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Abstract: In this study, a framework regarding park and ride facilities is presented and demonstrated
to evaluate different approaches of charging concepts. The innovation in this study is that the
framework can be used to evaluate arbitrary conductive charging concepts on a detailed level and on
the basis of real usage data. Thus, the results can be broken down to the level of individual charging
events and charging points. Among other factors, the study considers the expected growth in electric
vehicles, the construction and operating costs for the investigated charging infrastructure, and the
impact of heterogeneous electric vehicle fleets with different vehicle-specific charging powers. Since
both technological and economic perspectives are considered in the framework, the study is relevant
for all decision makers involved in the development and operation of charging infrastructure. The
results in the investigated case of park and ride facilities show a high potential for cost-efficient
low-power charging concepts. Thus, significantly higher energy volumes could be transmitted and
better economic results could be achieved by the investigated low-power approaches. Especially for
heterogeneous electric vehicle fleets, the number of available charging points appears to be more
important than the charging power of the individual charging points in this case.

Keywords: electric vehicles; charging infrastructure; park and ride; park and charge

1. Introduction

According to the sustainable development goals of the United Nations, transport is
an important component for the sustainable development of cities and communities. In
this context, the electrification of vehicles represents a decisive chance to help decarbonize
transport [1]. To improve the acceptance of plug-in electric vehicles (PEVs), it is necessary
to build and expand the charging infrastructure (CI) in a demand-driven and user-oriented
fashion. The analysis of charging events (CEs) to date allows for the actual usage behavior
of CI to be determined and taken into account in the planning and operation of charging
stations (CSs). In this study, a framework is presented and applied to the example of park
and ride (P & R) facilities to realistically evaluate different CI types based on Charge Detail
Records (CDRs) in terms of economics and technology. The results can be used by charge
point operators (CPOs) to give concrete recommendations for the selection and scaling of
specific CI types as well as in the design of operations and pricing models. CDRs are the
data required for the billing of CEs. Important information here includes the connection
time and the amount of energy transferred. This study is based on CDRs collected at
more than 600 public CSs in the City of Munich in the period from 2020 to 2021. The data
were provided by the largest provider of public CSs in the Munich urban area, Stadtwerke
München. P & R facilities are typically located at subway or commuter rail stations and
are designed to enable commuters and other users to transfer from cars to public transport
services. The facilities thus enable commuters to cover part of their commuting distance by
public transport.
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The analysis and evaluation of CI has already been the subject of previous studies.
In the following section, the current state of research and the research gap are described.
Table 1 provides an overview of the most relevant studies in the analysis and evaluation of
real-world charging data. In addition to the authors, the table contains the period of time
in which the incorporated data set was collected and the number of CEs included. In the
following columns, the publication is classified according to four subject areas. Studies in
the Usage subject area deal with the usage behavior of the CI, for example, by evaluating
the occupation time of the charging points (CPs) and the amount of energy transferred. The
Comparison subject area indicates whether this evaluation was carried out for individual
CS types or separately for AC and DC CSs. The Roll-Out subject area evaluates different
roll-out strategies for scaling or adding CI depending on the ramp up of electric vehicles.
The final subject area, Economics, indicates whether an economic evaluation of the CI has
been carried out in addition to technological evaluations. As shown in the table, studies
may contain elements from more than one subject area.

Table 1. Overview Related Literature.

Authors CDR Period Usage Comparison Roll-Out Economic

van den Hoed et al. [2] 135,000 2012–2013 X - - -
Wolbertus et al. [3] 1.6 m 2014–2015 X - - -
Almaghrebi et al. [4] 17,000 2013–2018 X - - -
Fischer et al. [5] 300,000 2020 X X - -
Friese et al. [6] - 2021 X X - -
Hecht et al. [7] - 2019–2020 X - - -
van der Kam et al. [8] 1 m 2016–2018 X - X -
Wolbertus et al. [9] 1.6 m 2017–2018 X X X -
Mortimer et al. [10] 1.8 m - X - X -
Hecht et al. [11] 9 m 2019–2021 X X - X

