However, wide variety of ranges of the current EVs (see Table 3 for some examples) and even
more expected varieties in near future due to technical progresses make it difficult to determine
a unique value for it. Consider that the planning process of the charging infrastructure on the
major roads for Tesla model S for example with roughly 400 km range is completely different
from the charging infrastructure requirements for BMWi3 or VW e-Golf, which could run less
than one third of this range. Therefore, the value for the range of EVs in the location model
should be determined based the project purposes and the target EV group. In order to increase
the flexibility of the location model and avoid the limitation of its applications, this dissertation
specifies a spectrum for range of EVs, instead of specifying only a unique value, so that the
user of the location model can configure this factor based on his/her own unique project and
get the results for different scenarios.
In order to specify the lower and upper boundaries of this spectrum, the ranges of different EVs
have been considered and evaluated. The lowest and highest ranges of EVs have been picked
as lower and upper boundaries of the spectrum respectively. It should be noted that the official
announced range of an EV is measured under a very restricted standard condition so that the
range of different EVs are comparable to each other. However, the actual range of EVs in real
driving conditions could be much lower depending on driving style, terrain, utilizing other
electric devices in EV and so on. Environmental Protection Agency in United States (EPA1)
simulates the driving range of EVs under the real-world conditions which provide a reliable
basis for comparison of actual range of different EVs. Table 3 presents the range of some
selected EV models measured by EPA:
Table 3: Comparison of measured range of EVs for a fully charged battery, source: EPA
EV Model
Max. Range
(km)

Nissan leaf 2

Chevrolet
Spark EV

BMW i3

MercedesBenz B250

VW e-Golf

Tesla
Model S 3

135-172

131

130

140

134

376-435

Beside the real-world conditions, another important factor which reduces the range of EVs is
the charging behaviour of travellers. The calculation of the range of EVs by EPA is based on a
full-charged battery which not a realistic supposition. Smart et.al. (2013) show that only 40%
1
Environmental Protection Agency of US https://www3.epa.gov/
2
24-30 kWh battery
3 70-90 kWh battery

75

of charging processes run till full-charge and majority of users do not charge their battery
completely. Considering this, the above-mentioned ranges should be adjusted in accordance
with charging behaviour of users. Since investigation of the traveller’s charging behaviour is
not the topic of this dissertation, it is assumed that the state of charge of battery of an EV by
departing the station is 80% which is a reasonable assumption based on charging time of a
battery using a FCS. Considering his assumption, the travellers make use of the fast charging
process until 80% of the battery and do not wait for loading the rest 20% because from the 80%
on, the charging process slows down significantly. According to this assumption the range of
EVs is adjusted as below:
Table 4: Comparison of range of EVs considering the charging behaviour of travellers
EV Model
Max. Range
(km)

Nissan leaf 9

Chevrolet
Spark EV

BMW i3

MercedesBenz B250

VW-e-Golf

Tesla
Model S 10

108-138

104

104

112

107

300-348

The lower and upper boundaries of the parameter range in the location model have been set to
100 km and 350 km respectively, which correspond roughly to the above calculation. The user
of location model could specify its own value within these boundaries in order to implement
his/her own scenarios. Applying the values close to lower boundary in the location model leads
to cover the demand of all EVs with different ranges (apart from the compatibility of plug-in
systems) results to more required FCSs for covering the demand on a certain highway network
which imposes more investment and costs. On the other hand, applying higher values close to
upper boundary as the range of EVs results in less number of required FCSs for covering a
certain highway network but it is not a proper solution for those traveller, the range of their EV
is less than the determined range in the location model.
4.2.2.4 Covering the demand on highways
After defining the technical properties of the to-be-considered FCSs in terms of plug-in system
and charging efficiency and after identifying the effected roads in different detour classes, the
coverage of demand for FCSs along the effected roads will be investigated. At this point, the
range of EVs, which is determined by the user of the location model based on his/her unique
project purposes, plays a key role for setting up a comprehensive network of FCSs. The
determined range is considered as maximum travelled distance until the battery of EV is empty
which we name it here “available range”. However, we do not expect that the travellers will
make use of all energy of battery till it is completely depleted. We assume that, before the
battery goes empty, the travellers search for the next charging station so that the possible staying
on the road due to empty battery is avoided. A research conducted by Franke (2014) shows that
the travellers consider 20-25 percent of the available range of EVs for searching a charging
station. After subtracting 25% of available range as buffer for finding a FCSs, we name the
remaining range as “comfortable range”.
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Comfortable range = (1 − 0.25) ∗ available range
The utilized approach for covering the demand on major roads based on the calculated ranges
is depicted as below:
Covered
FCS

Partly Covered

(Available Range) /2

High Potential

Comfortable
Range

Not Covered

Available Range

Fig. 33. Coverage status of highways based on user’s charging behaviour and range of EVs
Considering the Fig. 33, travellers can depart from depicted FCS until half of the available
range of EV and come back without intermediate charging (depicted in light grey) which is
labelled as “covered”. Installing a FCS in this area is not required. On the contrary, the dark
grey coloured road segment has the highest potential for installation of the next FCS because
the travellers in this area are searching a FCS to refuel the battery and continue their trip. By
arriving this area, the travellers already consumed the 75% of the energy in the battery and from
now on, only 25% of energy is left which cause so called the “range anxiety”; the fear that the
vehicle doesn't have the fuel to reach the destination. Therefore, the road segments in this area
are the optimal ones for installation the next charging station and expand the FCSs network.
Installation of a FCS on the road segments farther than dark grey depicted area is not interested
anymore because of the range limitation. If installing a charging stations is not possible in the
“High Potential” road segment (due to technical issues, installation costs, etc.), then the middle
grey coloured area is in the second priority. Although the travellers are still within the
comfortable range and do not feel the range anxiety in this area, however, they need to charge
their battery because without an intermediate charge, they cannot reach the next FCSs and
continue their trip. The described approach will be performed with consideration of determined
FCSs (plug-in system and charging efficiency) and three detour classes and the determined
range of EV. In so doing, the coverage status (covered, partly covered, high potential and not
covered) in the three detour classes will be assigned to the corresponding highway segments.
In some cases, the demand on a road segment could be influenced by more than one FCS, which
are located in a same detour class. In this case, we would have a combination of coverage
statuses for a road segment e.g. “covered” regarding the first FCS and “high potential”
regarding the second one and “partly covered” by another one etc. while only one coverage
status should be assigned. In these cases, since the influence of closest charging station for
covering the demand for FCS is more dominant, the coverage status related to the closest FCS
should be assigned to the road segment and the coverage statuses related to the farther FCSs
should be ignored. It means that if the combination of coverage statuses includes the coverage
status of “covered”, then this status will be assigned to the road segment, otherwise if the
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combination includes the coverage status of “partly covered”, then this status will be assigned.
This procedure is summarized in the Table 5.
Table 5. Coverage status of a road segment if it is influenced by several FCSs in a same detour class
Combination of coverage statuses in a same detour
class

Assigned coverage status in the detour
class

Covered, partly covered, high potential, not covered

Covered
Partly covered

Partly covered, high potential, not covered

4.2.3 Weighting the road segments based on effect of FCSs
Considering the above-mentioned procedure for evaluating the effect of existing FCSs, the
coverage status in three different detour classes will be assigned to each road segment. Since
each detour class include four different coverage statuses (covered, partly covered, high
potential and not covered) and that their orders and interrelationships are important, the number
of possible combinations is equal to 4*4*4 = 64 situations (see the Table 6).
Table 6. Combination of the coverage statuses in the three different detour classes
Detour class 1

Detour class 2

Detour class 3

Assigned Weight

Road segment 1

Covered

Partly covered

Partly covered

W1

Road segment 2

Partly covered

Covered

High potential

W2

Road segment 3

Not covered

High potential

Covered

W3

…

…

…

…

…

This section assigns unique values to each of these 64 combinations as weight of the
corresponding road segment. The higher weights refer to the higher potential for installing a
FCS on the road segment and lower weights correspond to the lower potentials. In fact, the
effect of existing FCSs, which is reflected as coverage statuses of a road segment in different
detour classes, will be quantified and utilized as a weight for calculating the potential of each
road segments later on. The better contribution of a road segment for setting up a FCSs network
in combination with existing FCSs the higher is the weight of this road segment. It should be
noted that, there is no single correct way for determining the value of weights. The important
point thereby is to assign comparable weights to each road segment, that respect the
assumptions about detour acceptance behaviour of the travellers and coverage status of the road
segment. These assumptions have been summarised as follows:
➢ If a road segment is located in “covered” area of a FCS in detour class 1 (light grey
segment in Fig. 33), it means that the demand for FCS is satisfied with a very good
service quality and consequently the potential of this road section will be very low
(almost zero). However, if the charging station is located in second or third detour
classes, then the travellers need to take a longer detour to reach it therefore, installing
an additional FCS in close vicinity of highway (which is accessible within the detour
class 1) leads to increasing the travellers’ comfort. Therefore, if a road segment is
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covered within the detour classes of 2 or 3, the potential of this road segment, due to its
potential to increase the user’s comfort, is higher than a road segment covered in first
detour class.
➢ If a road segment is in the “high potential” area (dark grey coloured segment in the Fig.
33), then installation of a new charging stations could optimally contribute for setting
up a FCSs network and covering the demand on highways. For this reason, the highest
weight will be assigned to the road segment with the status of “high potential”.
However, the assigned weight varies according to the detour classes in a way that the
higher weight will be assigned to “high potential” segment in detour class 1 and the
weights decreases for farther located FCSs.
➢ The “partly covered” road segments (middle grey area in the Fig. 33) are considered as
second priority area, in case the installation in “high potential” area is not possible due
to technical or financial issues. Their weights in compare with “high potential” areas
are lower but they are higher than covered areas. The corresponding weights will be
determined again in accordance with detour classes.
➢ The “not covered” road coverage status means that the corresponding road segment is
not influenced by any of existing FCSs therefore, the assigned weights to them are
assumed to be higher than “covered” areas and lower than “partly covered” and “high
potential” road segments. Since they are not influenced by existing charging stations,
the detour classes are meaningless in this situation.
We assigned appropriate weights for each combination of the coverage statuses in different
detour classes by consideration of the mentioned assumptions as well as calibration of them in
several pre-implementations of the location model. The value of the weights is presented in the
results in section 5.2.
4.2.4 Potential of each road segment and aggregating it to the zones
The calculated values of the coverage priority in the section 4.2.1 and the assigned weights
because of the effect of existing charging infrastructure, built up the bases of potential of each
road segment. It means that the higher values of coverage priority of the road segments (based
on the presented criteria of the daily traffic volume, foreign daily traffic volume, TEN-T
network and autobahn accessibility of secondary highways) and the higher assigned weights to
the road segments (representing the better contribution of the road segments for setting up a
coherent FCSs network in combination with existing FCSs), the potential of the road segment
for installation of a FCSs is be higher. In order to determine the potential of a road segment,
these two factors should be considered together in a way that the coverage priority of a road
segment is considered as base potential for this road segment and the assigned weight, which is
achieved by evaluating the effect of existing FCSs on the road segment, is regarded as a
multiplication factor which adjusts the base potential of the road segment. Considering a road
79

segment with a high coverage priority, if the demand on this road segment is already (partly)
covered by an existing charging station, its potential should be adjusted and despite the high
coverage priority, its potential should be low. The potential of each road segment is calculated
as below:
Potential_Hi = Priorityi ∗ Weight i
Potentia_Hi : Potential of the road segment i
Priorityi : calculated priority of the road segment i
Weight i : Assigned weight to the road segment i
Geometrically, the calculated potential of road segments refers to the potential on a twodimensional lines corresponding to the single road segment while this dissertation aims to
evaluate the potential in the areas. Therefore, we need to aggregate the potential of each road
segment to the surrounding areas. As it is shown in the sub-model “Settlement Areas” in which
the potential of an area could be influenced by several nearby facilities (depending on walking
detour acceptance and category of facility in term of detour acceptance), the potential of an area
in sub-model “Major Highways” could be influenced by more than one highway segment,
which is especially important to be evaluated in highway junctions. To do so, the area under
study is divided into the square-shaped zones which matches with the zones in the sub-model
“Settlement Areas” described in section 4.1.3. Matching the shape and size of the zones in both
sub-models enables the users of the location model to combine the potential of zones in the submodels and determine the optimal zones for installation of FCSs based on both sub-models.
The combination of the potentials is described in section 4.3.
The aggregation of the potential of road segments into the zones is performed by considering
the detour acceptance behaviour of the travellers. The supposition is that, the closer is a zone to
a road segment, the imposed detour to reach this zone is lower and consequently, installation
of a FCS in this zone, it is more convenient to utilize. Therefore, a greater fraction of potential
of the road segment is assigned to the closer zones and the zones farther from the road segment
acquire lower fraction of the potential of the road segment. In order to implement this idea, the
same implemented detour classes for evaluating the effect of existing FCSs will be utilized so
that it is coherent with the previous sections. However, due to huge calculation complexity for
calculation of the detour classes for each zone using the network analyse of ArcGIS software,
the simple linear distance between the center of zones and the surrounding road segments has
been utilized.
Potential of a zone in sub-model “Major Highway” will be calculated by consideration of the
detour acceptance behaviour of the travellers. While the potential of the road(s) in first detour
class is assigned fully to the considered zone (due to the easy accessibility of the road from the
considered zone), a fraction of potential of roads in detour classes 2 and 3 is assigned to the
80

zone due to imposed detour. If several roads are located in a detour class, a summation of
potential of relevant roads will be assigned to the zone. The potential of a zone consists of the
following components:
Component_1i : Potential of roads in detour class 1 of zone i
Component_2i : Potential of roads in detour class 2 of zone i
Component_3i : Potential of roads in detour class 3 of zone i
Then the potential of a zone out of the surrounding roads will be calculated as below:
PotentialZH i = (Component1i ) + (δ ∗ Component 2i ) + (λ ∗ Component 3i )

(20)

Potential_ZHi : potential of zone 𝑖 driven from potential of highways
subject to:

δ und λ ≤ 1

and

λ≤δ

This procedure has been depicted as below:

A96

A96

A9
6

6
A9

6
A9

A96

Highways
7
B1

Zone
Detour class 1
Detour class 2
Detour class 3

Fig. 34. Aggregation of the potential of road segments into the corresponding zones based on the detour classes
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4.3 Combined Results
The presented sub-models calculate two different potentials for each zone, which correspond
to the main use-cases of FCSs in settlement areas and on the major highways. FCSs in
settlement areas increase the flexibility of travellers by their daily routine activities, which are
performed by short inner-city trips, while on the major highways, FCSs enable the travellers to
overcome the limited range of EVs by their long distance inter-city trips in which the daily
activities are not relevant at all. This section attempts to combine the results of these two submodels into one unique value so that the user of the location model can evaluate the mentioned
use-cases of FCSs simultaneously instead of considering them separately. Calculating the
combined potential of a zone could be performed by utilizing different weights for sub-models,
which reflect the user’s favour and priority for installing the FCSs in settlement areas or on
major highways. It means that the weights of sub-models in the combined result could be
configured differently, depending on decision maker’s opinion and/or research goals. Based on
the calculated combined results for each zone, the location model selects the optimal zone(s)
for installation of FCSs in an iterative process in which, the first selected zone is considered as
an existing charging station and its effect on potential of zones is evaluated. The second optimal
zone is selected based on updated potentials considering the first selection. Updating the
potential of zones and selection of new optimal zones continues until a terminating condition
breaks this process. The terminating process could be defined based on different criteria such
as selections of specific number of optimal zones or coverage of a certain percentage of the
highways and so on.
4.3.1 Normalizing the Results
As it is mentioned, the utilized criteria and employed methodology for evaluating the potential
of zones in in settlement areas and on highways are very different, which results in different
scales of the value of calculated potentials in the respective sub-models. The first step for
combining the results of sub-models is to normalize the calculated potentials into a matchable
and comparable scale. In order to do that, the values of potentials are interpolated into the range
of zero to 100 scale, using the following equations, whilst zero represents the zones with no
potential and the value 100 refers to zones with highest potential.
Potential_ZSIi =

Potential_ZSi
∗ 100
Max (Potential_ZSi )

(21)

Potential_ZHIi =

Potential_ZHi
∗ 100
Max (Potential_ZHi)

(22)

Potential_ZSIi : Interpolated potential of zone 𝑖 retrieved from sub − model "Settlement Areas"
Potential_ZHIi : Interpolated potential of zone 𝑖 retrieved from sub − model "Major Highways"
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In so doing, the interpolated potentials become comparable together and they could be utilized
as below for calculating the combined potential of the zones:
Potential_Zi = (WR ∗ Potential_ZSIi ) + (WH ∗ Potential_ZHIi )

(23)

Potential_Zi : Combined potential of zone 𝑖 retrieved from both sub − models
WR ∶ Weight of sub − model "Residentail Areas"
WH ∶ Weight of sub − model "Major Highways"
Subject to:

WR and WH ≤ 1

and

WH = 1 − WR

The utilized weights in the formula (23) represents the priority of the use-cases of FCSs in the
respective sub-models which should be specified based on project goals. If providing the fast
charging infrastructure to the inhabitant of a city is more important from authorities’ point of
view which leads to increase the comfortability of EV-users with their daily activities,
then WR > WH and on the other hand, if the functionality of FCSs on the major roads for
commuters and long-distance travellers is in the first priority, then WH > W𝑅 accordingly. In
extreme cases, if one of sub-models is not important at all:
WR = 0 ⟹ WH = 1 : Only use-case of FCSs on major highways will be regarded
WH = 0 ⟹ WR = 1 : Only use-case of FCSs in settlement areas will be regarded
The calculated results of the location model and depicting the potential of zones as colour
gradient could be quite interesting for investors and authorities that want to know, which areas
are more capable for installation of FCSs. The calculated potentials and illustrating them as a
potential map represent the potential of zones based on the employed methodology and the
existing charging stations. In fact, it provides an overview about the status quo of potential of
the zones. However, the investors/authorities could be interested to know, how the potential of
zones changes if a new FCS be installed in a certain zone. In other words, selecting a zone as
optimal location changes the potential of other zones (in settlement areas as well as along the
major highways) and consequently the next optimal zone should be selected based on the
changed potentials. While the next selection should be based on consideration of the previous
selection, a static result cannot regard this point. The next section of this dissertation
investigates the effect of newly added FCSs on potential of zones and presents an iteration
process in which every selection effects the potential of the relevant zones.
4.3.2 Selection of optimal zones
The last part of the location model is dedicated for specifying the optimal locations of FCSs.
At the first view, the selection of the optimal zones seems to be easy; just by picking the zones
with the highest calculated potential. However, this solution is applicable only for selecting the
first optimal zone because the selected zone should be considered as an existing FCS
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(theoretically a FCSs will be installed in the selected zone) and the potential of relevant zones
should be actualised based on the newly added FCSs. The newly added FCS should be regarded
in to both sub-models of “Settlement Areas” and “Major Highways” and accordingly, the
combined potential should be updated. Afterwards, the zone with highest calculated potential
among the updated potentials should be selected as the second optimal location. This zone
should be considered again as an existing FCS and the potential of zones should be updated one
more time, so that the third optimal location be chosen from the updated potentials and so on.
The iteration of selecting the optimal locations and updating the potential of zones continues
until a terminating condition is satisfied. The terminating conditions could be defined by
authorities depending on the goals of the project e.g. coverage of certain percent of highways,
installation of a limited number of FCSs due to budget constraints or any other constraint
according to the goals of project.