One of the first studies based on real usage data of public CEs from 2012 to 2013
is presented by van den Hoed et al. [2]. The high-quality data set of CDRs includes,
among other things, the identification of individual customers in addition to the connection
time and the amount of energy transferred. Over time, an extensive database of public
CEs was built up as part of the research project “Intelligent data-driven optimization of
charging infrastructure” (IDO-Laad) and published as part of several studies [3,12,13]. The
evaluations focused primarily on the usage behavior of public CI; for example, with regard
to the occupation behavior of the CPs and the temporal proportion of charging time and
idle connection time. The share of charging time, and thus, the time in which the public CI
is actually in use is found to be less than 20%. The share of charging and idle connection
time is also an important criterion for evaluating the different types of CI in the study at
hand. Considering the impact on the power grid, there is also great potential for shifting
charging power over time to relieve the load on the local power grid. Thus, the power
demand from AC CEs can especially be shifted by several hours [4,14–17]. The results
indicate that for AC CSs there is a high potential to charge with lower power levels. In the
study at hand, corresponding approaches are evaluated economically and technologically
with so-called low-power chargers. If the usage behavior is considered separately for
AC and DC CI, it becomes apparent that the usage behavior is different both in terms of
connection times as well as in the amount of energy transferred. For example, CEs at AC
CSs are usually associated with parking events, which means that connection times are
usually longer than required for the actual charging process. For DC CEs, the focus is on
the actual charging process itself. After the charging process is completed, the DC CP is
released and becomes available for the next PEV [5,6]. Therefore, for the study at hand, a
separate occupation logic for AC and DC CI is considered, which takes into account the
respective user characteristics of AC and DC charging.
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One challenge in the evaluation of CDRs is the accessibility of data. Since correspond-
ing data are not always freely accessible, the usage behavior of public CI has been examined
in some studies based on data from publicly available websites [6,7,10]. Compared to earlier
studies, the incorporated data sets contain only basic information about the temporal occu-
pancy of public CI and no detailed information for the CEs, such as the amounts of energy
charged. Consequently, only the occupation behavior of CPs can be analyzed and evaluated
on this basis. Therefore, a comprehensive evaluation of the CSs themselves, which includes
not only the occupation behavior, but also the energy quantities transmitted, can not be
evaluated. Within the scope of this study, a probability distribution was developed for the
determination of energy demand, which is based on an extensive data set of public CEs
from the years 2020 and 2021. The developed probability distribution makes it possible
to determine demanded energy quantities as a function of connection time, and thus, to
comprehensively evaluate CI. The developed probability distributions of the present study
are made freely available to reproduce the presented methodology and to enable further
investigation of CI without access to exclusive CDR.

In addition to describing usage behavior, CDRs were used to formulate roll-out
strategies of CI for policy makers. Recommendations for action are structured in [8] using a
decision tree. Accordingly, the recommendations for action are based primarily on the share
of charging time or idle connection time. However, no recommendation is made for specific
CS types or power types. In [9], roll-out strategies for three different approaches of public
CI are considered. Here, the roll-out of single Level 2 AC CSs with up to 22 kW power,
Level 2 AC CSs as charging hubs, and DC fast chargers with 50, 175, or 350 kW of charging
power are compared using an agent-based model over an evaluation period of 10 years.
Since probability distributions were partially used as input parameters and the results
therefore show a certain variance per simulation run, the average of four simulation runs
was used as the result in each case. The focus of the evaluations was on the extent to which
the individual roll-out strategies can influence the switch to electric vehicles. In particular,
the success rate of finding an available CP as well as the inconvenience of finding a CP
are taken into account. In [9], it was assumed that PEV drivers are aware of the locations
of CSs, but there is no information about the occupation status. In [18], the influence of
information and reservation options on the necessary search traffic for finding free public
CSs was additionally investigated. Due to the objective of evaluating roll-out strategies for
political decision makers, the simulation of the agents in [8,9] was carried out rather on a
macroscopic level. Thus, the individual CS types were not linked to specific costs, and no
detailed evaluations of the usage behavior were performed, such as the transferable energy
quantities or the occupation behavior of the single CS types. In the vehicle-side simulation,
it was assumed that plug-in hybrid electric vehicles (PHEVs) cannot use DC CSs. However,
further vehicle-side limitations of the PEV, for example, through power limitations that are
either vehicle-specific or based on the state-of-charge (SOC), were not taken into account.

In [11], a large data set of about 9 million CDRs is evaluated based on the usage behav-
ior and profitability of public CI in Germany. Among other things, the evaluation shows
that only a fraction of CEs utilize the available power of the CP. Thus, the average power
retrieved is only 30 to 60% of the nominal charging power of the CP. The evaluation, thus,
highlights the extent to which vehicle-side limitations of the charging power occurred. In
addition, an assessment was made on the economic viability of public CSs. For this purpose,
six segments for public CSs were formed according to the charging power available, and
the charging locations were divided into five different location types. The results of the
estimation show that, in urban areas, mainly low power AC approaches and high power
DC approaches can be operated economically. Based on this, a more detailed economic
evaluation of the CI is carried out in the study at hand by simulating individual CEs.

Considering the current state of the art, here, a methodology to evaluate the application
of charging concepts (CCs) towards different spatial cases is presented, allowing for an
assessment of the usability and profitability of the given CCs in terms of the expected ramp
up of PEVs, demand for CI, build-up costs for the infrastructure, and temporal development
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of utilization of CI. By applying the proposed methodology to the P & R case in Munich,
Germany, specific CI ramp-up strategies can be derived for this case, giving the operator
the necessary information to optimize their infrastructure in terms of PEV readiness. The
approach allows for comprehensive recommendations of the concrete design and scaling of
different types of CS, and thus, covers all the topics mentioned in Table 1. For this purpose,
different types of AC and DC CI with different allocations of charging power to each CP
are investigated. The study considers technological and economic perspectives and is
therefore relevant for all decision-makers involved in the development and operation of
CI. The advantage of the presented methodology is that concrete CCs can be simulated
and evaluated on a very detailed level based on real usage data. In previous studies and
methodologies, the CI was usually modeled and evaluated on a macroscopic level. Specific
distinguishing features such as the number of CPs, the charging power per CP, the available
grid connection power, and the investment and operating costs for different CCs were
not or could not be taken into account. By simulating all relevant payment and energy
flows, the proposed methodology generates concrete recommendations for action for the
technologically and economically sensible selection of CCs for different cases.

2. Materials and Methods

For a realistic determination of the demand behavior, probability distributions were
derived to define the occupation behavior as well as the energy demand of the PEVs. The
basis for this is an extensive data set of roughly 780,000 CEs at public AC and DC CSs
in the Munich metropolitan area as well as the data from more than 900,000 recorded
parking sessions in P & R facilities. An agent-based model (ABM) was developed in Python
for simulation and evaluation, which allows for a definition of individual CSs and an
evaluation of different aspects of the usage behavior. A period of 10 years was chosen as
the assessment period for CSs. In addition to evaluating the expected usage behavior, this
study also includes a detailed economic and technological comparison of different CSs.
By arbitrarily scaling the CSs, it is also possible to determine a roll-out strategy for the
CSs. To this end, the definition of the CS is based on a set of economic and technological
parameters, such as the investment and operating costs, the number of CPs per CS, the grid
connection power, and the nominal power per CP. To show the range of possible evaluation
approaches, two AC and DC CSs, each in different power classes, were parameterized
and evaluated. Since the simulation is carried out at the level of individual vehicles and
CPs, the evaluations of the payment and energy flows can be broken down to the level of
individual CEs if desired. To realistically simulate CEs in this context, power limitations
are considered at the level of individual PEVs, CPs, and CSs, as well as at the level of the
power connection of the P & R facility to the local power grid.

Figure 1 shows the flowchart of the developed ABM. In the flowchart, a distinction
is made between pre-processing (left side) and the main simulation process (right side).
During pre-processing, central input parameters for the simulation model are defined,
calculated, and transferred to the main process at specific points. In the main process,
parking, occupancy, and charging behavior are simulated at the level of individual vehicles
and PEVs. In the following section, the processes depicted in Figure 1 are described in
more detail.
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Figure 1. Flowchart of Agent-Based Model for the Evaluation of Charging Concepts using the
Example of Park and Ride Facilities, further details explained in Section 2.

2.1. Charging Concepts

In an attempt to minimize the confusion given by the amount of abbreviations, charg-
ing concepts and charging stations are utilized interchangeably, since the applied concepts
are reflected by the specific charging stations, and vice versa. In the first step of the
flowchart in Figure 1, the simulated CSs and their underlying CCs are defined. The defini-
tion of the concepts is based on economic and technological parameters. Figure 2 shows
the structure of the simulated CSs. Within the scope of the study, two AC and DC concepts,
namely AC18x7kW, AC2x22kW, DC2x50kW and DC1x150kW, are evaluated. All concepts
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are implemented in real-world CSs that are already in use in public charging locations. The
notation of the different concepts is composed of the charging technology, the number of
CPs per station, and the nominal power per CP. Therefore, AC18x7kW represents an AC
CS where the connected power is distributed to a large number (18) of CPs. The charging
power is evenly distributed among the available number of CPs. The nominal charging
power per CP is 7 kW. Due to the rather low nominal charging power, this kind of CS is
also referred to as a low-power charger. The basic idea of low-power chargers is to offer
CI at comparatively low costs. To this end, the available power is reduced to a minimum
and distributed over a high number of CPs. Low power chargers are mostly used in cases
where a long connection time is to be expected, such as overnight charging. AC2x22kW
is also an AC CS, but here, the connected power of 44 kW is divided between two CPs,
each with 22 kW of power. In addition to the AC CSs, two DC CSs are assessed with the
configurations DC2x50kW and DC1x150kW. DC2x50kW is a so-called fast charger with two
CPs each and a power of 50 kW. DC1x150kW is a so-called high power charger (HPC) with
a comparatively high nominal power of 150 kW. With AC2x22kW and DC2x50kW, the most
common public AC and DC CSs in Munich are evaluated. In addition to these established
CSs, AC18x7kW and DC1x150kW, two types of chargers with a lower and higher charging
power, are evaluated. The range of CSs evaluated thus includes all relevant power classes
of conductive CSs.

(a) Charging Concept AC18x7kW (b) Charging Concept AC2x22kW

(c) Charging Concept DC2x50kW (d) Charging Concept DC1x150kW

Figure 2. Considered Charging Concepts.

Tables 2 and 3 contain the technological and economic parameters of the CSs used
in the study. The parameters were taken from the studies [19–22] and were fixed for the
simulation after consultation with the respective manufacturers. In the developed ABM,
the CSs are described by the conductive Charging Technology, the Connected Power of the CS,
and the Number of CPs. Additionally, the number of CPs can be scaled for AC18x7kW in the
range of 18 to 36 CPs, and the CI can thus be expanded more easily as demand increases.
Since these are single-phase CPs, the CPs are usually expanded in scaling steps of three CPs
to ensure an even utilization of the phases. After consultation with the manufacturer of
AC18x7kW, the Connected Power of the CS was dimensioned with 2 kW per CP, respectively,
with 36 kW for 18 CPs. As a result, if all CPs are fully populated with charging PEVs, each
CP can be supplied with a minimal power of 2 kW. The scalability of AC18x7 is symbolized
by dotted lines in Figure 2a. In addition to the nominal charging power of 7 kW, the
minimum charging power of 2 kW is also specified in this Figure. The 2 kW corresponds to
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the minimum necessary charging power for AC charging of 6 amperes per phase in order
to bring PEVs into the charging state, and thus, to prevent an unwanted interruption of
the CE [23]. By scaling the CP at AC18x7kW, the Connected Power must therefore also be
extended, for example, for 36 CPs to 72 kW. The Connected Power of all other CSs is defined
in such a way that all CPs can be supplied simultaneously with the nominal charging power
Nom. Power and, thus, no reduction in power occurs when all CPs are fully populated with
charging PEVs.