Residential Areas
Sub-Model

Major Highways
Sub-Model

Consider the selected zone as an existing FCS

Calculate the combined potential
of each zone (status quo)

Update the potential of each
zone based on new FCS

Check the
terminating condition(s)

Not fulfilled

Fulfilled

End of selection loop

Show the selected
zones

Select the zone with highest
potential as optimal location

Fig. 35. Iteration process for choosing the optimal locations based on the potential of each zone
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5 RESULTS AND DISCUSSION
As the area under study in this dissertation the country of Germany has been chosen for
implementing the presented location model. It is worthy of note that in case of data availability,
the location model is implementable anywhere else. The illustration of the sub-model
“Settlement Areas” in the large scale of Germany leads to totally unclear and vague figures. In
order to depicts the results with more detail and resolution, the city of Cologne with over 400
km2 area and one million population in west of Germany has been analysed.
The following sections describe the implementation of the sub-models “Settlement Areas” and
“Major Highways” and thereafter, the combination of both sub-models, which are organized
according to the presented methodology. The required input data for location model have been
collected from different sources and edited in the form of georeferenced shapefile layers, so
that they could be combined and spatially analysed in ArcGIS software. The input data and
their sources and preparation procedures have been introduced in the following sections. In
addition, the technical procedure of calculating the relevant criteria and calibration of the
parameters were discussed accordingly. Each sub-model ends with the respective scenariobased results according to the utilized weights and parameters.

5.1 Settlement Areas
One of the main uses-cases of the public FCSs is their function for increasing the flexibility of
EV owners with their inner-city and short-distance trips, which is especially important for those,
who do not have the opportunity of charging their EV privately. The main supposition here is
that, the EV-users make use of their activity time in different urban facilities such as
supermarkets, restaurants, fitness studios and so on for charging their EV by fast charging
infrastructure. In so doing, the number of attracted motorized trips to each facility and matching
the activity time of people with charging time of a battery are the key factors for determining
the potential of the facility. Of other criteria are the comfortability of the users during the
charging time. In order to regard the comfortability of EV users, two other criteria of parking
lot availability and opening hours of the facilities have been considered. The calculated
potential of urban facilities is assigned to the relevant zones (the zone in which the facility is
located and the neighbouring zones) based on the assumptions on detour acceptance behaviour
of users, which has been described accordingly.
5.1.1 Overview on shapefiles data
The most substantial input data for implementing the location model is the geo-referenced data
of urban facilities because they need be spatially coupled, edited and analysed in a geographic
information system, in our case is the ArcGIS software. Therefore, the geo-referenced data in
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Germany are obtained from the mapping service provider of HERE1. The obtained database
form this service provider contains different shapefile data of urban facilities, road networks,
administrative borders, parks, forests and other relevant data in Germany. The shapefile of
urban facilities in this database is the key input data for sub-model “Settlement Areas”. At this
point, a brief overview about technical properties of shapefiles has been presented so that the
following calculations in location model could be apprehended easier.
The shapefile is one of the popular formats for georeferenced data which contain at least two
information about the relevant object; the geo-coordinate and geometry format. The geocoordinate information refers to the location of the object and they could be in different
geographical coordinate systems. The geometry format refers to the formats of the object (point,
line or polygon) which could be utilized for illustrating different objects such as buildings,
roads, rivers, parks etc. In addition to the two mandatory information of the geo-coordinate and
geometry format, a shapefile usually contains much more information which describe the
relevant object such as its name, category and postal address and so on. These additional
information are stored in different fields of a table which is associated with the shapefile. In
this table, known as attribute table of the shapefile, each row represents a geo-referenced object
(point, line or polygon) and columns (fields) represent the additional information about the
objects. Fig. 36 shows part of the attribute table of a shapefile, which represents the urban
facilities in Germany. The first field refers to the unique ID of each facility (each row represents
one facility) and second field refers to its geometry format, (point in this case) meaning that
each urban facility is illustrated as a point in the ArcGIS software. These two fields are the
mandatory fields for each shapefile and from third field on, the optional descriptive information
such as name and main function of the facility are stored which can be in numeric or text
formats.

Fig. 36. Attribute table of urban facility shapefile
1

www.here.com
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5.1.2 Motorized individual traffic (MIT)
The required shapefile of the urban facilities in Germany has been obtained from the service
provider of HERE (last update in the fourth quarter of 2016).

Fig. 37. Sample of urban facilities in the region of Cologne, source data: HERE
Although the shapefile of urban facilities contains several descriptive attributes of the
corresponding facilities however, these attributes are not enough for calculating the number of
attracted motorized individual traffic to the facilities based on the formula (3) (see section
4.1.1.1 for more details).
MIT =

(Size of facility) ∗ (Customer/visitor pro unit) ∗ (Modified MIT Share)
(Person pro car)
∗ (1 − Synergy effect)
(3)

In order to specify the required input parameters and data in this formula, the first step is to
specify the type of facility according to the guidelines of Bosserhoff (2000) and Vogt &
Bosserhoff (2006). By specifying and matching the type of facilities with the facility types in
these guidelines, the following parameters could be assigned to each facility directly from these
guidelines:
-

Customer/visitor per size unit of the facility
Share of trips with the motorized individual travel mode
Average number of persons in a vehicle
Synergy effect of closely located facilities for attracting customers/visitors
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Table 7 illustrates the utilized parameters for a selected number of facility types in the
guidelines.
Table 7. Determined parameters for calculating the number of attracted MIT to a sample of facility types, Source:
Bosserhoff (2000) and Vogt & Bosserhoff (2006).

Type of facility

Customers/visitors pro size unit
Min
Max

Share of MIT
(percent)
Min
Max

Size unit

Person pro car

Synergy effect

Min

Max

Min

Max

m2

800

100

1.80

2.30

0.10

0.30

Furniture market

0.06

0.12

Sales floor

IKEA- including
restaurant area

0.35

0.50

Sales floor m2

100

100

1.80

2.00

0.10

0.30

Hardware store

0.15

0.45

Sales floor m2

65

100

1.20

1.50

0.10

0.30

1.00

1.20

Sales floor m2

40

60

1.20

1.40

0.10

0.30

1.40

2.00

Sales floor m2

40

60

1.20

1.40

0.10

0.30

1.90

2.40

Sales floor m2

10

60

1.20

1.20

0.10

0.30

ALDI

2.00

2.50

Sales floor m2

40

60

1.20

1.40

0.10

0.30

Other discounter

1.30

1.70

Sales floor m2

40

60

1.20

1.40

0.10

0.30

Electronics store

0.20

0.40

Sales floor m2

60

100

1.20

1.50

0.10

0.30

Clothing shop

0.15

0.25

Sales floor m2

60

90

1.20

1.50

0.10

0.30

Toy store

0.40

0.55

Sales floor m2

60

90

1.30

1.60

0.10

0.30

Indoor swimming
pool

0.10

0.10

Sales floor m2

40

60

1.00

1.50

0.10

0.30

Multiplex cinema

0.90

1.20

Seat

50

90

1.80

2.50

0.10

0.30

Theatre,
Orchestra

0.10

0.30

total floor area m2

50

100

1.50

2.00

0.10

0.30

Restaurant

0.25

0.50

total floor area m2

-

-

-

-

0.10

0.30

Supermarket over
800 m2
Supermarket up to
800 m2
Self-service store
up to 400 m2

By matching the type of facilities of the obtained data from HERE database with the specified
types in the guidelines, the mentioned parameters can be determined. However, there are two
issues which should be taken care of:
Firstly, the missing parameters for some facility types such as restaurants in above table, which
are not specified in the guidelines, should be estimated and filled out. A solution could be to
gather the missing data directly by a survey however, performing a survey is not the topic of
this dissertation and even if it is performed, due to the limited resources and complexity of the
survey process, its results would not be representative for whole Germany. In order to fill out
the missing values, we utilized the average value of those facility types, their parameters were
given by the guidelines and have a similar function to the facility with missing parameter. For
example, in case of the restaurant in above table, the average of parameters of leisure facilities,
has been calculated and assigned to the facility types of restaurant. In so doing, the error caused
by this estimation should be accepted.
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Second issue is to pick the proper value for a parameter form the mentioned range for each
parameter in Table 7.
The proper value of a parameter should be chosen from a range, which is limited by maximum
and minimum values. The proper value in this range depends on type of urban area in which
the facility is located. As it is described in section 4.1.1.1, three different urban areas of “city
center”, “suburban” and “outskirt” have been defined and assigned to each facility. Since there
is no specific definition for the mentioned urban area types, this dissertation utilizes the
predefined administrative areas in the HERE database.

Fig. 38. Different types of urban areas; zoomed in the city of cologne, own illustration, background:
www.here.com

By the definition of the type of urban area for each facility, the following procedure for
specifying the proper value out of the specified range for respective parameter are employed:
-

-

-

Urban area: City center:
❖ Customers/visitors pro size unit
❖ Share of MIT (percent)
❖ Person pro car
❖ Synergy effect

 Max value
 Min value
 Average of Min and Max values
 Max value

Urban area: Suburban
❖ Customers/visitors pro size unit
❖ Share of MIT (percent)
❖ Person pro car
❖ Synergy effect

 Average of Min and Max values
 Average of Min and Max values
 Average of Min and Max values
 Average of Min and Max values

Urban area: Outskirt
❖ Customers/visitors pro size unit
❖ Share of MIT (percent)

 Min value
 Max value
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❖ Person pro car
❖ Synergy effect

 Average of Min and Max values
 Min value

It should be noted that the parameter “share of MIT” should be modified based on the vehicle
availability in the region as well. For this purpose, the formula (1) and (2) are utilized in the
section 4.1.1.1.
The required data about vehicle availability in the regions in Germany have been retrieved from
Federal Motor Vehicle Transport Authority (Kraftfahrzeugbundesamt in German, 2016).
According to these data, the whole Germany is divided into 400 regions and the number of
vehicle per 1000 residents in these regions has been specified (see the Fig. 39). The average of
vehicle pro 1000 residents in whole Germany in order to calculate the formula (1) and (2) is
567. The vehicle availability data of each region has been assigned to the facilities located in
the respective regions.

Fig. 39. Vehicle availability to each 1000 residents in Germany, own illustration, data source:
Kraftfahrzeugbundesamt, 2016

In order to calculate the number of attracted MIT to each facility according to the formula (3),
the size of facilities should be specified and assigned to each facility. However, there is no
database with such a detailed information about the size of each single facility in the Germany.
Considering the limited resources in this dissertation, acquiring these data in praxis by field
survey is not also possible. In order to cope this issue and gather a reliable data about the size
of facilities, the average size of 280 well-known chain facilities such as discount supermarkets
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of Aldi and Lidl, furniture markets such as IKEA and Porta, leisure facilities such as swimming
pools, restaurants such as Mc Donald’s, King Burger and Nordsee etc. were investigated and
gathered. In addition to the size of facilities, other required information such as activity time,
parking lot availability and influence radius of these facilities were investigated and gathered,
which is available in an Excel file in the in the appendix of this dissertation. However, as it is
mentioned, gathering these data for all individual facilities is a very time-consuming process
therefore, the size of remaining facilities were estimated by the average size of those facilities,
their size is investigated and specified. In order to do that, the unknown-sized facilities with the
same type were aggregated e.g. all the facilities with type of restaurant e.g. snacks, fast foods,
takeaways etc. were aggregated together. Then the average size of the known-sized facilities in
the same type is calculated and assigned to them. For example, the size of an unknown-sized
restaurant is estimated by average size of all known-sized restaurants of Mc Donald’s, King
Burger and Nordsee etc. In so doing, the size of frequently repeated well-known facilities is
specified directly by the investigated sizes and the size of remaining facilities is estimated by
consideration of the facilities with the same type.
By assigning the above information to each facility, the required input data and parameters in
the formula (3) are ready and number of attracted motorized individual traffic to each facility
can be calculated. The following table shows exemplary calculation for a few numbers of
facilities:
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Table 8. Exemplary calculation of the number of attracted motorized individual traffic to a few number of facilities
Facility

1

Customers/visi
tors pro size
unit
Min

Max

PORTA
IKEA

0.06
0.35

0.12
0.50

OBI
REWE

0.15
1.00

KAUFLAND

Share of MIT
(percent)
Min

Max

Person pro car Synergy effect

Type of
urban area

Size1

Vehicle pro
1000
Residents

Number of
attracted MIT

Min

Max

Min

Max

80.00 100.00
100.00 100.00

1.80
1.80

2.30
2.00

0.10
0.10

0.30
0.30

Suburban
Suburban

30500.00
25000.00

493.00
493.00

885.62
4 109.53

0.45
1.20

65.00
40.00

100.00
60.00

1.20
1.20

1.50
1.40

0.10
0.10

0.30
0.30

Outskirts
Suburban

7700.00
1420.00

493.00
493.00

707.32
441.49

1.00

1.20

40.00

60.00

1.20

1.40

0.10

0.30

Suburban

4340.00

493.00

1 349.35

PENNY
ALDI

1.40
2.00

2.00
2.50

40.00
40.00

60.00
60.00

1.20
1.20

1.40
1.40

0.10
0.10

0.30
0.30

City center
Suburban

700.00
810.00

493.00
493.00

276.99
515.12

MC PAPER
SATURN

0.45
0.20

0.95
0.40

60.00
60.00

100.00
100.00

1.20
1.20

1.40
1.50

0.10
0.10

0.30
0.30

Suburban
City center

500.00
6250.00

493.00
493.00

158.28
714.47

MEDIA MARKT
TELEKOM SHOP

0.20
0.20

0.40
0.40

60.00
60.00

100.00
100.00

1.20
1.20

1.50
1.50

0.10
0.10

0.30
0.30

Suburban
City center

6000.00
120.00

493.00
493.00

783.87
13.72

C&A

0.15

0.25

60.00

90.00

1.20

1.50

0.10

0.30

City center

1600.00

493.00

114.31

KIK
DEICHMANN
INDOOR SWIMMING POOL

0.15
0.25

0.25
0.40

60.00
60.00

90.00
90.00

1.20
1.20

1.50
1.50

0.10
0.10

0.30
0.30

City center
City center

1500.00
420.00

493.00
493.00

107.17
48.01

FITNESS

0.10
0.15

0.10
0.30

40.00
90.00

60.00
100.00

1.00
1.00

1.50
1.20

0.10
0.10

0.30
0.30

Suburban
Suburban

1000.00
3000.00

493.00
493.00

29.40
428.40

MULTIPLEX CINEMA

0.90

1.20

50.00

90.00

1.80

2.50

0.10

0.30

City center

3600.00

493.00

646.01

THEATER
DISKOTHEK

1.85
1.20

1.95
2.00

50.00
85.00

100.00
100.00

1.50
1.80

2.00
2.50

0.10
0.00

0.30
0.00

Suburban
Suburban

1500.00
1500.00

493.00
493.00

897.60
948.51

MC DONALD'S
SPARKASSE

0.25
0.50

0.50
1.00

60.00
50.00

90.00
50.00

1.50
1.00

2.00
1.00

0.10
0.10

0.30
0.30

Suburban
City center

375.00
546.00

493.00
493.00

44.29
175.54

POST
LIBRARY

0.50
0.30

1.00
0.40

50.00
50.00

50.00
50.00

1.00
1.00

1.00
1.00

0.10
0.10

0.30
0.30

Suburban
City center

200.00
600.00

493.00
493.00

55.12
77.16

BACKERY

0.40

0.60

50.00

90.00

1.20

1.60

0.10

0.30

Suburban

175.00

493.00

32.15

Different units depending on the respective facility
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5.1.3 Potential of facilities
The calculated number of attracted motorized individual traffic to each facility in the last section
is considered as base potential of the respective facility and the following section evaluates the
effect of criteria on the calculated base potential. The influencing criteria are already introduced
in the section Criteria4.1.1; the matching of activity time of EV users in the facility with the
charging time of battery as well as the parking lot availability and opening hours of the facilities
which refer to comfortable usage of fast charging infrastructure. The influence intensity of each
criterion on the base potential of facilities depends also on the assigned weights to the respective
criterion.
❖ Activity Time (AT)
The better matching of activity time of users in the facility and the required time for charging
the battery of EVs, the usage of charging infrastructure is more optimal and therefore, the
potential of the facility is higher. According to the state of charge of the EV’s battery shown in
Fig. 19, the average activity time of users less than 15 minutes is considered as useful only for
emergency cases. Between 15 and 30 minutes the FCSs could be utilized efficiently however,
the EV user plugs out the charger while the battery could have been still charged by fast
charging process therefore, 15-30 minutes is not the best matching activity time. The best
matching time is considered between 30 and 60 minutes because the user is already made full
advantage of the efficient and fast charging process (up to 80% of battery) and leaves the
charging station when the charging process is getting slower. More than 60 minutes activity
time up to 120 minutes is more than enough time for charging the battery and cause the charging
infrastructure occupied for no purpose while it could have been utilized for charging the next
EV. Therefore, the 60-120 minutes activity time is rated lower. When the activity time exceeds
120 minutes, investment on the not-fast charging infrastructures could be more reasonable
instead of huge investment on FCSs.
In order to regard this criterion in the location model, the information about activity time of
customers/visitors in each facility should be specified and assigned to each facility. Two
different approaches have been employed for specifying the activity time of users. The first one
is the result of evaluating the database of “Mobility in Germany” (Mobilität in Deutschland or
MID, 2008) by Brost et.al, (2016). They specifying the activity time of the users in each facility
based on the trip purposes. This approach aggregates the facilities based on their trip purposes
and calculates the duration of the activity considering the arrival and departure of trips to the
facilities. The activity times of six main trip purposes have been depicted in Fig. 40. However,
the results of this analysis are partly adapted in this dissertation due to the possible errors
emerging from aggregation of the facilities based on their trip purpose. For example, the
facilities discount supermarkets and gas stations are aggregated in a same category which
results in same activity time for both of these facilities which could not be appropriate.
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Fig. 40. Average duration time of the travellers based on the main trip purposes, source: Brost et. al, (2016)
In ordered to specify the activity time more precisely, beside the above mentioned analysis, this
dissertation utilizes the results of a user-study survey. This on-line survey conducted as part of
the project SLAM1 (SchnellLadenetz für Achsen und Metropolen) and 461 people, 443 of them
owning at least one EV (plug-in hybrid and battery EV). In addition to the information about
activity time of users which will be utilized in this section, this survey inquired other criteria of
the location model such as charging behaviour of EV users (charging statuses of battery by
arriving and departing a FCSs) and their travel behaviour in term of their detour acceptance
(walking detour acceptance for reaching different urban facilities in settlement areas and driving
detour acceptance on the major roads for reaching a FCSs) which are introduced in the proper
sections later on. This database is available in the appendixes of this dissertation.
For specifying the activity times in the SLAM-survey, 18 urban facility types were defined
which majority of the other urban facilities could be matched with these 18 facility types. The
participants in this survey were asked about their activity time in these facility types. An
overview about the facility types and the results of this survey has been depicted in Fig. 41. The
utilized facilities in the location model in this dissertation were matched to the facility types
defined in the survey and the proper activity time assigned to each facility. However, if a facility
does not match within the defined 18 facility types in the on-line survey, the results of study by
Brost et.al, (2016) were utilized. Regardless of whether the online survey conducted in project
SLAM or the analysis performed by Borst et.al. (2016) were utilized, due to some outlier
records in both databases, the median values of activity times of participants were adopted and
assigned to the respective facilities so that the influence of outlier data do not mislead the
results.

1

http://www.slam-projekt.de
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Activity time of people in different facilities
300
270
240
210
180

Activity time (Minutes)

150
120
90
60
30
0

Fig. 41. Activity time of the people in different (urban) facilities; Source: User-study survey in project SLAM, own illustration
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❖ Parking lot availability
Easy accessible parking lot located directly to the facility increases the comfortability of users
for charging their EVs there, because it saves the park place searching time and walking detour
to the facility. The information about park place availability should be specified and assigned
to each urban facility in order to evaluated this factor in the location model and determine the
potential of facilities (depending on the assigned weight by location model users). The park
place availability of a facility is specified based on type of the facility and type of urban area as
described below:
❖ Parking lot: Available
These facilities possess normally their own park places and the customers/visitors can
utilize it for free or in some cases by paying the parking fee.
Example: Furniture stores such as IKEA and Porta or construction stores like OBI and
BAUHAUS, department stores, administrative offices, etc.
❖ Parking lot: Not available
Generally, they do not have their own park place and the customers/visitors should use
public parking lots in the vicinity or park by the street side.
Example: Small grocery shops, Bakeries, hairdressers, post offices, banks, pharmacies,
etc.
❖ Parking lot: Not Clear
A general statement about the park place availability of these facilities could not be
made because it varies case by case. Normally the parking availability of this type of
facilities depends on the type of the urban area. Generally, they cannot provide parking
lot to their customers/visitors in the dense populated area of city centers while in the
sub-urban and outskirts areas, providing parking lot for customers/visitors is quite
normal.
Example: discounters, restaurants, Fitness centers, indoor swimming pools, etc.
Based on the above assumptions, the parking availability of the sample of almost 280 wellknown chain facilities were specified. These facilities are the same sample facilities of the
previous section which were utilized for estimating the number of attracted MIV utilized. The
parking availability of remaining facilities were specified by matching the type of facilities with
the type of well-known facilities in this sample as well as by regarding the urban area type, in
which the facility is located.
After specifying the park place availability and assigning it to the respective facilities, the
importance of this factor for determining of the potential of the facility should be determined
by user of the presented model so that the potential of the facilities be calculated.
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❖ Opening hours
The main assumption of the sub-model “Settlement Areas” is that the charging of battery of EV
is a side activity and a FCS by itself is not the main destination for an urban trip. The main
activity is performed in the facility next to the charging station therefore, the opening hours of
the facility is very important so that the EV-user could simultaneously make use of the FCS and
the nearby facility. Although a public charging station is supposed to be accessible round the
clock, the longer opening hours of a facility provide a higher flexibility of utilizing the facility
next to the charging station instead of staying in the vehicle and getting bored during the
charging process. This factor is regarded in the location model in a way that the facilities are
categorized in four classes based on their opening hours:
❖ Class 1: Five days/week open facilities
Example: administrative offices, banks
❖ Class 2: Six days/week open facilities
Example: supermarkets and discounters
❖ Class 3: Seven days/week open facilities (limited)
Example: Restaurants
❖ Class 4: 24/7 open facilities
Example: Gas stations, rest areas
The information about the opening hours have been specified and assigned to the facilities based
on the 280 sample facilities, which have been already utilized for assigning other information
of the facilities in the last sections. After assigning the required information of the factors of
activity time, parking lot availability and opening hours to the facilities, the potential of each
facility could be calculated. This calculation is performed based on the formula (10) in the
section 4.1.2 in which the potential of each facility depends on the number of attracted MIT to
each facility (MITi ) and the summation of the multiplication factors of the respective criterion.
Potential_F i =

MITi ∗ ( MFiAT + MFiPL + MFiOH )

(10)

The number of attracted MIT to each facility is already calculated and the multiplication factors
in the above formula are calculated based on the value of category of each criterion and the
assigned weight to each criterion by the user of the location model. The weighting system and
its calculation algorithm have been described in the section 4.1.2. A python script has been
written and defined as graphical toolbox in ArcGIS software so that the python script could be
utilized more comfortability (see the Fig. 42).
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Fig. 42. Developed ArcGIS toolbox by programming in python in order to calculate the potential of facilities
In order to clarify the calculations, the following scenarios were defined and an exemplary
calculation were performed based on the weights of the criteria in each scenario. The calculated
potential for the selected facilities shown in the Table 9.
Table 9. Example weighting scenarios for sample calculation of the potential of facilities
Attributes of the facilities and their weight
Weighting Scenarios

Activity time

Parking lot availability

Opening hours

Base scenario

No Weight

No Weight

No Weight

Scenario 1

Very High

No Weight

No Weight

Scenario 2

Very High

Low

No Weight

Scenario 3

Very High

Low

Very High

The base scenario considers all the criteria with an equal weight (0.5) which means that there
is no privilege for a specific criterion. In this case, the values of attracted MIT, as base potential
of each facility, are multiplied in a constant (0.5 + 0.5 + 0.5) which do not change the rank of
the potential of facilities against each other. This scenario has been defined so that the other
scenarios, in which the criteria are supposed to affect the potential of facilities with
consideration of non-equal weights (scenarios 1 and 2 and 3), could be compared with the base
scenario and be interpreted accordingly.
The first scenario considers the effect of activity time on the potential of facilities while other
two criteria are still ineffective. It means that, the potential of those facilities which their activity
time matches better to the charging time of EV’s battery (15-30 minutes and 30-60 minutes)
should be increased in compare to the base scenario and the potential of the facilities with less
matching activity time (less than 15 minutes or more than 60 minutes) should be decreased.
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The degree of these increase and decrease depends on the assigned weight to this criterion,
which in this case is “very high”. As it is shown in Table 10, the potential of facilities in scenario
1 is changed in compare to the base scenario in a way that the facilities with better matching
activity time got higher potential and the facilities with less matching activity times got lower
potential.
The scenario 2 considers the criterion of parking lot availability as well. The facilities which
provide park place to their customers/visitors got higher potential in compare to those which do
not offer this option. Please note that the availability of park place for the facilities with “not
clear” status in Table 10 depends on the type of urban area in which the facility is located in. If
a facility with “not clear” status is located in the city center area, it is supposed that this facility
does not own a parking lot and if it is located in suburban or outskirts areas, then the facility is
supposed to possess its own park place. In order to see the effect of the criterion parking lot
availability, the scenario 2 should be compared with the scenario 1. The potential of facilities
in scenario 2 with (without) park place is increased (decreased) in compare with scenario 1. The
amount of this increase (decrease) depends on the assigned weight to this criterion, which is in
this case “Low”. As per Table 10, the change in potential of facilities due to criterion parking
lot availability is much less than the change in potential of facilities due to criterion activity
time which describes the role of weights of criteria in the weighting system.
The last scenario considers three criteria of activity time, parking lot availability and opening
hours together. The longer opening hours of a facility leads into more comfortability of EV
users to utilize the facility and the FCS simultaneously therefore, the facilities with longer
opening hours (7 days/week) get higher potential in compare with those which serve the
customers/visitors in a limited times. However, since this criterion is not the only criterion for
determining the potential of a facility, the separation of the effects of different criteria is not as
simple as the last two scenarios. The table below shows the exemplary potential calculation for
couple of urban facilities considering the described three scenarios.
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Table 10. Exemplary calculation of the potential of sample facilities based on the defined scenarios in Table 9
Facility
PORTA
IKEA
OBI
REWE
KAUFLAND
PENNY
ALDI
MC PAPER
SATURN
MEDIA MARKT
TELEKOM SHOP
C&A
KIK
DEICHMANN
INDOOR SWIMMING POOL
FITNESS
MULTIPLEX CINEMA
THEATER
DISKOTHEK
MC DONALD'S
SPARKASSE
POST
LIBRARY
BACKERY

Number of
Type of
attracted MIT urban area
885.62
4 109.53
707.32
441.49
1 349.35
276.99
515.12
158.28
714.47
783.87
13.72
114.31
107.17
48.01
29.40
428.40
646.01
897.60
948.51
44.29
175.54
55.12
77.16
32.15

Suburban
Suburban
Outskirts
Suburban
Suburban
City center
Suburban
Suburban
City center
Suburban
City center
City center
City center
City center
Suburban
Suburban
City center
Suburban
Suburban
Suburban
City center
Suburban
City center
Suburban

Activity
Time
35.00
31.00
31.00
31.00
31.00
31.00
31.00
20.00
31.00
31.00
31.00
31.00
31.00
31.00
121.00
121.00
121.00
121.00
150.00
20.00
5.00
7.00
121.00
10.00

Parking Lot
Availability
Available
Available
Available
Not Clear
Available
Not Clear
Not Clear
Not Available
Not Clear
Not Clear
Not-Available
Not-Available
Not-Available
Not-Available
Not Clear
Not Clear
Available
Not Clear
Not Clear
Not Clear
Not-Available
Not-Available
Not-Available
Not-Available

100

Opening Hours
6 days/week
6 days/week
6 days/week
7 days/week (limited)
6 days/week
6 days/week
6 days/week
6 days/week
6 days/week
6 days/week
6 days/week
6 days/week
6 days/week
6 days/week
7 days/week (limited)
7 days/week (limited)
5 days/week
5 days/week
5 days/week
7 days/week (limited)
5 days/week
6 days/week
6 days/week
7 days/week (limited)

Base
Scenario
1328.43
6164.29
1060.98
662.24
2024.03
415.49
772.68
237.42
1071.7
1175.81
20.58
171.47
160.76
72.02
44.09
642.6
969.02
1346.41
1422.76
59.79
263.32
82.67
115.74
48.23

Scenario 1 Scenario 2 Scenario 3
1771.24
8219.05
1414.64
882.99
2698.71
553.99
1030.25
263.8
1428.93
1567.74
27.44
228.63
214.34
96.02
29.4
428.4
646.01
897.6
948.51
66.43
234.06
73.49
77.16
42.87

1505.55
6986.19
1202.45
750.54
2293.9
360.09
875.71
205.77
928.81
1332.58
17.83
148.61
139.32
62.42
49.97
728.28
1098.22
1525.93
1612.46
67.76
228.21
71.65
100.31
41.8

1830.28
8493.02
1461.8
1030.15
2788.66
461.66
1064.59
211.04
1190.78
1620
22.86
190.52
178.62
80.02
39.19
571.2
516.81
718.08
758.81
79.72
128.73
55.12
51.44
40.72

5.1.4 Potential of zones
In this section, the calculated potential of the facilities, which geometrically represent the
potential of one point, will be aggregated to the relevant square-shaped zones. For this purpose,
the influence area of each facility and the interaction between the closely located facilities
within the defined influence area are regarded. While the potential of facilities with limited
influence radius is assigned only to the zone, in which the facility is located in this zone, the
facilities with longer influence radiuses affect the potential of direct and indirect neighbouring
zones too, depending on the assigned values for the factors α , β , γ in the formula 11. As it is
discussed in the section 4.1.3, the first step for transferring the potential of a facility (a point)
into the zones (square-shaped area) is to determine the maximum acceptable radius of urban
facilities based on the following three factors:
❖ Carrying goods
❖ Frequency of utilisation of the facilities
Considering these two factors, urban facilities were classified in three categories in term of their
influence radiuses. In addition to the above assumptions, this dissertation utilizes the user
behaviour survey, performed within the framework of the project SLAM, for determining the
influence radius of different facilities (see the Fig. 44). The data of this survey have been already
utilized for determining the activity time of the users in different facilities as well. With regard
to the taken assumptions of the researcher of this dissertation as well as the results of the userstudy survey in the project SLAM, the influence radius of 280 well-known facilities, as sample
facilities, were determined which is available in the appendix of this dissertation. The influence
radius of the remaining facilities is determined by matching them with these 280 sample
facilities.
Considering the 250 meters side length of the zones, the influence radius of first category of
facilities- the facilities with the least influence radius- is determined as 125 meters. Continuing
with 250 meters paces, 375 and 625 meters are the influence radiuses of second and third
category of facilities respectively, which refer to the facilities with greater influence radiuses
(see the below illustration).

125m

250 m

250 m

Fig. 43. Length of influence radiuses considering the size of square-shaped zones.
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900

Maximum acceptable walking detour for reaching different facilities

800
700

Acceptable Walking detour (Meter)

600
500
400
300
200
100
0

Fig. 44. Maximum acceptable walking detour from a FCS to an urban facility, Source: User-study survey in project SLAM, own illustration
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The result of the user-study survey shown in Fig. 44 confirms the plausibility of the adopted
assumptions of the researcher of this dissertation, based them the influence radius of facilities
was determined. For example, according to the user study survey, restaurants and cafés, cultural
institutions, cinemas, nightlife facilities or natural parks, which are not utilized frequently and
the users don’t need to carry any special good have the largest influence areas, while people are
not willing to walk so much to reach a facility such as grocery store, pharmacy or
construction/DIY stores, which are utilized more frequently and the users should carry their
purchased goods. The influence radiuses of other facilities in Fig. 44 also tend to follow these
assumptions.
After determining the influence radius of each facility, the second step is to specify, how the
calculated potential of a facility be assigned to the surrounding zones considering. Here it is
assumed that the potential of a facility weakens by getting far from the facility. In fact, the
assigned potential to the farther zones is lower than to the closer zones. The values of parameters
α , β and γ (each value ≤ 1) in the formula 11 should be determined according to this
assumption and for this purpose, a closer look into the detour acceptance behaviour of users
depicted in Fig. 44 could be helpful. As it is shown in the illustrated box plots, the position of
median lines tends to the bottom of the respective box plots (only exception are religious
facilities) which indicates that generally majority of the participants in this survey are not
willing to walk longer than half of the determined influence radius of a facility. For example
considering restaurants, cafés, cultural institutions and nightlife and cinemas as facilities with
greatest influence radiuses, only 25% of participants in the survey were willing to walk more
than 500 meters from a FCS to reach these facilities. The behaviour of users for walking detour
acceptance indicates that the utilizing smaller values for the parameters α , β and γ in the
location model are more supportive from user’s point of view.
In addition to the detour acceptance behaviour of users, the priorities and preferences of other
actors such as investors and city authorities play an important role for determining the value of
the parameters. The values of parameters specify not only the influence radius of a facility, but
also they specify how far from a FCS (or from a selected location as optimal location) the
demand for fast charging infrastructure is covered (depending on the category of facilities in
term of detour acceptance). Adapting smaller values for the parameters means that the people
are not willing to take longer walking detours. Therefore, a FCS could cover the demand only
in a small area and the potential of surrounding zones won’t be reduced strongly which leads to
locate the FCSs very close to each other and have a denser number of FCSs. On the other hand,
greater values of parameters lead to cover a larger area by a FCS and therefore, installation of
additional FCSs in close vicinity of the selected zone won’t be necessary. Regulating the
distance of optimal location by configuring the value of parameters could enables the investors
and city authorities to feed their priorities and preferences in the location model.
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Assigning greater values to the parameters leads to greater distance between the optimal
locations. This could be more favourable for investors which try to lower the installation and
operation costs by installing large-scaled but limited number of charging stations. This
approach however, imposes a greater detour to the users. Installation of numerous smaller
stations but not so far from each other, could increase the accessibility and comfortability of
charging stations to the people which is more supportive solution for city planners and
authorities. However, it would burden more costs on the investors.
By specifying the value of parameters in the formula 11, the potential of facilities could be
assigned to the relevant zones. As it is discussed in the previous section, the potential of
facilities by itself depends on the assigned weights to the criteria of activity time, parking lot
availability and opening hours. Therefore, it could be concluded that the potential a zone is
influenced by two factors of:
1- Weights of the criteria which determine the potential of each facility
2- Traveller’s detour acceptance behaviour
Following calculations aims to investigate the potential of zones considering different scenarios
based on the above mentioned two factors. In order to highlight the effect of user’s detour
acceptance behaviour and effect of the different weights of criteria separately and investigate
them independently, the potential of zones is calculated in a way that by each calculation, one
of the influencing factors is fixed. At first, the effect of different weights on potential of zones
in the city of Cologne was investigated, which is based on the indicated three weighting
scenarios in Table 9. The values of parameters of α , β and γ related to the detour behaviour of
the travellers were kept the same for all these scenarios (α = 0.25, β = 0.50, γ = 0.25). In so
doing, the effect of user’s detour acceptance behaviour in each scenario is fixed and the
differences in the respective scenarios are exclusively related to the different weights of criteria.
The calculated results for three weighting scenarios are illustrated in the Fig. 45. The darker
green coloured zones indicate to higher potential and the brighter colour tones indicates to the
zones with lower potentials for installation of a FCS.
Plenty of closely located facilities in the city center including discounters and other grocery and
clothing shops as well as numerous leisure facilities such as restaurants and bars are attracting
the visitors/customers. People spend generally in these facility a time that matches with the
required time for charging the battery of an EV using a FCS. The zones in this area get a higher
potential in the first scenario in there the criterion activity time has the highest weight and the
other two criteria are not important. By putting even a low weight on the criterion parking lot
availability in the second scenario (while the weight of other criteria remains the same as
scenario 1), the potential of zones in city center area significantly decreases. The reason is that
facilities in the city center area generally do not have parking lot to offer to the
customers/visitors and the comfortability of FCS users decreases.
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Rest Areas