The economic parameters distinguish between the one-time capital expenditures
(CAPEX) per CS and the ongoing annual operational expenditures (OPEX) per CP. The
CAPEX include the costs for the actual CS, the installation, and the connection of the
CS to the local power grid. The OPEX include the costs for the backend connection and
the costs for maintenance and update of the individual CPs. In the case of the scalable
approach AC18x7kW, the costs for the expansion of the CS are also listed. In addition
to the costs, the table lists the profit margin from energy sales. The profit margin is the
difference between the net sales price and the cost price of energy, including taxes, levies,
and grid fees. For the AC CSs, a profit margin of 0.10 EUR/kWh is assumed based on
consultation with the regional CS operator Stadtwerke München and the City of Munich.
This value also coincides with the profit margin in [22], which was determined based on
that of the day-ahead market from 2019. Considering the profit margin of 0.10 EUR/kWh
for AC charging, a profit margin of 0.30 EUR/kWh was assumed for DC charging. This
is based on current energy prices at public AC and DC CSs in Munich of approximately
0.50 EUR/kWh and 0.70 EUR/kWh, respectively, [24]. Both values are consistent with
the expected profit margin for AC and DC CE in [11]. In addition to the sale of energy,
the DC CSs can generate revenue in the form of a blocking fee. This fee accrues after the
first minute if the CP continues to be occupied by a battery electric vehicle (BEV) after
the charging process has been completed, and the CP is, therefore, not accessible to other
vehicles. This misallocation of the CI resource is thus monetarily sanctioned and functions
as an additional source of revenue. The blocking fee was only considered for DC CI, as
these are not used due to the lower charging power and longer connection times of AC CI.
The application of the blocking fee is thereby significantly related to the occupation logic of
the CSs. This is explained in Section 2.6.

Table 2. Technical Parameters of the Investigated Charging Concepts.

Technical Parameter AC18x7kW AC2x22kW DC2x50kW DC1x150kW

Technology AC AC DC DC
Connected Power [kW] 36 44 100 150
Number of CPs (Base) 18 2 2 1
Scalable Yes No No No
Max. Number of CPs 36 - - -
Scaling Steps 3 - - -
Nom. Power [kW] 7 22 50 150
Min. Power [kW] 2 - - -

Table 3. Economic Parameters of the Investigated Charging Concepts.

Economic Parameter AC18x7kW AC2x22kW DC2x50kW DC1x150kW

CAPEX (Base Unit) [EUR] 50,000 11,000 50,000 150,000
CAPEX per Scale CP [EUR] 1200 - - -
OPEX per CP (annual) [EUR] 200 350 750 750
Profit Margin [EUR/kWh] 0.10 0.10 0.30 0.30
Blocking Fee [EUR/min] - - 0.50 0.50
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2.2. Parking Behavior

In the next step of the flowchart in Figure 1, the parking behavior of the vehicles and,
thus, the potential occupation behavior of the PEVs is determined. For this purpose, a
probability function was applied that defines whether and how many vehicles enter the
specific P & R facility at a certain time. Here, both the time of day and the day of the week
are taken into account. Data from seven P & R facilities in and around the city of Munich
serve as the data basis for the probability distribution. The data were provided by P + R
Park and Ride GmbH München and originate from the years 2020 and 2021. The company
operates more than 14,000 parking spaces at 38 P & R facilities in and around the city of
Munich. Depending on the location, these can be open-air parking facilities with free access
or parking facilities with gated access. The data of the present study are taken from P & R
facilities with gated access. The ticketing system of the facilities recorded when a vehicle
entered the facility and when it left the facility. Therefore, it can be derived how long each
vehicle was parked in the facility. More detailed information on the vehicle owner or the
vehicles such as the residence of the vehicle owners or whether the vehicle entering the
facility was a PEV is not available.

Figure 3 shows the distribution of vehicle entry and exit times and parking durations
across all facilities. The distribution includes over 900,000 parking events. The analysis
shows that the majority of the entries and exits occur in the morning hours around 8 a.m.
and in the late afternoon hours around 4 p.m. Thus, the parking patterns reflect the peak
commuting hours. The average parking duration is 6.8 h (median: 7.2 h). Facility-specific
characteristics can be identified in the facility-specific distributions. However, in order to
limit the variability of the results, the data of all facilities were used in this study and an
ideal-typical P & R facility with 300 parking spaces and 90,000 parking events per year was
simulated. The data from all facilities were used as the basis for the simulation.