Suburban
City center

Fig. 45. Exemplary potential calculation for the zones in the city of Cologne based on the following weighting scenarios and fixed detour acceptance behaviour of travellers,
own illustration, background: www.here.com
Left: Scenario 1:
Activity time: Very High, Parking lot availability: No Weight, Opening hours: No Weight
Middle: Scenario 2:
Activity time: Very High, Parking lot availability: Low,
Opening hours: No Weight
Right: Scenario 3:
Activity time: Very High, Parking lot availability: Low,
Opening hours: Very High

105

Comparing the results in the scenarios 1 and 2, there is a considerable shift of high potential
zones from city center area to the suburban and outskirt areas (compare the concentration of
dark coloured zones in the city center and suburban area in first and second scenarios).
In order to consider the criterion of the opening hours of facilities, the scenario 3 calculates the
potential of facilities with “Very High” for this criterion. Since the only difference between
scenarios 2 and 3 is the weight of this criterion, then these two scenarios could be compared in
order to explore the effect of this criterion on potential of zones. It should be noted that there is
no significant relation between opening hours and type of urban area therefore, the effect of this
criterion could not be analysed as it is performed by parking lot availability. It requires a
detailed investigation on the type of facilities and their working hours. For this purpose, we
focus on the two rest areas located beside the autobahn A57 in North West of city of Cologne.
The rest areas work normally 24/7 and in the illustrated case in the Fig. 45 there is no other
facility to interfere the results. So, the effect of the criterion opening hour of facilities on the
potential of zones could be easily distinguished by two dark coloured zones representing the
higher potentials of the rest areas.
After investigating the effect of different weights on potential of zones, now effect of detour
acceptance behaviour of travellers will be analysed and for this purpose, three exemplary
scenarios have been defined which are shown in Table 11. The first scenario corresponds to
very limited detour acceptance of travellers in which the values of parameters α , β and γ are
very low. The second scenario represents the medium detour acceptance of users. The values
of parameters in this scenario were already utilized for calculating the results shown in Fig. 45
and investigate the weight of criteria. The last scenario supposes that the travellers are ready
for a relatively longer walking detour from a FCS to reach the surrounding facilities (and vice
versa) therefore, the values of parameters are accordingly greater than the last two scenarios.
Calculation of the potential of zones for these detour acceptance scenarios is performed in a
way that the potential of facilities in each scenario is fixed. In so doing, the change in potential
of zones is related only to the detour acceptance behaviour of people and these scenarios could
be compared together without interference of other factors. For this purpose, the potential of
facilities according to the second scenario in previous section (Activity time: Very high, Parking
lot availability: Low, Opening hours: No weight) were utilized.
Table 11. Three exemplary scenarios for assigning the potential of facilities to the relevant zones
Value of parameters
Walking detour acceptance
scenarios
Very limited
Medium
High

α

β

𝛾

0.00
0.25
0.50

0.25
0.50
0.75

0.00
0.25
0.50
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Fig. 46. Exemplary potential calculation of the zones in the city of Cologne based on the following detour acceptance scenarios and the fixed weights for the criteria, own
illustration, background: www.here.com
Left: Walking detour acceptance: Very limited:
Middle: Walking detour acceptance: Medium:
Right: Walking detour acceptance: High:

(α = 0.00, β = 0.25, γ = 0.00)
(α = 0.25, β = 0.50, γ = 0.25)
(α = 0.50, β = 0.75, γ = 0.50)
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The potential of facilities is assigned to the corresponding zones according to the formula 11
introduced in section 4.1.3. Oppose to the facilities with very limited influence radius (category
1) which affect only the potential of own zone, the facilities with greater influence radiuses
(category 2 and 3) influence the potential of neighbouring zones likewise. A fraction of
potential of facilities with category 2 and 3 (factors 0 ≤ α ≤ 1 and 0 ≤ β ≤ 1 respectively) is
assigned to the direct neighbouring zones. It should be noted that because of greater influence
radius of facilities with category 3, their effect is greater in compare with facilities with category
2 therefore, α ≤ β . In addition to the direct neighbouring zones, the facilities with largest
influence radius (category 3) influence the indirect neighbouring zones as well (factor 0 ≤ γ ≤
1) however, due to farther distance of indirect zones in compare with direct zones, this influence
weakens which means γ ≤ β. The boundaries of the values of parameters (0 ≤ α , β, γ ≤ 1)
well as the interrelations of the values (α ≤ β and γ ≤ β) have been respected by assigning the
values of parameters in the exemplary scenarios shown in the Table 11.
The first scenario represents a very limited detour acceptance by the people in which the
assigned values for the parameters α, β and γ in the location model are very low. The result
for this scenario is illustrated in the left side of Fig. 46. The results show considerably less dark
green coloured zones as high potential zones, in compare with the other two scenarios. The
reason is that the potential of facilities is generally assigned only to the zones, which the
facilities are located in and only 25% of the potential of the facilities with category 3 is assigned
to the direct neighbouring zones (β = 0.25) while indirect neighbouring zones are not affected
at all (γ = 0).
Assuming that the people accept a longer walking detour from a facility to a FCS (and on the
return way) in the next two scenarios, the assigned potential of facilities to the direct and indirect
zones increases. Due to the higher detour acceptance in the two later scenarios, the influence of
facilities on farther zones are greater (depending on the influence radius of facilities) and
therefore, the zones with higher potential (zones with darker green colour) in middle and right
sides of Fig. 46 are considerable more in compare to the first scenario.
It should be noted that, there is an important difference between changing the potential of zones
due to criteria weighting scenarios and changing the potential of zones due to detour acceptance
scenarios. In the weighting scenarios illustrated in Fig. 45, changing the weights of criteria leads
to shift of high potential zones from one area to another mainly between different urban area
types (city center, suburban and outskirt). In oppose to weighting scenarios, changing the detour
acceptance behaviour of people does not cause such a potential shift from one area to anothr
but it results in expansion/shrinking of the high potential areas in the same location. It means
that the potential of zones has a strong and positive relation by detour acceptance behaviour
and if the people are ready for longer detours, the high potential areas expand in the same
location but they do not shift to other location. The reason is that changing the weight of criteria
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leads to change in potential of facilities, which are located in different areas and as a consequent,
the potential shifts to those areas in there the potential of facilities become higher. However, by
changing the detour acceptance of people, the potential of facilities does not change therefore,
there is no shift of potential. In fact the location of high potential areas are still the same and
changing the detour acceptance of people results in change of potential of surrounding area in
the same location and they don’t shift to other areas.
5.1.5 Effect of existing FCSs
Another important topic in the presented location model is the effect of already existing FCSs
on potential of zones which will be investigated in this section. The required data about existing
charging infrastructure in Germany such as their location (geo-coordinate information) and
technical properties (plug-in standard and charging efficiency) are gathered from the
GoingElectric.de website1 which presents a reliable and up-to-date database about charging
infrastructure in Europe.

Fig. 47. Gathering the geo-coordinate information and technical properties of existing charging infrastructure
from www.going.electric.de

After gathering the data from this website, they should be edited and converted into the
shapefile format, so that they could be utilized in location model as a layer in ArcGIS software
(see the Fig. 48).

1

https://www.goingelectric.de/stromtankstellen/
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Fig. 48. Defining the gathered data from GoingElectric.de website as shapefile format
In order to feed this data in the location model, the technical properties of to be considered
FCSs should be determined because different FCSs are partly incompatible with different EVs.
For this purpose, the efficiency of charging infrastructures, which plays the most notably role
for determining the charging time, and type of plug-in system, which are partly incompatible
for different electric vehicles, should be determined by user of the location models.
Hereafter, effect of the determined FCSs on the potential of relevant zones (the same zone and
neighbouring zones) should be investigated. This is implemented by consideration of the same
assumptions about behaviour of EV users for acceptance of on foot detour. The potential of a
zone, in which a FCS is already exists will be reset to zero because it is assumed that the whole
demand in this zone is satisfied by already installed charging station in this zone. The reduction
of potential of neighbouring zones depends on the type of facilities in the neighbouring zones.
Part of the potential in direct neighbouring zones, that is originated from facilities with
influence radius of category 2 and 3, can be satisfied using the existing station. Therefore, the
potential of direct neighbouring zones will be reduced using the same parameters in the previous
section (Parameters of α and β for the facility categories of 2 and 3 respectively). Potential of
those indirect zones which contain facilities with influence radius of category 3 should be also
reduced because some customers/visitors of these facilities are ready to take a longer detour for
reaching and utilizing the existing FCSs in the indirect neighbouring zones. Therefore, a
fraction of the potential of indirect neighbouring zones, which is originated from facilities with
the influence radius of category 3, is subtracted based on the parameter γ, which was utilized in
the previous section. In order to implement the mentioned effect of already existing FCSs on
potential of zones in the location model, a Python script has been written. This script is
developed in the form of a graphical toolbox in ArcGIS software (Fig. 49). Setting the walking
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detour acceptance in this toolbox leads to assigning the relevant values to the parameters α,
β and γ.
Theoretically, the users of location model could determine his/her desired scenario for walking
detour acceptance, however, this determined scenario should be the same as the chosen scenario
in previous section, which were utilized for aggregation of the potential of facilities to the
surrounding zones. The reason is that the detour acceptance behaviour of customers/visitors
from a FCS to a facility is the same detour acceptance behaviour in the return way from the
facility to the FCS. Therefore, the detour acceptance scenario in previous section and this
section should be determined the same, so that the results remain coherent and reliable. For this
reason, the same three scenarios in the Table 11, which were utilized for aggregating the
potential of facilities to the zones, were also utilized here for the investigating the effect of
existing FCSs and illustrating the sample results.
In addition to the walking detour acceptance, the technical attributes of the existing FCSs should
be also determined so that exemplary results could be generated and the effect of existing FCSs
could be highlighted. For this reason, the FCSs with charging efficiency of equal or more than
50 kW were determined which matches with the utilized charging time in the location model.

Area, where the effect of
existing FCSs is analysed in
more detail

±

Charging Infrastructure
CCS

0
Othe Plug-in Standards

5

10
Km

Sources: Esri, HERE, DeLorme, Intermap, increment P Corp., GEBCO,
USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance
Survey, Esri Japan, METI, Esri China (Hong Kong), swisstopo,
MapmyIndia, © OpenStreetMap contributors, and the GIS User
Community

Fig. 49.
Left side: Location of CCS (+50 kW) charging stations in the city of Cologne and the area for more focus to
highlight the effect of existing FCSs on potential of zones, Background source: HERE Maps, Charging
stations source: GoingElectric.de (retrieved at 15.12.2016)
Right side: The developed toolbox in ArcGIS software in order to regard the effect of already existing FCSs
on potential of zones

In addition to the charging efficiency, the to-be-considered plug-in type(s) also should be
determined. The plug-in types of Type 2 and Combined Charging System (CCS) were
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determined, which both are compatible with the EVs of main German automobile
manufacturers such as BMW, Daimler and VW.
Taking a look at the case under study of the city of Cologne shows that there is only one FCS
which matches with the determined technical attributes (as of 15.12.2016). This FCS is a so
called multi-standard charging station which includes plug-in types of CCS, CHAdeMO and
Typ 2 and located in the west side of Cologne at the autobahn A59. Considering this charging
station with CCS Plug-in standard and charging efficiency of 50 kW, the potential of zones with
and without the determined FCSs based on three influence radiuses introduced in the Table 11
were calculated. The results are illustrated in the following figures.
Plug-in Standard: Combined Charging System (CCS)
Charging Efficiency: 50+ kW
Detour Acceptance: Very Low

Without consideration of FCSs
Detour Acceptance: Very Low

Potential of zones
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Very low (Potential < 250)

Low (Potential < 1000)

Low (Potential < 1000)

High (Potential < 2500)

High (Potential < 2500)

Very high (Potential > 2500)

Very high (Potential > 2500)

Charging Infrastructure
CCS >= 50 kW
Sources: Esri, HERE, DeLorme, Intermap, increment P Corp., GEBCO,
USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance

Survey, Esri
Japan, METI,
Esri China (Hong Kong), swisstopo,
Other
Plug-in
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MapmyIndia, © OpenStreetMap contributors, and the GIS User
Community

Fig. 50. Effect of existing FCSs on potential of zones considering the walking detour acceptance: Very Limited
Background source: HERE Maps, Charging stations source: GoingElectric.de (retrieved at 15.12.2016)

The potential of zones in Fig. 50 is calculated under the assumption that the walking detour
acceptance of people is very low, which leads to assign zero or very low values for the
parameters α, β and γ according to the Table 11. As a result of this assumption, the influence
of urban facilities as well as FCSs on potential of neighbouring zones is very low. Comparing
the situation with and without effect of the determined FCS in above figure, it shows a reduction
of the potential of zones in the zone, in which the FCS is located in, and its direct neighbouring
zones.
According to this scenario, it assumed that the EV users have no problem with the walking
detour from the determined FCSs to the facilities located in this zone therefore, as it is illustrated
in the right side, the determined FCS satisfies the whole demand for fast charging infrastructure
in this zone and the potential of this zone is set to zero. This assumption is adopted for other
detour acceptance scenarios as well so that the potential of the zone which contains a FCS in
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all detour acceptance scenarios is set to zero. In addition to this zone, the potential of direct
neighbouring zones are slightly affected. Due to low detour acceptance behaviour of users in
this scenario, the potential of direct neighbouring zones are affected, only if the direct
neighbouring zones contain a facility with influence radius of category 3. It means that part of
the EV users accept to park/charge their EV in the determined FCS and walk to the surrounding
facilities such as restaurants (facilities with influence radius of category 3) to do their activities
there and come back. According to the value of parameters, we assume that only 25% of people
(β = 0.25) are willing to take this detour. The potential of indirect neighbouring zones remains
the same in this scenario, because EV users are not willing to take a detour from a FCS to reach
the facilities in the indirect neighbouring zones (γ = 0.0).
In the second scenario, it is assumed that the EV users are ready to walk farther distances from
(or to) a facility therefore, the potential of facilities with influence radius of category 2 and 3 is
assigned not only to the zone in which it is located, but also to the further direct and indirect
neighbouring zones as well (depending on influence radius of facilities). For this reason, the
depicted zones in the left side of Fig. 51 show significantly higher potentials (more dark-green
zones) in compare with previous illustration (compare the left side depictions in the current and
previous figures).
However, due to the same assumption about detour acceptance, the spatial effect of an existing
FCS for satisfying the demand of nearby facilities are also greater and as a consequence, the
reduction of the potentials of zones in this area is more tangible in compare with the previous
scenario (compare the right-side depictions in the current and previous figures).
Plug-in Standard: Combined Charging System (CCS)
Charging Efficiency: 50+ kW
Detour Acceptance: Medium

Without consideration of FCSs
Detour Acceptance: Medium
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Very high (Potential > 2500)

Charging Infrastructure
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Sources: Esri, HERE, DeLorme, Intermap, increment P Corp., GEBCO,
USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance
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MapmyIndia, © OpenStreetMap contributors, and the GIS User
Community

Fig. 51. Effect of existing FCSs on potential of zones considering the walking detour acceptance: Medium
Background source: HERE Maps, Charging stations source: GoingElectric.de (retrieved at 15.12.2016)
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The demand for fast charging infrastructure in the zone, in which the FCS is already located, is
completely satisfied therefore, the potential of this zone is set to zero. The potential of facilities
with influence radius category of 2 and 3, such as fitness centers and restaurants respectively,
in the direct neighbouring zones is reduced by factors 0.25 and 0.50 respectively (α =
0.25 and β = 0.50). It means that 25% and 50% of EV users are ready to park/charge their EV
by a FCS and walk 125-375 meters to reach the facilities with the influence radius of categories
2 and 3 respectively. The existing FCS also satisfies part of the demand which originates from
the facilities with influence radius of category 3 in the indirect neighbouring zones. According
to the detour acceptance assumption in this scenario, 25% of people are ready to walk even
greater distance (375-625 meters) to reach a facility with influence radius category of 3. For
this reason, the potential of indirect neighbouring zones, which contain such a facility also
should be reduced accordingly (γ = 0.25).