(a) Distribution of Vehicle Entries and Exits (b) Distribution of Parking Duration

Figure 3. Parking Behavior of Vehicles.

2.3. PEV Scenario

The next step with regard to the flowchart in Figure 1 is to determine whether the in-
coming vehicle is a PEV or not. The assignment is again made by a probability distribution.
The distribution is based on three different scenarios for the growth of PEVs in the study
area. Figure 4 shows the scenarios used. Here, a base scenario was supplemented with one
conservative and one progressive market ramp-up scenario. The parameters of the base
scenario were set in consultation with the City of Munich. Accordingly, the city expects an
additive annual 2.8% increase in PEVs. In the assessment period of 10 years, this results in
a share of approximately 30% at the end of the year 2030.
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(a) Conservative Scenario (b) Base Scenario (c) Progressive Scenario

Figure 4. Scenarios for the Ramp Up of Plug-in Electric Vehicles in the Study Area.

A distinction is made between the composition of the PEV stock in BEVs and PHEVs
in addition to the annual stock growth. At the beginning, the number of PEVs is composed
of 40% BEV and 60% PHEV, which is the current level in the study area. By 2030, the share
of BEVs is assumed to increase to 70%, while the share of PHEVs is assumed to decrease to
30% due to regulatory measures such as the reduction in subsidies for PHEVs. Based on
the baseline scenario, a lower annual growth rate of 1% was applied in the conservative
scenario. The share of BEVs and PHEVs remains constant. In the progressive scenario, a
higher annual growth rate of 4.0% was assumed. The share of BEVs and PHEVs also shifts
more strongly towards BEVs in the progressive scenario with a share of 90% in 2030. The
share of BEVs and PHEVs is decisive for the evaluation of the CSs, since PHEVs have a
comparatively low charging power and battery capacities while generating correspondingly
lower energy demand at the CPs or occupy the CPs longer for CEs with the same energy
demand. In addition, PHEVs do not have the option of DC charging and the demand for
DC CSs, thus, results exclusively from BEVs. How these aspects are considered in detail in
the assessment is explained in Section 2.5.

2.4. Demands

In the previous steps, the frequency at which the CPs in the P & R facility are visited
by vehicles has been defined. If these are PEVs, the next step of the flowchart in Figure 1 is
to determine whether the corresponding PEV wants to charge. For this purpose, a demand
function is applied, which determines the demand depending on the selected energy price.
The demand is given by Equation (1), according to [25] (p. 321 ff.). The equation denotes a
logit demand function, where p represents the energy price and d the resulting demand,
both in percentages. Here, an energy price of 100% represents the energy price at public
AC CSs. According to the functional relationship shown in Figure 5, the demand reacts
to price changes. The parameter b influences the price sensitivity of the demand function.
The larger the factor chosen, the more strongly potential customers react to price changes.
In this study, b was assumed as 5.315 for all scenarios. In the function, dmin and dmax
were used to determine a minimum and a maximum possible demand. Depending on the
considered scenario, in addition to the share of PEV in the system, the parameter dmin is
varied according to Table 4. dmin follows the logic that regardless of the chosen energy
price, a certain share of demand will take place independent of the price. At the same
time, dmax limits the maximum possible demand. In all scenarios, the maximum possible
demand dmax is assumed to be 95% of all PEVs entering the facility. With Equation (2), it is
ensured that the defined maximum demand is not exceeded. The demand function for the
baseline scenario results in a demand d of about 30% at an energy price p of 100%, which
means that 30% of the incoming PEVs want to occupy the defined AC CS. This corresponds
roughly to the expected share of use of public CI [26]. In addition, the study at hand defines
a relative energy price of about 140% for DC charging, corresponding to the energy price
of 0.70 EUR/kWh for DC CSs. This results in a demand of about 9% for DC CSs and 30%
for AC CSs in the base scenario. In this study, the simulated PEVs thus prefer charging at
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AC CSs due to cost concerns. At the same time, according to the economic parameters in
Table 3, the profit margin is significantly higher for DC charging at 0.30 EUR/kWh than for
AC charging at 0.10 EUR/kWh. In the discussion in Section 4, the impact of the demand
function is taken up again. For this purpose, the results of AC and DC CI with the same
demand are compared in a separate evaluation.

d(p) = dmin + dc ·
e−b·p

0.0125 + e−b·p (1)

dc = dmax − dmin (2)

(a) Conservative (b) Base (c) Progressive

Figure 5. Demand Functions for the Different Scenarios.