Plug-in Standard: Combined Charging System (CCS)
Charging Efficiency: 50+ kW
Detour Acceptance: High

Without consideration of FCSs
Detour Acceptance: High
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Fig. 52. Effect of existing FCSs on potential of zones considering the walking detour acceptance: High
Background source: HERE Maps, Charging stations source: GoingElectric.de (retrieved at 15.12.2016)

By assuming a high walking detour acceptance of EV users, the potential of facilities will be
assigned to the farther zones (depending on influence radius category of facilities) with higher
factors (α = 0.50, β = 0.75, γ = 0.50) which lead to higher potential of zones. Comparison
of the potential of zones in the scenarios shows a positive and strong relation between the detour
acceptance behaviour of EV users and calculated potential of zones. (Compare the left
depictions in the previous three detour acceptance scenarios). However, a higher detour
acceptance leads also to higher spatial effect of existing FCSs on potential of the neighbouring
zones.
In addition to satisfying the whole demand in the zone in which the FCS is located in (which
was the case in last two scenarios as well), the determined FCS reduces the potential of direct
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and indirect zones same as the previous scenario (depends on the influence radius of the
facilities in the neighbouring zones). However, this reduction is much sharper than the previous
two scenarios due to more readiness of people for longer detours. Comparison of the left and
right depictions in the Fig. 52 shows that the effect of determined FCS covers a broader area in
comparison with the last two scenarios.
In the current section of 5.1 the implementation of the location model in the settlement areas
has been explained and exemplary results of calculation of potential of zone were illustrated.
The next section is dedicated to implementation of the sub-model “Major Highways” and
illustrating the results of location model.
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5.2 Major Highways
Competing against internal combustion engine vehicles which can be tanked up in just a few
minutes for covering a range of several hundred kilometres, the biggest obstacle for spreading
the EVs seems to be their range and the time it takes for charging of an EV battery. Having a
limited range and a longer loading time causes a feeling that most of users are not comfortable
with especially for the inter-city travellers, which their trip is longer than the range of EV. This
part of location model highlights these major concerns of EV users however, the methodology
and use-cases of FCSs on major highways are quite different from what it is explained in the
settlement areas. Whereas the users in urban areas could make use of the time of their daily
routine activities such as shopping and leisure activities in order to charge their EVs, the
travellers on major roads aim to reach the destination as soon as possible and there is no routine
activity during the inter-city traveling. Based on this assumption, there is no usage for slow or
normal charging infrastructure on the major roads but only for Fast Charging Stations (FCSs).
The methodology of this sub-model, which is based on the above explained assumptions, has
been already explained extensively in the section 4.2. The current section presents the
implementation of the introduced methodology on a real case. For this purpose, the highway
network of Germany has been selected which consists of nearly 13,000 km autobahn and 38,000
km federal secondary roads (Bundesstraße in German) and one of the most dense highway
networks in Europe. The required georeferenced shapefiles data for the area under study have
been retrieved from mapping service provider of HERE1 and additional attributes of the
highways segments such as number of daily traffic volume and accessibility of the secondary
highways have been collected from different sources which will be introduced in the relevant
sections.
5.2.1 Coverage Priority
The first step in this sub-model is to determine the coverage priority of each road segment which
is based on different criteria and their weights (see the 4.2 section). This research utilizes the
following four criteria for determining the coverage priority: Daily Traffic Volume on the roads
(DTV), Foreign Daily Traffic Volume on the roads (FDTV), importance of roads as part of
international Trans-European road Network (TEN-T) and Autobahn network Accessibility
(AAC). It should be noted that, the importance of mentioned criteria could be different
depending on goals of project or decision-makers’ opinion. For example, if the main goal is to
cover the demand of as many EVs as possible (efficiency goals), so the criterion of “Daily
Traffic Volume” should get a higher weight in comparison with other three but if the provision
of service to poorly accessibly areas are more important (equity goals), then the criterion
“Autobahn Accessibility” plays a higher role for determining the coverage priority. Therefore,
there is no single correct way to determine the coverage priority since it depends on goals of
1

www.here.com
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projects and assigned weights to different criteria. For this reason, scenario-based results have
been calculated in a way that each scenario highlights the effect of different weights on the
outcome of the location model. Following points describe the employed criteria for determining
the coverage priority of road segments and the data gathering process for each criterion.
❖ Daily Traffic Volume (DTV)
Traffic volume on roads could be considered as a factor which determines the number of the
potential EVs and consequently the demand for FCSs on this road. The assumption is that higher
traffic volume on a road indicates to higher number of possible EVs on this road which leads
to higher demand for FCSs. Considering the efficiency goals, the higher demand for FCSs
means higher coverage priority. In order to investigate this criterion in the location model, the
values of average daily traffic on the autobahns and secondary roads of the Germany have been
gathered from German Federal Highway Research Institute (Bundesanstalt für Straßenwesen
BASt1). These data are gathered by automatic cameras installed beside the road which records
the traffic flow in both directions. The current utilized EVs consist of only the individual
motorized vehicles and not the heavy-duty vehicles. For this reason, as well as to be coherent
with the sub-model “Settlement Areas”, in which only the motorized individual traffic was the
relevant criterion, the Daily Traffic Volume (DTV) criterion in the sub-model “Major Roads”
also include only the individual motorized traffic and the heavy good traffic or trucks have not
been regarded.

Fig. 53. Automatic counting stations on the autobahns and secondary highways in Germany. Source: Retrieved
at 02.08.2016 from website of Bundesanstalt für Straßenwesen (Bast)

1

Retrieved at 02.08.2016 from website of Bundesanstalt für Straßenwesen (Bast):
http://www.bast.de/DE/Verkehrstechnik/Fachthemen/v2-verkehrszaehlung/Aktuell/zaehl_aktuell_node.html
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The gathered data from automatic cameras have been georeferenced by their geographical
coordinate information and assigned to the relevant road segments. Then, the DTV values have
been categorized in 10 levels, whereas the level 1 indicates to the roads with least traffic volume
and the level 10 to the roads with highest traffic volume. In addition to the value of daily traffic
volume by itself, the coverage priority depends on assigned weight to this criterion as well
which could vary from “no weight” (the traffic volume criterion is not considered at all) to
“very important” (which cause an extreme differences for different traffic volumes). The level
of daily traffic volume and the assigned weight to this criterion determine the coverage priority
of road segments; according to the described methodology in the section 4.2.1.1.
❖ Foreign Daily Traffic Volume
In case, the decision-makers are interested to cover the demand for FCSs on internationally
important highways, the criterion of foreign daily traffic volume (FDTV) on a road segment
plays an important role for determining the coverage priority (depending on the weight of this
criterion). The German Federal Highway Research Institute (Bast, 2013) categorizes the FDTV
into eight levels, which the level 1 indicates to a road segment with the least foreign traffic on
it and level 8 indicates to highest traffic volume.

Fig. 54. Foreign daily traffic volume on Germany’s highway network. Source: BASt (2013)
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These data have been digitalized and defined as a georeferenced shapefile data so that they
could be combined and spatially connected with other information using the ArcGIS program.
Same as the previous criterion, the user of the location model could assign different weights to
the FDTV criterion (from “no weight” to “very important”) for calculating the coverage priority
of a road. As it is mentioned, there is no single correct way for weighting the criteria and they
should be assigned based on project purposes and the goals of installation of FCSs. The
methodology of calculating the coverage priority considering the FDTV has been already
explained in the 4.2.1.2.
❖ Trans-European Transport Network (TEN-T)
In order to facilitate the transport network and promote the passenger and freight transport
between EU members, the European Commission adopted an action plan for the development
of the Trans-European Transport network (TEN-T)1.

Fig. 55. The TEN-T network in Europe (left side) and in Germany (right side)
Retrieved at 22.12.2016 from EU official website: http://ec.europa.eu/transport/themes/infrastructure_en

Although the function of this criterion in the location model could be interpreted same as the
criterion foreign daily traffic volume (FDTV), which both indicate to the importance of
international traffic on a road, however, having high foreign traffic on a road does not
necessarily mean that this road a part of TEN-T network is. An example for this is the Autobahn
A24 between Berlin and Hamburg. Despite very low foreign traffic volume on this road, it is
considered as part of TEN-T network (compare Fig. 55 and Fig. 54). Moreover, the TEN-T
roads in Germany contribute to establish an EU-wide transport network which makes this

1

retrieved at 22.12.2016 from European Commission website
http://ec.europa.eu/transport/themes/infrastructure_en
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criterion in the location model very interesting for EU politicians and decision makers, while
the FDTV criterion could be more interesting for German decision makers.
In order to regard the TEN-T criterion in the location model, a column with values of one and
zero has been added to the attribute table of the highways shapefile, in which value one
indicated to those roads which part of TEN-T network are and zero is assigned to the remaining
not-TEN-T roads. In the 4.2.1.3 section it is explained how these values (one and zero) and the
assigned weight to this criterion for determining the coverage priority of the road segment are
employed.
❖ Accessibility for federal highway
As it is explained in the section 4.2.1.4, autobahn roads with largest capacity and highest traffic
speed play the most important role for long-distance travelling in Germany. However, autobahn
accessibility for all areas are not the same and inhabitants of those regions which located far
from autobahn network, mainly relay on other road categories for their inter-city trips than
autobahn network. In fact, for the residents of those regions, the secondary roads play a very
important role for their inter-city trips. Because of this, covering the demand on federal roads
is crucial for addressing the equity goals and fair distribution of FCSs between all regions and
for all residents. Therefore, covering the demand on federal secondary roads, in addition to the
autobahns, has been also regarded in the location model. The autobahn accessibility (AAC) of
different regions has been already calculated by Federal Institute for Research on Building,
Urban Affairs and Spatial Development (in German Bundesinstitut für Bau-, Stadt- und
Raumforschung (BBSR)) and categorized in 5 classes shown in Fig. 56.
These accessibility classes have been assigned to the federal highways in the corresponding
regions in a way that the class 1 indicate to those federal highways, which could access an
autobahn within 15 minutes and proceeding with 15-minutes steps, the class 5 refers to those
federal highways, for them an autobahn by more than 60 minutes accessible is.
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Fig. 56. The accessibility of autobahn network for different regions Source: BBSR Website 1
A higher coverage priority will be assigned to the federal highways which are far from
Autobahn network but those which are in close vicinity of autobahns will be regarded with less
priority (depending on assigned weight to this criterion). Calculation of coverage priority of
federal highways considering the autobahn accessibility and the assigned weight to this criterion
has been already explained in section 4.2.1.4.
❖ Exemplary calculation of coverage priority
By means of the four described criteria of Daily Traffic Volume (DTV), Foreign Daily Traffic
Volume (FDTV), Trans-European Transport Network (TEN-T) and Autobahn Accessibility
(AAC) and the formula (17) from the 4.2.1.4 section, the coverage priority of federal secondary
highway segments is determined. This formula has been repeated as below:
Priority𝑖 =

UDTV − LDTV
(DTV𝑖 − DTVMin ) ]
DTVMax − DTVMin

[LDTV +
+ [LFDTV +

UFDTV − LFDTV
(FDTV𝑖 − FDTVMin ) ]
FDTVMax − FDTVMin

+ [L(TEN−T) +
+ [LAAC +

U(TEN−T) − L(TEN−T)
(TEN − TMax ) − (TEN − TMin )

((TEN − T𝑖 ) − (TEN − TMin )) ]

UAAC − LAAC
(AAC𝑖 − AACMin ) ]
AACMax − AACMin

1

(17)

Retrieved from BBSR website on 15.01.2017
http://www.bbsr.bund.de/BBSR/DE/Raumbeobachtung/UeberRaumbeobachtung/Komponenten/Erreichbarkei
tsmodell/erreichbarkeitsmodell_node.html
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𝑖 ∈ Federal highway segment (not autobahn segments)
Priority𝑖 : Coverage priority for the federal highway segment 𝑖
LDTV and UDTV : Lower and upper limits corresponding to the assigned weight for DTV (see Table 2 Table 1)
DTVi : Category of daily traffic volume on road segment i (1, 2, … , 10)
DTVMin and DTVMax : Minimum and maximum levels of criterion DTV (DTVMin = 1 and DTVMax = 10)
LFDTV and UFDTV : Lower and upper limits corresponding to the assigned weight for FDTV (see Table 2)
FDTVi : Assigned Category of foreign daily traffic volume on road segment i (1, 2, …, 8)
FDTVMin and FDTVMax : Minimum and maximum category of FDTV (FDTVMin = 1 and FDTVMax = 8)
L(TEN−T) and U(TEN−T) : Lower and upper limits corresponding to the assigned weight for TEN-T (see Table 2)
TEN − Ti : Assigned category of TEN-T Network assigned to the road segment i (0,1)
TEN − TMin and TEN − TMax : Minimum and Maximum category of TEN-T network (TEN − TMin = 0 and
TEN − T𝑀𝑎𝑥 = 1)
LAAC and UAAC : Lower and upper limits corresponding to the assigned weight for AAC (see Table 2)
AACi : Assigned category of autobahn accessibility assigned to the federal highway segment i (1, 2, 3, 4, 5)
AACMin and AACMax Minimum and maximum category of autobahn accessibility (AACMin = 1 and AACMax = 5)

Coverage priority of autobahn road segments is calculated using three criteria of Daily Traffic
Volume (DTV), Foreign Daily Traffic Volume (FDTV) and Trans-European Transport
Network (TEN-T) and the formula (18) from 4.2.1.4 section which is repeated as below:
Priorityi =

[LDTV +
+ [LFDTV +

UDTV − LDTV
(DTVi − DTVMin ) ]
DTVMax − DTVMin
UFDTV − LFDTV
(FDTVi − FDTVMin ) ]
FDTVMax − FDTVMin

+ [L(TEN−T) +

U(TEN−T) − L(TEN−T)
((TEN − Ti ) − (TEN − TMin )) ]
(TEN − TMax ) − (TEN − TMin )

+ 0.5

(18)

𝑖 ∈ Autobahn segments (not federal highway segments)

It should be noted that the criterion “Autobahn Accessibility” (AAC) is not relevant for the
autobahn segments therefore, consideration of this criterion in the location model for
determining the coverage priority of autobahn segments make no scene. For this reason, the
value of 0.5, as average value of this criterion, has been added to the coverage priority of all
autobahn segments (compare the formulas (17) and (18)). This makes the calculated values of
coverage priority of autobahn segments comparable with the calculated coverage priority of
federal highway segments.
As it is obvious in the formulas (17) and (18), the coverage priority of road segments (both
autobahn and federal highways) strongly depends on the assigned weight to each criterion. The
assigned weights reflect the importance of the relevant criteria for the user of location model
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and should be assigned based on the goals of installation of FCSs. In order to clarify how
different weights in the location model leads to different coverage priority, three weighting
scenarios were defined and exemplary calculations were performed as below.
Table 12. Weighting scenarios for sample calculation of the coverage priority of the road segments
Criteria and their weights
Weighting
Scenarios

Daily Traffic
Volume

Foreign Daily
Traffic Volume

Trans-European
Transport network

Autobahn
Accessibility

Scenario 1

Very High

Low

Low

No Weight

Scenario 2

Low

Very High

Very High

No Weight

Scenario 3

Low

No Weight

No Weight

Very High

Unlike the sub-model “Settlement Areas”, we do not define any base scenario in the “major
highways” sub-model. The reason is that by putting all the weights of the criteria on “No
Weight”, the value of coverage priority for all road segments will be equal to 2 which means
that all the road segments are treated the same and there is no preference for coverage on a
specific road segment. In this case, the only effective factor for potential of a road segment is
its coverage situation regarding the already existing fast charging infrastructure and the range
of EVs, which will be explained in the following sections in detail.
The first scenario of Table 12 puts a very high weight for covering the roads with maximum
number of traffic volume on them, which represents the highest demand for FCSs. The
assumption behind this scenario is that higher traffic volume on a road leads to higher
probability of having higher EVs in this road (assuming the share of EVs and conventional
combustion engine vehicles is the same on the whole Germany’s highway network). The goal
of covering the maximum demand on the major roads reminds the utilized goals in the classical
location models of total (average) distance model. These models also try to reduce the total
(average) travelled distance of trips by setting the facilities in a way that they cover maximum
demand. This scenario also puts a small weight for providing the FCSs to the international
traffic as well but providing FCSs for poorly accessible regions is not important at all.
The second weighting scenario in Table 12 describes a situation in which the provision of
international traffic with FCSs has the highest priority for decision-makers. The maximum
weight has been assigned to the criteria of foreign daily traffic volume and TEN-T transport
network. The efficiency goals of covering maximum daily traffic volume also have been
regarded but only with “low” weight. In addition, provision of FCSs for difficult accessible
regions also regarded in the model with very low weight.
The third and last scenario tries to provide FCSs on those federal highway segments which play
significant role for inter-city trips of residents in difficult accessible regions. The regions which
are far from autobahn network relay mainly on these federal highways for their inter-city trips
and putting more weight on this criteria helps to increase the coverage priority on these road
segments. This scenario reminds the approach of coverage models in classical location model
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which accentuate the transport equity goals. If a fair distribution of FCSs for all users is the
main purpose for decision-makers, the assigned weight to this criterion should be high as it is
done in the third scenario. The efficiency goal, which tries to cover as much as possible demand
on the roads has been also regarded with “Low” weight however, the provision of FCSs to the
international travellers has not been regarded at all in this scenario.
The coverage priority of a sample of road segments according to the three mentioned scenarios
has been calculated in the Table 13. The calculated coverage priority of whole road segment
has been illustrated in Fig. 58. The calculated values of coverage priority reflect the weights of
criteria and discussed goals of decision-makers in each scenario. For example, the road
segments with high level of daily traffic volume on them got higher coverage priority in the
first scenario because of high weight of this criterion. In the first scenario the foreign traffic on
a road segment and being part of TEN-T transport network also effect slightly the coverage
priority of the road segment because a “Low” weight has been assigned to the criteria FDTV
and TEN-T.
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Table 13. Exemplary calculation of the coverage priority of selected road segments according to the fist scenario in the Table 12
Road segment
ID
0
1
125
126
169
170
255
256
1028
1029
1824
1825
2490
2491
56897
56898
60049
60050
60794
60795
61017
61018

1

Name
A98
A98
A96
A96
A93
A93
A8
A8
A9
A9
A5
A5
A3
A3
B4
B4
B190
B190
B71
B71
B248
B248

2

DTV

FDTV

TEN-T

AAC

2
2
2
2
4
4
8
9
9
10
10
10
8
8
1
1
1
1
1
1
1
1

8
8
7
7
8
8
8
8
8
8
2
2
7
7
1
1
1
1
1
1
2
2

0
0
0
0
1
1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
4
4
5
5
5
5
5
5

1

Coverage priority
Scenario 1
1.6111
1.6111
1.5540
1.5540
2.2333
2.2333
2.6778
2.7889
2.7889
2.9000
2.5571
2.5571
2.6206
2.6206
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.1571
1.1571

Scenario 2
1.8444
1.8444
1.7016
1.7016
2.9333
2.9333
3.1111
3.1556
3.1556
3.2000
2.3429
2.3429
2.9683
2.9683
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.9429
0.9429

Scenario 3
1.8444
1.8444
1.8444
1.8444
1.9333
1.9333
2.1111
2.1556
2.1556
2.2000
2.2000
2.2000
2.1111
2.1111
2.0500
2.0500
2.3000
2.3000
2.3000
2.3000
2.3000
2.3000

ID: Unique field number in the attribute table of road shapefile which corresponds to the relevant unique road segment in ArcGIS Software.
Capital letters of “A” and “B” at the beginning of name of each road segment stand for road types of Autobahn and Federal highway roads (Bundesstraße in German)
respectively.
2
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The coverage priority of those road segments which are important for international traffic
(either they have high level of international traffic or are a part of TEN-T transport network)
are calculated higher than other road segments in the second scenario. Having higher daily
traffic volume also increases the coverage priority slightly because the criterion DTV also is
regarded with the weight “Low” in this scenario.
And finally, those federal secondary road segments which connect poorly accessible regions to
the autobahn network get a higher coverage priority in the third scenario because of the
maximum weight of the autobahn accessibility criterion. In fact, this scenario increases the
coverage priority of those federal roads which contribute to close the large autobahn network
gaps. It should be noted that the daily traffic volume also plays a minor role for determining the
coverage priority of road segments while the international traffic has no effect on coverage
priority in this scenario.
A python script has been developed for implementation of described algorithm and calculating
the coverage priority of the road segments in attribute table of relevant shapefile. This python
script has been also defined as a toolbox in ArcGIS software, so that it could be conveniently
utilized by non-programmer users (see the Fig. 57).

Fig. 57. The developed toolbox in ArcGIS software for calculating the coverage priority of road segments in
shapefile format, Source: Own illustration
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Autobahn and Federal roads

Coverage priority: Scenario 1

B4
B248

B190

A3
A5

B71

A96
A98

Coverage priority: Scenario 2

Coverage priority: Scenario 3

A9

A8
A93
Background source: HERE Maps,

Top left picture

Top right and below picture

Roads source: HERE Maps

Highway Network

Coverage Priority

Own Illustration

very low (Priorityi <1.25)
Autobahn

low (1.25 =< Priorityi <1.75)

Federal Highway

medium (1.75 =< Priorityi <2.25)
high (2.25 =< Priorityi <2.75)
very high (Priorityi >=2.75 )

Fig. 58.
Highway network (autobahns and federal secondary highways) in Germany (top left)
Calculated coverage priority of road segments in different scenarios (top right and below pictures)
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5.2.2 Effect of existing FCSs
This section is dedicated to investigate the effect of already existing FCSs on potential of
optimal location on the major highways in Germany. The gathered data from GoingElectric.de
website1 about geo-coordinate information, plug-in type and charging efficiency of existing
charging infrastructure in the previous sub-model of “Settlement Areas” (see the section 5.1.5)
have been utilized in the current sub-model as well.
Unlike “Settlement Areas” sub-model, which investigates the effect of existing FCSs at the very
end of algorithm and directly on the potential of zones, the effect of FCSs on the major
highways is investigated relatively early and not directly on the potential of zones but on the
potential of road segments. Comparing the number of affected zones in each sub-model clarifies
the calculation complexity of relevant sub-models and explains the reason for employing the
different approaches in the sub-models. In the previous sub-model, the determined FCSs affect
a very limited number of zones (the same zone in which the FCSs is located and direct and
indirect neighbouring zones), which make it possible to investigate the effect of FCSs directly
on the potential of zones while the number of affected zones by an existing FCS on the highways
is much higher than settlement areas. This situation significantly increases the calculation
complexity in the sub-model “Major Highways”. Imagine that a FCS could change the potential
of road segments as far as the assumed range of EVs (100 – 350 km according to the section
4.2.2.3) and considering the size of zones (250m x 250m) and the maximum detour acceptance
of travellers from the road (roughly 10 km according to the section 4.2.2.2) the number of
affected zones by a FCS on the highways are much more than effected zones in sub-model
“settlement areas”. For this reason and in order to simplify the complexity of the calculations,
the utilized algorithm in the sub-model “Major Highways” investigates the effect of existing
FCSs at the beginning and directly on the road segments not on the zones.
❖ Plug-in system and charging efficiency
In order to regard the FCSs in the location model, the technical properties of charging efficiency
of charging infrastructures (most effective factor on the charging time of battery) and type of
plug-in system (due to partly incompatibility for different EVs) should be determined and then
these properties should be feed into the location model as input parameters. In order to remain
coherent with the last sub-model, the current sub-model also considers the FCSs with CCS and
Type 2 plug-in systems and minimum charging power of 50 kW as existing and to-be-installed
FCSs. Hereafter, the effect of determined FCSs on potential of road segments is determined
based on the range of EVs and the travel behaviour of EV drivers regarding their detour
acceptance.

1

https://www.goingelectric.de/stromtankstellen/

128

❖ Range of EVs
The range of an EV determines, how far an existing FCS could satisfy the demand for fast
charging infrastructure on the highways. In the developed location model in this dissertation,
the range of EV determines, how far an existing FCS could affect the potential of road segments.
The problem with determining the range of EVs in the location model is that the value of range
should be fed into the model as one single value while different EV models have quite different
ranges. For this reason, determining a single value as range of EVs is not as simple as it seems.
One approach is to regard the target EV(s) model, for them the charging infrastructure should
be provided and set the range based on the range of these EV model. For example if the goal of
project providing the FCSs for Tesla EVs is, then the range should be determined based on
range of these models which is considerable longer than other models. Since we are
investigating the optimal location for charging infrastructure with CCS plug-in system
therefore, the target EVs are those which are compatible with this plug-in system including
BMW i3 and VW e-golf. The real-word-condition range of these EV models with fully charged
battery is estimated about 130 km and 134 km respectively by EPA1 (see Table 3). However,
the charging behaviour of EV users, which indicates to the fact that the drivers may depart the
origin city or the charging station with not-fully charged battery, should be also considered.
Regarding the supposed charging behaviour of users in the section 4.2.2.3, the value of range
in the location model is determined on 100 km. An essential assumption behind adapting the
100 km as the range of EV in the location model is that the EV drivers possesses full information
about the location of FCSs on the highways and they won’t miss any FCSs on the highways
during their trip.
❖ Detour acceptance
Unlike the sub-model “Settlement Areas” in which the factor detour refers to “walking” detour
from a FCSs to a facility (and back), in the sub-model “Major Highways” it refers to “driving”
detour of travellers on the highways. The reason for utilizing driving detour on the highway
(and not walking detour) is the assumption that the travellers do not spend time for
accomplishing daily routine activities such as shopping or going to cinema during their longdistance trips but they try to reach the destination city as soon as possible. As consequence of
this assumption, the inter-city travellers go directly to the charging station without any walking
detour. Even in case of a stop for having a small break in the rest areas on the highways, the
charging infrastructure is supposed to be located directly to the rest areas therefore, the walking
detour could be disregarded in this sub-model. By the way, the investigation of driving detour
on the highways is important because the FCSs could be located far from the planned route and
the drivers should accept the driving detour to reach them accordingly. How long the maximum
driving detour could be, depends on the detour acceptance behaviour of travellers and
unfortunately there is no reliable user-study survey about the detour acceptance of travellers on
1

Environmental Protection Agency of US https://www3.epa.gov/
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the highways. This dissertation considers the researcher’s own assumptions in order to
determine the acceptable detour by travellers on the highways and based on the determined
detours, the scenario based results have been generated. Indeed, in case of data availability, the
utilized values in this dissertation could be edited and replaced by new values.
In order to determine the acceptable detour by travellers, the main assumptions is that the closer
and easy reachable FCSs are more comfortable for travellers and longer detour for reaching a
FCSs cause more uncomfortable and after a specific distance, the FCSs are not attractive
anymore. Based on this assumption, three different detour classes were defined in which the
first detour class indicates to those roads which are reachable very easily from the FCS (and
from roads to the FCS) with maximum 2 km detour. By determining the 2 km as optimal detour
class the definition of motorway service area (Autohof in German) in the guidelines of
association of German motorway service areas1 (VEDA: Vereinigung Deutscher Autohöfe e.
V. in German) has been regarded. According to the definition of motorway service areas in this
guideline, the service areas should be reachable very comfortable with maximum distance of 1
km from the main highway. In this dissertation, the first detour class also indicates to very
comfortable and acceptable detour for highway travellers. Regarding this definition, this
dissertation utilizes 2 km as maximum acceptable detour for the first detour class (with 1 km
extra as buffer) which determines those roads, from them the FCS is reachable most
comfortably. The second detour class determines those roads, from them the FCSs are less
conveniently reachable, with 2-5 km detour. The last detour class, which indicates to most
uncomfortable but still acceptable detour, specifies those roads from them the FCSs are within
5-10 km detour accessible. It is also supposed that a FCS farther from the third detour class is
not attractive anymore and the 10 km detour is the maximum acceptable detour by travellers.
Therefore, a FCS which is located beyond 10 km detour cannot satisfy the demand for fast
charging infrastructure. The mentioned approach regarding the detour classes is implemented
using network analyses of the ArcGIS software and depicted in Fig. 59.

1

http://www.autohof-guide.de/
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FCSs: CCS 50+ kW

Detour Classes
Detour Class 1
Detour Class 2
Detour Class 3

Highway Network
Autobahn
Federal Highway

Fig. 59. Generating the detour classes to (from) the FCSs on the major highways
Background and highways source: HERE Maps
Charging Stations sources: GoingElectric.de retrieved on 15.12.2016
Own illustration

After defining the to-be-considered FCSs in term of their plug-in system(s) and charging
efficiency (CCS and Typ2, 50+ kW) as well as identifying the reachable roads in different
detour classes (three detour classes of 0-2 km, 2-5 km and 5-10 km), the effect of FCSs for
covering the demand on the highways based on the determined rang of EVs (100 km) could be
analysed. In order to analyse the effect of existing FCSs for satisfying the demand on highways,
the introduced approach in the section 4.2.2.4 has been utilized which is summarised and
illustrated in Fig. 60. According to this approach, the travellers can reach their destination
within the half of the available range of EVs without extra charging. It means that by
determining the available range of EVs as 100 km, the demand on the highways for fast
charging infrastructure within 50 km from FCSs is satisfied which is labelled as “covered”. The
area between 75 km and 100 km from FCSs is the optimal area for installation of FCSs because
in this area the travellers are searching the next FCS for charging the battery of their EV because
the battery is getting low. This area is labelled as “high potential” area for installation of a FCS.
However, if the installation of FCS in this area is not possible (due to technical or financial
issues), the next FCS should not be installed farther, because of limitation of EV’s range. In
this situation, the next FCSs should be installed in the area between 50 km and 75 km from
existing FCS, although this area is not an optimal area.

Covered
FCS

Partly Covered
50 km

High Potential

75 km

Not Covered
100 km

Fig. 60. Coverage status of highways based on user’s charging behaviour and range of EVs (100 km)
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In order to implement the above mentioned approach for clarifying the effect of existing FCSs
and analysing the detour acceptance behaviour of highway travellers, the following three
scenarios for traveller’s detour acceptance have been defined.
The first scenario supposes that the detour acceptance of travellers is very low and the travellers
take only up to 2 km detour from highway network to reach a FCS. In this case, only the demand
on those highways, from them a FCS is within 2 km reachable (the first detour class) is affected.
In the second scenario the travellers are ready to take a longer detour (up to 5 km) in order to
reach a FCS which means that in addition to the highways in first scenario, the demand on those
highways, from them a FCS is within 5 km reachable (the second detour class) will be also
affected. It should be noted that although the travellers are ready to take 2-5 km detour to reach
a FCS, the attractiveness of FCSs in second detour class is lower than those FCSs which are
directly located on the highways. For this reason, installation of an additional easy-accessible
FCS on a highway, which is already covered by a FCS in second detour class, leads to increase
the comfortability of travellers. Therefore, the location model considers a small potential for
those roads, which are already covered but in the second detour class.
In the third scenario the acceptable detour of travellers reaches up to 10 km which means that
in addition to the highways in first and second scenarios, the demand on those highways, from
them a FCS is reachable within 10 km (the third detour class) will be also affected. Similar to
the argument about FCS in second scenario, the coverage of demand on highways by a FCS in
third detour class, which is reachable with 5-10 km detour is not comfortable. It means that
although the demand on a highway is already covered, since the travellers are forced to take a
long detour to reach this FCS (5-10 km) then, installing an additional FCS which is reachable
easily with shorter detour increases the comfortability of travellers. On that account, a potential
is still assigned to the already covered highways by a FCS in third detour class.
Calculation of coverage status of road segments based on the already existing FCSs (covered,
partly covered, high potential or not covered) for the mentioned driving detour acceptance
scenarios is performed and the results for the corresponding scenarios have been illustrated in
Fig. 61. In order to illustrate the results more clearly in this figure, some of those road segments
which their coverage priority were very low have not been depicted.
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Detour acceptance Scenario 1: up to 2 km

Background source: HERE Maps,
Roads source: HERE Maps

Detour acceptance scenario 2: up to 5 km

Coverage Status
Covered

Charging stations source: GoingElectric.de
(retrieved at 15.12.2016)

High Potential

Own Illustration

Not Covered

Partly Covered

Fig. 61. Coverage status of road segments considering different driving detour acceptance scenarios
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Detour acceptance scenario 3: up to 10 km

FCSs: CCS 50+ kW

Selected focus areas for illustrating
the change in covered road segments

By calculating the coverage statuses of road segments in the first scenario, which indicates to
the very limited detour acceptance by the highway travellers (up to 2 km), the existing FCSs
cover 41% of all highway network (including all autobahn and federal highways). Ignoring the
road segments with “Very Low” coverage priority in the calculations, the share of covered road
segments reaches 57% of the illustrated highway network based on the first weighting scenario
in Table 12 (illustrated in Fig. 61),.
By assuming that the highway drivers are ready to take a up to 5 km detour for reaching a FCS,
the existing FCSs cover 54% of all highway network. Considering only the above illustrated
highway network (disregarding the road segments with very low coverage priority according to
Table 12), the covered road segments are 71%.
Considering the third detour acceptance scenario which determines the detour acceptance of
drivers up to 10 km, the existing FCSs cover 65% of all highway network. Disregarding the
“Very Low” coverage priority highways, this percentage is almost 83%.
5.2.3 Potential of road segments
This section is dedicated to quantify the value of potential of road segments for installation of
a FCS. The potential of each road segment depends on the coverage priority of road segments,
which is calculated in section 5.2.1, and the coverage status of them with regard to the existing
FCSs, which is investigated in previous section. Before calculating the potentials, a weight
should be assigned to each road segment which reflects the coverage status of them in three
different detour classes (see the section 4.2.3 and Table 6). According to four different coverage
statuses (covered, partly covered, high potential and not covered) in three different detour
classes (up to 2 km, 2-5 km and 5-10 km driving detours), the number of possible combinations
for the road segments is 4*4*4 = 64 (see the Table 6).
Unique values are assigned to each of these 64 combinations which reflect the effect of existing
FCSs (different coverage statuses in different detour classes) on satisfying the demand on the
relevant road segments. The assigned values are utilized as weights of calculating the potential
of road segments, in a way that the higher weights refer to better contribution of a road segment
for setting up a FCS network in combination with existing FCSs and those road segments which
their demand is already covered by existing FCSs get a lower weight.
In order to assign a proper weight to each combination, at first pre-values for each combination
have been assigned which is based on the assumptions about detour acceptance behaviour of
the travellers as below:
The label “Covered” in first detour class means that the demand for FCS is satisfied with a very
good service quality and the assigned weight will be very low (almost zero); no matter what the
coverage status in other two detour classes is. If a road segment is covered by a FCS which is
accessible with longer driving detour (in second or third detour classes), then the assigned
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weight will be higher in compare with the assigned weight to the road segments covered by a
FCS in the first detour class. The reason is that by installation of a new FCS directly beside the
highways, the traveller’s comfort increases. Installation of a new FCS “High Potential” labelled
road segment optimally contribute for setting up a FCS network and covering the demand on
highways. For this reason, the highest weight is assigned to the road segment with the status of
“high potential” in the first detour class however, the assigned weight to high potential segment
in detour class 1 is higher and it decreases for farther located FCSs. Generally the “Partly
Covered” road segments are treated similar to the “High Potential” coverage status but with
lower weight because they are considered as second priority area for installation of a new FCS,
in case the installation in “high potential” areas is not possible due to technical or financial
issues. A “Not Covered” coverage road segment is not influenced by any of existing FCSs
therefore, the assigned weights to them are assumed to be higher than “covered” areas and lower
than “partly covered” and “high potential” road segments. The detour class is meaningless in
this situation (they are not influenced by any FCS).
Since there is no single correct way for determining the value for the weights, some pre-values
have been assigned to the weights based on above mentioned assumptions. The pre-values were
employed for calculating the potential of road segments for several times and in each
calculation, the results have been analysed and the value of the weights has been calibrated in
a way that the results are most reliable and plausible (the algorithm of calculating the potential
of road segments has been already explained in the section 4.2.4).
Table 14 shows the final values of the 64 coverage status combinations in this research, which
is determined by consideration of the assumptions as well as calibration of them through several
pre-calculations of the potential of road segments. According to this table, the weight of those
road segments which are covered by a 2km-accessible FCS is almost zero (Weight i = 0.01). It
refers to a very low potential for installation of an additional FCS on them. In this situation, the
effect of other FCSs (if any) which are accessible further than 2 km (second and third detour
classes) are disregarded because the demand on these road segments is already covered in a
very good service quality for travellers and there is no further demand for extra FCS. The
assigned weight for the road segments which are covered only by an accessible FCS with 2-5
km detour (second detour classes) imposes uncomfortableness to the travellers therefore,
installation of an additional FCS leads to a better service quality. For this reason the assigned
weight to the covered road segments by a FCS in second detour class are slightly higher than
the previous situation which varies between 0.05 and 0.15. Being covered by only a FCS in
third detour class imposes at least 5 km detour which is not convenient for the drivers. Poor
accessible FCSs are utilized only for emergency cases by drivers therefore, installing a new
FCS in close vicinity of the highway leads to much better service quality to the drivers. From
this aspect, the assigned weight to those road segments, which are covered only by FCSs in
third detour, is higher in the table below (the value of weight varies between 0.15 and 0.30
depending on the coverage status of the road segment in other detour classes).
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If the demand on a road segment is not covered at all, then the potential of this road segment
for installing a FCS is higher than covered segments (no matter in which detour class). It means
that the assigned weight to not-covered road segment will be higher than covered roads
segments. If a road segment is not affected by no charging station at all (all coverage statuses
in the three detour classes are “Not Covered”), then the value of 0.5 is assigned as weight to
this road. This value is higher than the weights of covered road segments, but it is still lower
than the road segments with coverage statuses of “High Potential” or “Partly Covered”.
Table 14. Weight assignment to the 64 different combinations of coverage statuses and detour classes
Detour Classes
Detour Classes
Weight 𝑖
Weight 𝑖
Up to 2 km