Table 4. Scenario Data for the Demand Function

Scenario dmin d(p = 1.0) d(p = 1.4)

Conservative 0.0 0.26 0.04
Base 0.05 0.30 0.09

Progressive 0.15 0.37 0.18

The demand function indicates the probability that a PEV wants to occupy a CP. If it is
determined by a weighted random decision that a PEV wants to charge, the next step is
to calculate the energy demand based on the available CDRs. The CDRs are from public
CSs from the Munich metropolitan area, comprising 590 AC and 50 DC CSs. The AC CSs
primarily have two CPs with a nominal power of 22 kW, and the DC CS have two CPs
with a power of 50 kW. Tables 5 and 6 contain relevant key performance indicators (KPI)
separately for AC and DC charging. The data set contains mostly AC CEs. In addition to
the quantitative share, the usage behavior of AC and DC CI differs. CEs at AC CSs tend to
have a higher connection time compared to CEs at DC CSs, while the DC events typically
transfer more energy. A more detailed evaluation of CDRs from 2020 can be found in [5,6].
Figure 6 shows the available AC and DC CEs as a scatter plot. The CEs plotted represent
the data basis for defining the energy demand according to the next process step of the
flowchart in Figure 1. Each point representing a CE consists of the connection duration and
the amount of energy transferred. The plot illustrates a typical usage pattern of public CSs
for the years 2020 and 2021. As explained in more detail in [5] (Figure 4), the diagrams
also show linear areas which result from the accumulation of CEs with vehicle-specific
charging powers.
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Table 5. KPIs of AC Charging Events from the Real-World Data Set.

Period Number CS Number of CEs Avg./Median
Connection
Time [h/CE]

Avg./Median
Energy
[kWh/CE]

2020 570 290,000 4.9/2.9 13.8/9.3
2021 590 480,000 4.9/3.1 13.6/10

Table 6. KPIs of DC Charging Events from the Real-World Data Set.

Period Number CS Number of CEs Avg./Median
Connection
Time [h/CE]

Avg./Median
Energy
[kWh/CE]

2020 6 1900 0.8/0.6 19.7 / 18
2021 50 6200 1.2/0.7 20.5 / 17.3

(a) AC and DC Charging Events 2020 (b) AC and DC Charging Events 2021

Figure 6. Connection Time and Transmitted Energy for AC and DC Charging Events from CDRs.

The clustering of the plotted points already shows an implicit probability distribution.
Areas with a high number of points represent a high probability that a certain amount of
energy was demanded for a given connection duration. To illustrate the distribution that
has been used to determine the energy demand, the CDRs have been transferred to the
probability matrix in Figure 7 separately for the AC and DC CEs. The connection duration
is plotted on the x-axis in 15 min increments and the amount of energy transferred is plotted
on the y-axis in 1 kWh increments. Thus, for a considered connection duration of 24 h or an
energy amount of 100 kWh, there are 960 cells in the area. The color of each cell indicates
the probability of how often the CE occurred with the corresponding connection duration
and energy quantity. White-colored cells indicate that the combination of connection time
and amount of energy transferred did not occur in any CE. The probability is given by the
color of the cell, increasing from blue to red. For a better understanding, interpretation
examples of the probability matrix are given below. With a connection time of 0 to 15 min,
the probability that 0 to 1 kWh of energy has been transmitted is very high for both the
AC and DC distributions. The first cell at the bottom left is, therefore, colored pink in both
diagrams. In contrast, the probability of transferring between 99 and 100 kWh of energy in
these 15 min is 0 in both cases, since this is technically impossible due to the available power
of the CPs used. It should be noted that the nominal charging power of the AC CPs used
here is 22 kW and for the DC CPs, 50 kW. In each case, this corresponds to the first linear
range from the left for the AC and DC CEs. The formation of the additional linear ranges
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results from a reduced vehicle-specific charging power that occurred primarily for AC CEs.
Figure 7a shows a wide spread of connection time for AC CEs over 24 h. In contrast, the DC
CEs in Figure 7b show a concentration in short connection times. The developed probability
distribution allows for a realistic determination of the energy demand realistically based
on real world CEs. The available connection time used here is the parking time of the PEVs,
which is derived from the entry and exit data of the P & R facilities. Here, a different logic
is used for AC and DC CEs both for the occupation logic and for the determination of the
energy demand. For AC CEs, the energy demand is determined based on the available
connection time. For DC CEs, the challenge is that for longer connection times, as those that
occurred in P and R facilities according to Figure 3b, there are sometimes no suitable data
available from the CDRs. For this reason, in the absence of matching data for DC CEs, all
connection times shorter than the considered connection time are considered. In this way,
the energy demand can be quantified for both AC and DC CSs. The applied occupation
logic is explained in Section 2.6.

(a) AC Charging Events (b) DC Charging Events

Figure 7. Conditional Probability Distribution of Transmitted Energy Given the Connection Time.

2.5. Define PEV-Models

To simulate the CEs, vehicle-specific parameters such as the usable battery capacity
and the nominal power of the PEV are required in addition to the available connection time
and the amount of energy demanded. For this purpose, an internal database of available
PEV models was created. The database includes over 200 PEV models. Figure 8a shows the
relevant vehicle parameters for simulating AC CEs. Here, the nominal AC charging power
has four power classes based on the supported number of phases and amperage of the
on-board charger in the vehicle. It should be noted that with AC CI, both BEVs and PHEVs
can access the CPs, and DC CI can only be used by BEVs. Due to the tendency of a lower
usable battery capacity, PHEVS have a nominal power of 3 to 7 kW. Both nominal charging
power and usable battery capacity are significantly higher for BEVs. As explained in the
PEV scenario step, a different development of registered BEVs and PHEVs is considered
depending on the scenario. To account for the share of BEVs and PHEVs in the demand
response, a weighting of the defined energy demand is applied. Since the CDRs used do
not contain any information about the vehicle or the customer, it cannot be determined
whether a CE was made by a BEV or a PHEV. For this reason, an estimate was made based
on the amount of energy transferred and the average power. Based on the vehicle data from
Figure 8a, the value limits for energy demand were defined as 10 kWh, and as 3 kW for
AC charging power. AC CEs that have a higher energy demand or higher charging power
were marked as CEs by BEV and weighted according to the selected scenario. Figure 8b
shows the vehicle-specific parameters for DC CEs. Since only BEVs are relevant for this,
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the possible number of vehicles that can charge at the DC CPs is determined by the share
of BEVs of the respective scenario according to Figure 4.