2 - 5 km

5 - 10 km

Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered
Partly covered

Covered
Covered
Covered
Covered
Partly covered
Partly covered
Partly covered
Partly covered
High potential
High potential
High potential
High potential
Not covered
Not covered
Not covered
Not covered
Covered
Covered
Covered
Covered
Partly covered
Partly covered
Partly covered
Partly covered
High potential
High potential
High potential
High potential
Not covered
Not covered
Not covered
Not covered

Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.10
0.15
0.10
0.20
0.70
0.75
0.70
0.25
0.75
0.80
0.75
0.20
0.70
0.75
0.70

Up to 2 km

2 - 5 km

5 - 10 km

High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
High potential
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered
Not covered

Covered
Covered
Covered
Covered
Partly covered
Partly covered
Partly covered
Partly covered
High potential
High potential
High potential
High potential
Not covered
Not covered
Not covered
Not covered
Covered
Covered
Covered
Covered
Partly covered
Partly covered
Partly covered
Partly covered
High potential
High potential
High potential
High potential
Not covered
Not covered
Not covered
Not covered

Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered
Covered
Partly covered
High potential
Not covered

0.05
0.10
0.15
0.10
0.25
1.00
1.05
1.00
0.30
1.05
1.10
1.05
0.25
1.00
1.05
1.00
0.05
0.10
0.15
0.10
0.20
0.65
0.70
0.60
0.25
0.75
0.80
0.75
0.15
0.55
0.70
0.50

The value of assigned weight for the road segments with “Partly Covered” coverage status
varies between 0.55 and 0.7 which is higher than “Not Covered” areas but still they are not
indicate to very high potential. The optimal area for installation of a FCS is the “High Potential”
labelled areas in Fig. 60, in them the driver is searching for a new FCS because the battery of
his/her EV is getting empty. The assigned weight to these road segments also proves this idea
which is between 0.7 and 1.1 depending on detour class of the road segment and other coverage
statuses in other detour classes. If the road segment is labelled as “High Potential” in the first
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detour class, then the assigned weight is higher than the “High Potential” labelled road segments
in second detour or third detour classes.
Now, the potential of road segments can be performed according to the algorithm which has
been explained already in the 4.2.4 and it is simply multiplication of values of coverage
priorities (Priority𝑖 ) and the assigned weight to each road segment (Weight 𝑖 ) as below:
PotentialH 𝑖 = Priority𝑖 ∗ Weight 𝑖
Potentia_H𝑖 : Potential of the road segment 𝑖
Priority𝑖 : calculated priority of the road segment 𝑖
Weight 𝑖 : Assigned weight to the road segment 𝑖
In the above formula, the coverage priority of road segments (Priority𝑖 ) has been already
calculated in section 5.2.1 and the weights to each road segment (Weight 𝑖 ) according to their
coverage statuses in different detour classes were assigned in the Table 14. The calculation of
the potential of road segments has been performed and the results for a sample of road segments
have been presented in Table 15. The calculation of potentials was performed for the three
coverage priority scenarios, which were presented already in Table 12.
In order to have a holistic view about the potential of road segments for installation of FCSs in
the area under study (German Highway Network in this dissertation), the individual values of
calculated potentials cannot be useful but they should be considered altogether and be compared
with each other. For this reason, the ordinal values are more important than the absolute values.
The higher is the calculated potential, the road segment is more suitable for a FCS. As an
example for comparing the calculated potential of road segments, the selected road segments
have been regarded in Table 15. It helps to comprehend, how the calculated potential of road
segments should be interpreted.
With the first glance on the whole results in Table 15, it is easy to find out that the potential of
those roads segments on them the demand is already covered, is much lower than those which
have not covered yet (no matter in which weighting scenario). While the road segments of A9,
A8, A5, A3 and A93 are covered by very easy accessibly FCSs (driving detour less than 2 km),
only the highway segments of A98 are covered by a FCS in the second detour class which
imposes 2-5 km driving detour to the drivers. Since installation of an easy-accessible FCS on
this segment of A98 increases the driver’s comfortability, the potential of this road segments is
not as low as those road segments which are covered by a FCS in first detour class. The lower
potential of already covered roads segments is rather due to lower assigned weights to them
than the coverage priority of these road segments.
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Table 15. Exemplary calculation of potential of selected road segments
Road Segment
1

ID
0
1
125
126
169
170
255
256
1028
1029
1824
1825
2490
2491
56897
56898
60049
60050
60794
60795
61017
61018

Name
A98
A98
A96
A96
A93
A93
A8
A8
A9
A9
A5
A5
A3
A3
B4
B4
B190
B190
B71
B71
B248
B248

2

Detour Classes

Coverage Priority (𝐏𝐫𝐢𝐨𝐫𝐢𝐭𝐲𝒊)
Scenario 1 Scenario 2 Scenario 3
1.6111
1.8444
1.8444
1.6111
1.8444
1.8444
1.5540
1.7016
1.8444
1.5540
1.7016
1.8444
2.2333
2.9333
1.9333
2.2333
2.9333
1.9333
2.6778
3.1111
2.1111
2.7889
3.1556
2.1556
2.7889
3.1556
2.1556
2.9000
3.2000
2.2000
2.5571
2.3429
2.2000
2.5571
2.3429
2.2000
2.6206
2.9683
2.1111
2.6206
2.9683
2.1111
1.1000
0.8000
2.0500
1.1000
0.8000
2.0500
1.1000
0.8000
2.3000
1.1000
0.8000
2.3000
1.1000
0.8000
2.3000
1.1000
0.8000
2.3000
1.1571
0.9429
2.3000
1.1571
0.9429
2.3000

Up to 2 km

2 - 5 km

5 - 10 km

Not-Covered

Covered

Covered

Not-Covered

Covered

Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Covered

Covered

Not-Covered

Covered

Covered

Not-Covered

Covered

Covered

Partly-Covered

Covered

Covered

Covered

Covered

Covered

Covered

Covered

Covered

Covered

Covered

Not-Covered

Covered

Covered

Not-Covered

Covered

Covered

Not-Covered

Covered

Covered

Not-Covered

Covered

Partly-Covered Partly-Covered Not-Covered
Partly-Covered Partly-Covered Not-Covered
Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Not-Covered

Partly-Covered High-Potential

Not-Covered

Partly-Covered High-Potential

1

𝐖𝐞𝐢𝐠𝐡𝐭 𝒊
0.05
0.05
0.5
0.5
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.7
0.7
0.5
0.5
0.5
0.5
0.7
0.7

Potential (𝐏𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥_𝐇𝒊 )
Scenario 1
0.0806
0.0806
0.7770
0.7770
0.0223
0.0223
0.0268
0.0279
0.0279
0.0290
0.0256
0.0256
0.0262
0.0262
0.7700
0.7700
0.5500
0.5500
0.5500
0.5500
0.8100
0.8100

Scenario 2
0.0922
0.0922
0.8508
0.8508
0.0293
0.0293
0.0311
0.0316
0.0316
0.0320
0.0234
0.0234
0.0297
0.0297
0.5600
0.5600
0.4000
0.4000
0.4000
0.4000
0.6600
0.6600

Scenario 3
0.0922
0.0922
0.9222
0.9222
0.0193
0.0193
0.0211
0.0216
0.0216
0.0220
0.0220
0.0220
0.0211
0.0211
1.4350
1.4350
1.1500
1.1500
1.1500
1.1500
1.6100
1.6100

ID: Unique field number in the attribute table of road shapefile which corresponds to the relevant unique road segment in ArcGIS Software.
Capital letters of “A” and “B” at the beginning of the name of each road segment stand for road types of Autobahn and Federal highway (Bundesstraße in German)
respectively.
2
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Apart from the value of the weights (Weight 𝑖 ) which originates from the coverage status of the
road segment in different detour classes, the potential of road segments varies also depending
on the calculated coverage priority (Priority𝑖 ) due to different weights of the criteria in
different scenarios presented in Table 12.
The first scenario emphasises on efficiency goals by putting highest weight on the criterion of
daily traffic volume (DTV) and a low weight on international traffic. Accessibility of autobahn
network has no influence on the coverage priority. Despite this weighting scenario, all the road
segments with very high daily traffic volume (A3, A5, A8 and A9) as well as the autobahn A98
do not belong to the first best three road segments for installation of FCSs on them. The reason
is that the demand for FCSs on these road segments is already covered (see the “Covered”
coverage status for these road segments in Table 15) and therefore, an extra FCS is not required.
Considering the rest of road segments, despite higher number of cars on autobahn A96 than
federal highway of B428 (see Table 13), the federal highway of B248 has the highest potential
and the autobahn A96 is placed in second position (according to the Table 16). It is because of
the coverage status of the B248, which is “Partly-Covered” and “High-Priority” in the second
and third detour classes respectively and results to higher assigned weight for this road segment
in compare with A96 (Weight B248 = 0.7 Versus Weight A96 = 0.5). The third best road
segment is the federal road of B4. Although the assigned weight to the B4 is higher than A96,
but its coverage priority is lower than A96. The reason is that, beside the high weight on daily
traffic volume in the first scenario, the international traffic also has still a “Low” effect on
coverage priority of road segment and because of high number of foreign traffic on A96 as well
as being part of the TEN-T transport network, the coverage priority of this road segment is
higher than B4 (PriorityB4 = 1.10 Versus PriorityA96 = 1.554).
According to the Table 12, the second scenario regards the international traffic with “Very
High” weight for calculating the coverage priority of road segments therefore, as it was
predictable, the A96 road segments with high international traffic on it and as part of TEN-T
transport network, is the best road segment for installing a FCS on it. The second best road
segment is B248 because of slightly higher international road segment in compare with B4 on
it. Similar to the first scenario, the criterion of autobahn accessibility (AAC) is not important at
all for determining the coverage priority in this scenario as well.
The third scenario tries to improve the equity goals by installation of FCSs on the difficult
accessible federal highways and therefore “Very High” weight has been regarded to the
autobahn accessibility (AAC) criterion for determining the coverage priority. Since these roads
are more important for local people, the international traffic is not regarded by the way, the
daily traffic volume is still slightly important for determining the coverage status in this
scenario. According to the weights of criteria in this scenario, those road segments which are
located far from autobahn network (B248, B71 and B190 with more than 60 minutes driving
time distance and then B4 with 45-60 minutes distance) got the highest coverage priority than
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others. The best road segment for installation of FCS on it is the B248 because of high coverage
priority (PriorityB248 = 2.30) as well as its coverage statuses of “Partly-Covered” and “HighPotential” in second and third detour classes respectively (Weight B248 = 0.7). The B4 is the
second best road segment in this scenario. The coverage status of this road segment is the same
as B248 but the priority of it is due to better accessibility to the autobahn network in compare
to the B248, is lower (PriorityB248 = 2.30 Versus PriorityB4 = 1.05). The third best road
segments for installation of FCSs are B190 and B71 with the same value for their potential.
Although these road segments also have a high priority to be covered (PriorityB190 =
PriorityB71 = 2.30) however, due to lower assigned weight in compare with the
B248 (Weight B190 = Weight B71 = 0.5), their potential is calculated lower.
Table 16. First three road segments for installation of FCSs between the selected road segments of Table 13 in
the respective scenarios

Order of road segment according to calculated potential
Weighting
Scenarios

1st highest potential

2nd highest potential

3rd highest potential

Scenario 1

B248

A96

B4

Scenario 2

A96

B248

B4

Scenario 3

B248

B4

B190 and B71

In addition to the interpretation of the potential for selected highway segments in Table 15, the
potential of whole highway segments in Germany for three weighting scenarios has been
depicted in Fig. 62 which highlights, how the potential of road segments varies based on
different scenarios. The higher potential in the first scenario, which mainly emphasises on
covering the road segments with highest daily traffic volume, are assigned to the parts of main
autobahn such as A2 and A7 which have not covered by the existing FCSs yet. The second
scenario emphasises on provision of fast charging infrastructure to the international travellers
therefore, those uncovered road segments which are more important for international traffic get
a higher potential, and especially those located near to the borders (see the picture in the
middle). At last, the third scenario point outs to the equity goals by supplying fast charging
infrastructure to the regions which are far from autobahn network. In this scenario, as we can
see in the right side picture of Fig. 62, many of the uncovered federal road segments, which
could full the large gaps in autobahn network in Germany, got a higher potential. It makes them
more interesting for installation of FCSs.
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Potential of road segments: weighting scenario 1

Background source: HERE Maps,
Roads source: HERE Maps

Potential of road segments: weighting scenario 2

Potential of road segments
Very Low (Potentiali =< 0.40)
Low (0.40 <Potentiali =< 0.80)

Own Illustration

Medium (0.80 <Potentiali =< 1.20)
High (1.20 <Potentiali =< 1.60)
Very High (Potentiali > 1.60)

Fig. 62. Calculated potential of road segments considering different weighting scenarios
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Potential of road segments: weighting scenario 3

5.2.4 Potential of zones
By now, the potential of each road segment for installation of FCSs on them has been calculated
however, the potential of individual road segments is not enough for determining the optimal
of areas. Technically, the calculated potential for the roads refers to potential on a “line”
(Highways are depicted by line shapefiles in ArcGIS software) while this dissertation tries to
determine the potential in an “area”. This section explores how the calculated potential of road
segments could be transferred to the relevant zones in order to overcome this problem.
However, the mentioned reason is not the only argument for transferring the potential of
individual road segments to the zones.
In some cases, installation of only one FCS in a proper location (for example a junction) could
satisfy the demand for fast charging infrastructures on more than one highway. For this reason
considering the spatial interaction of closely located roads and a collective investigation of
potential of road segments - and not each road segment individually- seems to be necessary.
Consideration of the potential of several closely located roads in one zone - instead of individual
roads - make it possible to analyse the spatial interaction of several closely located highways in
one area (zone). It leads to minimize the number of required FCSs for covering more road
segments or cover a broader highway network with a specific number of FCSs.
Another advantage of transferring the potential of road segments to the zones is that in so doing
the combining the results of two sub-models of “settlement areas” and “major highways”
together and have a hybrid result will be possible. Regarding this fact, we employ the same 250
x 250 m square-shaped zones, which were utilized already in the metropole sub-model. In so
doing, each zone acquires two potential; one from sub-model “settlement areas” and one from
sub-model “major highways”, which can be combined together (the methodology is explained
already in section 4.2.4). The reason is that a FCSs could be useful for satisfying the demand
both in residential areas as well as on the major highways. The combined potential from both
sub-models is considered as decisive criterion for selecting the optimal location for new to-beselected FCS.
Transferring the potential of roads into the relevant zones and calculation of potential of zones
out of the surrounding highways is performed considering the detour acceptance behaviour of
travellers in a way that the zones which are closer to highways are more favourable for
installation of FCSs and by getting far from the highways, the attractiveness of zones decreases
due to imposed detour for reaching the FCS. Because of lack of reliable user-study surveys
about traveller’s detour acceptance behaviour on the highways, this dissertation utilises the
assumptions about detour acceptance behaviour of travellers explained in the section 5.2.2.
According to this assumptions, three detour classes have been determined and just for remind,
the first one was considered as very convenient detour with up to 2 km detour, the second one
was 2-5 km and the third detour acceptance class imposed 5-10 km driving detour on the
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travellers. The FCSs which are reachable by more than 10 km detour are supposed to be not
attractive anymore for the highway travellers. By simplifications and avoiding the calculation
complexity, the detour classes were defined by real distance from the highways (simply
generating buffer around the highway network using the ArcGIS toolboxes) because calculation
of the distance on network is a very time consuming procedure, especially in the large case
under study of German highway network in this dissertation. However, this simplification,
which utilises the real space distance instead of network distance, should be noted for
determining the potential of zones in practice and the accessibility of the to-be-installed FCS
should be extra proved on-site.
According to the section 4.2.4, the potential of zone i in sub-model “major highways”
(Potential_ZHi ) is calculated by potential of the surrounding roads as below:
Potential_ZHi = (Component_1i ) + (δ ∗ Component_2i ) + (λ ∗ Component_3i )
Potential_ZHi : potential of zone i driven from potential of highways
Component1i : Zones within the first detour class of a road segment (up to 2 km)
Component_2i : Zones within the second detour class of the road segment (2 − 5 km)
Component_3i : Zones within the third detour class of the road segment (5 − 10 km)
subject to:

δ and λ ≤ 1 ;

λ≤δ

The values of parameters δ and λ specify the detour behaviour of the travellers in a way that
the higher value refers to higher detour acceptance of the travellers. Since there is no specific
and reliable user-study survey about driving detour acceptance of travellers, this dissertation
utilizes three different detour acceptance scenarios and specifies the values of the δ and λ
parameters based on these scenarios for generating the scenario-based results. In case of
performing a user-study survey in the future, the values of parameters could be replaced by
more accurate values later on.
Table 17. Three exemplary scenarios for assigning the potential of road segments to the relevant zones
Value of parameters
Driving detour acceptance
scenarios
Very limited
Medium
High

δ

λ

0.30
0.50
0.60

0.00
0.20
0.30

The user of the developed location model can generate his/her own desired weighting scenario
by assigning different weights to the criteria of daily traffic volume (DTV), foreign daily traffic
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volume (FDTV), being part of TEN-T transport network or not (TEN-T) and autobahn network
accessibility of the federal roads (AAC).
After calculating the potential of each road segment, the assumptions about driving detour
acceptance of people (the values of parameters δ and λ) play an essential role for determining
the potential of zones.
In order to investigate the effect of user’s detour acceptance behaviour for calculating the
potential of zones (without interfering the effect of different weights of criteria), only the
assumptions about detour acceptance of travellers should change (without changing the weights
of criteria). For this reason, the potential of road segments only in first scenario is considered
so that the effect of the different weighting scenarios remains the same.
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Potential of zones in detour acceptance scenario 1:

Background source: HERE Maps,

Potential of zones in detour acceptance scenario 2

Potential of zones in detour acceptance scenario 3

Effect of road segments to the surrounding zones

Roads source: HERE Maps
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Fig. 63. Effect of each road segment on the surrounding zones based on the considered detour acceptance behaviour of travellers
145

5.3 Combined Result
The sub-models of “settlement areas” and “major highways” regard the use-case of FCSs in
two different ways which are independent from each other. These sub-models approach to the
FCSs location problem either in the settlement areas for inner-city travellers or on the major
highways for inter-city travellers. In fact they do not consider a combined usage for both usergroups. These two independent approaches were employed originally for simplifying and
abstracting the modelling of the location problem and determine the potential of areas for
installation of FCSs. However, determining the potential of areas solely based on one of them
could be misleading. The reason is that in the reality, many FCSs could be utilized by both user
groups of “inner-city” and “inter-city” travellers. Imagine an urban area location which is also
easily accessible from major highways; a FCS in this location could satisfy the demand for fast
charging infrastructure in both settlement areas as well as on the major highways. Therefore,
this section presents an algorithm to combine the results of two sub-models and to determine
the potential of zones based on both use-cases of FCSs in “settlement areas” and on the “major
highways”.
As it is described in the sections 5.1 and 5.2, each zone acquires two values: one stands for its
potential in the settlement areas and the other one for its potential on the major highways. Due
to the different methodologies and criteria in the sub-models, the scales of calculated potentials
are very different. Therefore, the first step for combining the results of sub-models is to
interpolate them into a common scale so that they are comparable and combinable with each
other. For doing so, the values of potentials are reflected into the range of zero to 100 which
represent the easy comprehendible precentral scale as below:
Potential_ZSIi =

Potential_ZSi
∗ 100
Max (Potential_ZSi )

(21)

Potential_ZHIi =

Potential_ZHi
∗ 100
Max (Potential_ZHi)

(22)

Potential_ZSIi : Interpolated Potential of zone i retrieved from the sub − model "Settlement Areas"
Potential_ZHIi : Interpolated Potential of zone i retrieved fromthe sub − model "Major Highways"

In the new scale, the value zero indicates to the zone(s) with no potential and value of 100 refers
to the zone(s) with highest potential. The combined potential of zones out of the interpolated
values is calculated as below:
Potential_Zi = (WS ∗ Potential_ZSIi ) + (WH ∗ Potential_ZHIi )
Potential_Zi : Combined potential of zone i retrieved from the both sub − models
WS ∶ Weight of sub − model "Settlement Areas"
WH ∶ Weight of sub − model "Major Highways"
Subject to:

WS and WH ≤ 1

and

WH + WS = 1
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(23)

The decisive factor in the formula (23) is the assigned weights to the sub-models of the
settlement areas versus the major highways. Determining these weights depends on the project
goals and the priorities of the authorities. If the first priority of decision makers is to provide a
national wide network of FCSs on the major highways in order to enable the long-distance intercity trips of EVs, then a higher weight is assigned to sub-model “major highways” (WH ). On the
other hand a higher weight to the sub-model “settlement areas” (WS ) seems to be more
favourable from local governments, which try to provide more fast charging facilities for the
residents of the region they are responsible for.
The main objective of this dissertation, as it is clearly mentioned in its title, is to calculate the
potential of zones for installation of FCSs in settlement areas and on the major highways. This
main objective is already fulfilled in previous sections however, calculating the combined
potential of zones could be considered as secondary objective. This secondary objective could
be easily achieved by determining the weights of each sub-model and performing the formula
(23).
The calculated combined potential out of the sub-models could be depicted as colour gradient
(as it is already depicted in the sub-model of settlement areas in section 5.1.5). Such a graphical
illustration of the potential of zones helps the investors and other authorities to have an
overview on the areas with higher capability for installation of FCSs. In addition to graphical
demonstration of the potential of zones, the following section presents a concrete result of the
developed location model (combined results).
Finally, in order to close this chapter, the process of determining a specific number of optimal
locations of FCSs is described. The criterion for determining the optimal zones is based on the
calculated combined potential of the zones.
For the following calculations, the potential of zones in the sub-model “Settlement Areas” is
based on the second weighting scenario (see the Table 9: Activity time: Very high, Parking lot
availability: Low, Opening hours: No weight). The walking detour acceptance of the EV users
is assumed to be “High” (see the Table 11: α = 0.50, β = 0.75, γ = 0.50).
The potential of zones in the sub-model “Major Highways” is based on the first weighting
scenario (see the Table 12: Daily traffic volume: Very high, Foreign daily traffic volume: Low,
Trans-European transport network: Low, Autobahn accessibility: No Weight). The driving
detour acceptance of EV users is assumed to be “High” (see the Table 17: δ = 0.60 and λ =
0.30).
The potential of zones in each sub-model is converted to the scale of zero to 100. Then the
combined potentials of zones using the formula (23) and following weights for each sub-model
have been calculated:
WH = 0.80 and WS = 0.20
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This assumption for the weights of sub-models reflects that use-case of FCSs on the major
highways are more favourable than providing the FCSs in the settlement areas (for this specific
exemplary calculation).
It should be noted that the employed weighting scenarios of the sub-models as well as the
weight of each sub-model for calculating the combined potential are exemplary values. They
need be redefined and changed by the users of the location model in order to reflect their own
specific objectives and priorities.
The combined potential can be calculated via determining the weights of each sub-model and
based on the formula (23), which is the main criterion for selecting the optimal locations (zones)
of the FCSs. However, determining the optimal location is performed in an iteration loop in
which after determining a certain zone as first optimal zone, this zone is considered as an
existing FCS which covers the demand in a certain surrounding areas from this zone (in
settlement areas as well as on the major highways). Covering the demand by the chosen zone
leads to change in potential of other zones which are located in the influenced area. The
potentials of zones in the influenced area are updated through the iteration loop and the next
optimal zone is determined based on the updated potentials.
Because the next selection(s) should be based on the previous selection(s), the iteration process
se for selecting the optimal locations (zones) and updating the potential of zones take places
continuously and consecutively. The following flowchart depicts the iteration procedure of
determining the optimal locations:
Residential Areas
Sub-Model

Major Highways
Sub-Model

Consider the selected zone as an existing FCS

Calculate the combined potential
of each zone (status quo)

Update the potential of each
zone based on new FCS

Check the
terminating condition(s)

Not fulfilled

Fulfilled

End of selection loop

Show the selected
zones

Select the zone with highest
potential as optimal location

Fig. 64. Iteration process for choosing the optimal locations based on the potential of each zone
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This procedure of choosing a new zone as next optimal location goes on until a terminating
condition is satisfied. The terminating conditions should be determined by users of the location
model depending on their goals of the project; for example covering a certain percentage of
highways or installation of a specific number of FCSs and so on.
For the final exemplary calculation in this dissertation the following conditions are considered:
-

Selection of maximum 40 new locations for fast charging stations
or
Coverage of at least 90% of autobahns considering the detour class 3 (up to 10 km).

The mentioned terminating conditions are so called “either-or” multiple condition in which, the
selection of optimal location will be ended if at least one of them is satisfied. The first condition
indicates to the limitation of to-be-installed charging stations. It could refer to the possible
restrictions in terms of available budget and could be an interesting condition, especially form
decision makers’ point of views.
According to the second condition, if the share of covered road segments of autobahns reaches
90% of whole autobahn network, then no new zone for FCSs will be selected anymore.
Determining the 90% coverage area of autobahn network (and not the whole network) was due
to the boundaries of study area in this dissertation. The investigation area of this dissertation is
limited to the Germany’s borders; therefore, the FCSs of neighbouring counties which are
located close to the Germany’s borders have not been regarded. These FCSs just beyond the
Germany’s borders could cover the demand for fast charging infrastructure on the German
highways as well (depending on their distance to the border and range of EVs). It means that
the allegedly not-covered road segments at the edge of borders could be actually already
covered by FCSs beyond the borders in the neighbour countries, which are not regarded in this
research. In order to address the effect of the foreign FCSs closely located to the German
borders and to consider the efficiency of to-be-installed FCSs on the highway network, the
second terminating condition is set to 90% coverage of autobahn network and not 100%.
The left side picture in the Fig. 65 depicts the current coverage status of the autobahn network
in Germany. According to these results, nearly 71% of autobahn network is already covered by
the existing FCSs (15.12.2016). The coverage status of the road segments is determined based
on the taken assumptions about use-cases of FCSs and the range of EVs in the section 5.2.2.
Since none of the terminating conditions have not been satisfied yet, the selection of optimal
location is performed.
In each iteration of the selection procedure, a new optimal location for FCSs is selected while
the terminating conditions are checked as well. After selection of first 20 optimal locations, the
share of “covered” autobahn segments increases to 80% (depicted map at the middle of Fig.
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65). This coverage percentage is still below the terminating condition (90%) therefore, the
selection procedure continues. By performing the process until selection of 40 new locations,
the coverage status of autobahns reaches 86% coverage of whole autobahn network. This
coverage percentage is still below the terminating condition of 90% coverage of autobahn
network. Although the second condition has not been satisfied yet however, the first condition
for ending the selection process forces not to continue the selection iteration anymore. The final
result has been depicted in the right side of Fig. 65.
As it is depicted in the Fig. 65, the majority of the selected optimal locations are on the
highways, and not in the settlement areas. It highlights the higher assigned weight to the submodel “Major Highways” in compare with the sub-model “Settlement Areas” (WH =
0.80 and WS = 0.20).
In addition to the weighting scenarios in each sub-model, which determines the weight of
different criteria within each sub-model, the final results in the Fig. 65 proves that the assigned
weights to the sub-models as whole (for calculating the combined potential) play an essential
role for determining the optimal locations.
The next and last section is dedicated to summery the main points in this dissertation. It
highlights the strengths and possible weaknesses of the developed location model. It illuminate
the ability of implementing the developed location model for solving the location problem of
other facilities, rather than only fast charging infrastructure for EVs. At the end, the possible
steps for further developing the location models have been suggested for the researchers who
are interested to this topic.
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Current coverage status of selected road
segments considering existing FCSs

Coverage status of road segments after
installing 20 new FCSs

Coverage status of road segments after
installing 40 new FCSs

Fig. 65.
Left side: Coverage status of autobahn highway network in Germany considering the existing fast charging stations
Middle: Optimal location of first 20 to-be-installed FCSs and their effect on the coverage of autobahn highway network
Right side: Optimal location of first 40 to-be-installed FCSs and their effect on the coverage of autobahn highway network
Source: Own Illustration
Background: Openstreetmap.org, Road source: Here Maps, Charging stations source: Goingelectric.de (retrieved at 15.12.2016)
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6 CONCLUSIONS
The high-efficient and decarbonised electric vehicles are already known as a sustainable
solution for climate change problems resulting from utilizing fossil fuels in transport sector.
The EVs could have substantial contribution for coping with environmental issues, if they are
integrated with the renewable energy sources as well. Thanks to huge investments and
researches in electro-mobility, the technical characteristics of EVs, especially their battery
technology, are advancing very fast. These technological progresses resulted in more affordable
and long-range EV models such as the Chevrolet Bolt or upcoming Tesla Model 3 in the recent
years.
Despite these continuous technical progresses as well as governmental supportive strategies
such as tax exemptions or purchase incentives, the share of EVs in the newly registered vehicles
is still very low. One of the key reasons for the low share of EVs in the market is the limited
and inadequate public charging infrastructures for EV users. EV-users as end-users would not
be interested in the technical aspects of charging infrastructure, but the usability of them such
as the charging time and plug-in system compatibility are essential. The problem of different
payment systems, which cause much inconveniency for the EV owners, is deliberately ignored
because it is not the topic of this dissertation. Expansion of public charging infrastructure can
fulfil this gap and will lead to accelerate the already fragile market of EVs.
The decisive and first question for provision of the right type of public charging infrastructure
is how long the electric car does stay at a parking lot? In many cases, the activity time of people
takes several hours, especially in workplaces, which means that the EVs stay long enough to be
charged using a slow charging station. Installation of slow charging infrastructure is not so
costly; the required electricity power network is usually available on site and the plug-in
systems of slow charging station are compatible for almost all electric vehicles (except Tesla
EVs). On these grounds, provision of publically accessible slow charging stations can cover a
major part of demand for charging infrastructure.
The slow charging infrastructures mainly address the demand in the short-distance trips in the
cities; in them the parking time is long enough. This dissertation however, focuses on the fast
charging infrastructures. In addition to technical difficulties for installation of FCSs, they are
considered as a cost-intensive investment. In this regard, determining the optimal location for
FCSs is a decisive criterion for their long-term operation and profitability.
This dissertation developed a location model which determines the potential of areas for
installation of FCSs in settlement areas as well as on the major highways. The location model
is divided into two sub-models because the use-cases of FCSs for short inner-city trips in the
settlement areas and long inter-city trips on the major highways are very different. The FCSs in
the residential areas are supposed to increase the flexibility of EV users with their relatively
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brief daily routine activities such as shopping and leisure activities, while the FCSs on the major
highways enable the EV users to have a long-distance trip (longer than the range of an EV).
These different use-cases result in employing different technical and user-behavioural criteria
in each sub-model. As an example, the matching of the activity time of people in different urban
facilities is a very important criterion in the sub-model “Settlement Areas” while this criterion
it is not an effective factor in long-term trips because the inter-city travellers are not interested
in daily routine activities during their long journey. Oppose to this criterion, the range of EVs
is a decisive criterion in the sub-model “Major Highways”, while this criterion is not relevant
in the settlement areas because the length of trips in the urban areas is much lower than the
range of an EV.
The location model delivers reasonable results in both sub-models as well the combined results.
However, the results depend on the weights of user’s behaviour criteria such as activity time,
preference of comfortability through park place availability (in settlement areas) or coverage
priority criteria such as daily traffic volume on the major highways or autobahn accessibility
(on the major highways). Moreover, the charging behaviour of users in term of state of charge
of battery and maximum detour acceptance also play an important role in the developed location
model.
Since the optimal location of the FCSs depends on the goals of the project, the developed model
gives the opportunity to the users to regard their individual priorities and goals by assigning
different weights to the employed user-behavioural and technical criteria. Different weighting
scenarios lead to different results therefore, it is necessary that the user of the location model
have enough knowledge about the goals of installation of the FCSs so that the weights of the
criteria are properly assigned. For example, in the sub-model “Major Highways”, if the decision
makers aim to support the equity goals, the assigned weight to the autobahn accessibility (AAC)
criterion should be higher so that the residents of poorly accessibly regions are considered with
a higher weight. On the other hand, for supporting the efficiency goals, which tries to supply
the fast charging facilities to as much travellers as possible, the weight of daily traffic volume
(DTV) criterion should be higher. These weighting scenarios could be practiced in the
developed location model for different goals and get the desired results.
Apart from weighting the criteria in each sun-model, the developed location model is able to
combine the results of two sub-models and get a holistic potential for the areas. The combined
potential is useful for those cases, in which the decision-makers are interested for provision of
the fast charging facilities both in settlement areas as well as on the highways. In this case, the
results of the individual sub-models could be combined with the desired weights of each submodel.
The presented model focuses mainly on the user-behaviour aspects such as detour acceptance
and charging behaviour of the users. Due to novelty of the location problems in the electro153

mobility, there are only a few numbers of researches in this topic, which focused on the
technical aspects such as power lost in the power network or profitability of the location models.
Therefore the user-behaviour aspects are less investigated. From one hand, highlighting the
importance of user-behaviour aspects and illustrating their application in the location models is
a novel work, which opens up further research areas for those who aim to work in more depth
in this topic. On the other hand, that the literatures and user-studies are rare and limited due to
the novelty of this topic. It could lead to difficulties for calibration and validation of the model.
Considering the available resources of this research it is tried to acquire the missing userbehaviour data by preforming own user-study-survey e.g. the walking detour acceptance and
activity time of the people in settlement areas were gathered under the project SLAM. By the
way, the value of some other criteria are based on the assumptions which needs to be proved
by a more user-studies. In particular, the charging behaviour of the EV users and driving detour
acceptance of the travellers on the major highways are two criteria which needs to be
investigated in more detail and the possible new values should be replaced with the assumed
values in the developed models.
It should be reminded that the pillar of this research was based on a user-behavioural model in
which the other influencing factors such as installation cost, business models and profitability
of FCSs, technical necessities of power grid on site, socio-economic factors of the target groups
or the local social security have not been investigated. It is strongly recommended that before
final decision about location of the FCSs, the results of the location model is proved in the field
and the unique properties of the location locally be considered.
Another topic which is worthy of further research is the implementation method of the
developed model. The location model in this dissertation has been implemented by
programming the Python scripts which is compatible with ArcGIS software. It allows to
develop the customized and graphical toolboxes in ArcGIS software, which is easy to utilize
for non-programmer users of the location model. The preciseness of the results was the main
point for developing the Python scripts however, because of the large scale of the case under
study (Germany) and relative small size of the utilized zones (250 m square-shape), the
calculation time of the location model using the Python scripts was very high. Improving the
calculation time of the developed location models by more efficient programming methods
and/or utilizing heuristic problem solving algorithms could be an interesting research topic for
future.
The non-governmental private investors try to increase their financial profits through
installation of FCSs therefore; the decisive criterion for choosing an optimal location is the
usage degree of the to-be-installed FCSs. In addition to make profit through selling the charging
electricity, the private companies get advantage from positive side effects of having a charging
facility near to their main business. A FCS could attract more customers to the shopping centers
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or restaurants or simply advertise an eco-friendly image for these companies. Whatever the
goals of installation of FCSs are, the developed location model is able to reflect the priorities
of decision-makers in the final results via the assigned weights to the sub-models.
The presented location model in this research is developed in a way that is easily configurable
for location problem of other refuelling infrastructures such as Hydrogen or CNG (Compressed
Natural Gas) stations. For so doing, the main travel behaviour criteria of people such as the
number of attracted motorized traffic to the urban facilities in sub-model settlement areas or the
criteria for determining the coverage priority of major roads remain the same. However, the
specific characteristics of the new refuelling infrastructures such as refuelling time (here
charging time) and range (here the range of EVs) should be calibrated/adjusted for the new
applications.
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