(a) Fleet for AC Charging Events (b) Fleet for DC Charging Events

Figure 8. Usable Battery Capacity and Charging Power of the Simulated PEV Fleet.

To determine the PEV model, both the amount of energy demanded and the available
connection time are taken into account. To assign possible PEV models to the defined CE,
the first step is to check for which vehicle models the CE is possible based on the usable
battery capacity and the nomina power. Thus, PEVs are dropped from the assignment
process if the amount of energy demanded exceeds the usable battery capacity, or if the
required charging power exceeds the nominal power of the PEV. This ensures that there are
no vehicle-side limitations to meeting the energy demand. This is relevant if the energy
demanded is compared with the energy actually transferred for the simulated CI in the
result evaluation. Deviations thus result exclusively from CI-side limitations and not from
the selected PEV model. If several PEV models are considered in this selection process, a
random selection from the possible vehicle models takes place in the next step. For this
purpose, an additional weighting is performed according to individual vehicle segments.
Table 7 shows the vehicle segments considered. The weighting of the segments was carried
out in accordance with the Federal Motor Transport Authority’s number of registered
passenger cars [22].

Table 7. PEV Segments.

Vehicle Segment Share Reference Vehicles

Small 28% BMWi3
Medium 30% VW ID.3

Large 30% Tesla Model X
Sport 12% Tesla Model S

2.6. Occupation of Charging Points

Once the specific PEV model has been determined, the CPs are occupied. Here, a
separate occupation logic is applied for AC and DC CSs, since previous studies have
shown that the usage behavior at the respective CS types differs, as explained in Section 1.
For example, CEs at AC CSs are usually associated with extended parking periods. The
connection time at AC CPs is usually longer than necessary for the actual CEs. Hence,
there is a high proportion of idle connection time. In contrast, DC CEs focus on the actual
charging process. The connection times are usually no longer than necessary and the
proportion of idle connection time is therefore significantly lower compared to AC CEs. To
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take this usage behavior into account, the occupancy of the AC CPs by PEVs is conducted
during the entire parking period. At AC charging, the CP is occupied for the entire parking
time in the P & R facility. For the DC CI, however, occupancy of the CPs during the
entire parking period is only accepted if this does not exceed a defined proportion of idle
connection time. The acceptable share of idle connection time results from the determined
distribution of idle connection time in [5]. Thus, idle connection time occurs in only 3.4% of
DC CEs. To compensate for the blocking of CPs, a blocking fee of 0.50 EUR/min is charged
at DC CPs according to Table 3. If the occupation of the DC CPs is not allowed for the entire
parking time due to the idle time limitation, the CPs are occupied after the parking process.
For this purpose, a queuing model is applied in which the BEVs that want to charge at a
DC CP accept a maximum waiting time of 30 min if the CP is not available immediately
after the parking process is completed. The occupation of the CPs after completion of the
actual parking process is only taken into account for DC CI.

2.7. Charging Behavior

In the final step of the flowchart in Figure 1, the CEs are performed at the level
of individual PEVs. The CEs are simulated using the so-called IU charging method as
described in [5,27]. Utilizing this method allows for the characteristic charging behavior of
PEVs with decreasing charging power at high SOC of the vehicle battery to be taken into
account. The IU charging method distinguishes two phases in the CEs. In the I-phase, the
lithium-ion cells are charged with a constant current, while in the U-Phase, the cells are
charged with a constant voltage. In addition, in the simulation of CEs, the charging power
is limited at three levels. First, at the vehicle level, the power is limited by the nominal
power of the specific PEV model or by the power limitation of the IU charging process
depending on the current SOC of the vehicle battery. Second, at the CS level, the power is
limited by the available grid connection power and the power demand of the individual
CPs. This limitation is relevant for CS of type AC18x7kW, since the grid connection power
in this case is undersized with 36 kW and not all CPs can be supplied simultaneously with
the nominal charging power of 7 kW. The third limitation originates from the available
connected power of the entire P & R facility to the local power grid. After consultation
with P + R Park and Ride GmbH München, the simulated facility was considered with a
connected power of 198 kW to the local power grid. In addition, the time-dependent power
demand for different P & R facilities was provided and considered in the study. Thus, the
power consumption of the facilities is about 20 kW on average, resulting in about 180 kW
available for the CI in the facility. If the power demand by the CI exceeds the available
connection power, a reduction in the charging power takes place according to the logic of a
dynamic load management in order to prevent the overload of the connection point at the
local distribution grid. This power adjustment is especially relevant when a larger number
of CSs is simulated.

3. Results

In this section, the results of the study are presented. Since probability distributions
are used in the methodology to define usage and demand behavior at CSs, the results
exhibit a certain amount of variance. The following results represent the average value
from ten simulation runs for each CS type and scenario. In the first step, the general
utilization of the simulated P & R facility is presented. Figure 9 shows the utilization of the
facility for different days of the week. The diagrams show that the occupancy of the facility
with vehicles is strongly dependent on the respective weekday and the time of day. The
occupancy starts increasing in the morning hours and decreases until the night time.
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(a) Monday until Thursday (b) Friday

(c) Saturday (d) Sunday

Figure 9. Utilization of the Park and Ride facility on different types of days.

3.1. Charger Occupation

The occupation rate for CPs of the different CCs for the utilized scenarios are depicted in
Figure 10. According to the occupation logic, the simulated AC and DC CI have contrasting
occupation patterns. AC CSs were mostly occupied during the day. In this case, the average
peak time occupancy was 74%, 85%, and 91% for AC2x22kW in each scenario. For AC18x7kW,
peak utilization was significantly lower at 17%, 37%, and 55%, respectively, which can be
attributed to the higher number of CPs. It is interesting to note here that AC2x22kW already
has high-time utilization in the conservative scenario, and the increase from the base scenario to
the progressive scenario is relatively small. This suggests that the AC2x22kW approach already
tends to produce a high temporal utilization at low penetration rates, due to long occupancy
times by PEVs. According to the occupancy logic for DC CEs defined in Section 2.6, the DC CSs
were mostly occupied after the actual parking process was completed. The peak time utilization
was much lower compared to the AC CI with 3%, 18%, and 44% for DC2x50kW and 5%, 24%,
and 50% for DC1x150kW, respectively.
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(a) Conservative AC18x7kW (b) Conservative AC2x22kW (c) Conservative DC2x50kW (d) Conservative DC1x150kW

(e) Base AC18x7kW (f) Base AC2x22kW (g) Base DC2x50kW (h) Base DC1x150kW

(i) Progressive AC18x7kW (j) Progressive AC2x22kW (k) Progressive DC2x50kW (l) Progressive DC1x150kW

Figure 10. Occupation of the charging points of different charging concepts for the defined scenarios.

3.2. Charging Behavior

The developed methodology also makes it possible to look at the temporal utilization
in more detail. For this purpose, the temporal shares of connection time are considered
separately. Figure 11 shows the time distribution of charging time and idle connection time.
As with the temporal utilization, the results are presented row by row for the individual
scenarios. The AC CI shows a high proportion of idle connection time in all scenarios and
all CS types investigated. Here, two peaks in charging time during the day, in the morning
around 7 a.m. and in the evening around 7 p.m., are noticeable. This results from the
occupancy behavior of the AC CPs during the entire parking period, with a CE starting in
the morning and another CE starting in the afternoon or evening. Accordingly, the share of
idle connection time increases during midday until the vehicles leave the CPs, and thus,
become accessible to other PEVs. From this second occupation follows the second peak of
charging time in the afternoon and evening. The share of charging time is about 30 to 70%
in the case of AC2x22kW and about 40 to 60% in the case of AC18x7kW in all scenarios. The
relatively constant distribution in the case of AC18x7kW suggests that there is no massive
power-related bottlenecks at the CS level despite the smaller size of the connecting line with
36 kW for 18 CPs. This is also shown in the later evaluation, where the energy requested
by the PEVs is compared with the actual amount of energy transmitted. According to the
occupation logic, the DC CI under investigation shows a significantly lower share of idle
connection time. The share of charging time is about 90% for both DC2x50kW and DC1x150,
where the share of idle connection time is compensated with the considered blocking fee of
0.50 EUR/min and serves as an additional source of revenue for the CPOs.
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(a) Conservative AC18x7kW (b) Conservative AC2x22kW (c) Conservative DC2x50kW (d) Conservative DC1x150kW

(e) Base AC18x7kW (f) Base AC2x22kW (g) Base DC2x50kW (h) Base DC1x150kW

(i) Progressive AC18x7kW (j) Progressive AC2x22kW (k) Progressive DC2x50kW (l) Progressive DC1x150kW

Figure 11. Charging and idle time of the charging concepts for the defined scenarios.

3.3. Energy Transmission

Figure 12 shows the amount of energy transferred for the CS types studied. For
AC2x22kW, the results in Figure 12a–c show the maximum amount of energy that can be
transferred is in the range of 15,000 to 36,000 kWh depending on the scenario considered.
The low growth rate in the progressive scenario for AC2x22kW compared to the baseline
is due to the high time utilization of this CS type. Thus, AC2x22kW is already 85% time-
utilized in the baseline scenario and the value can only be marginally increased to 91% in
the progressive scenario. Despite having a a lower connected power of 36 kW, AC18x7kW
can transfer more energy by a factor of 2 to 5, with 35,000 to 190,000 kWh. In comparison,
the growth rates for AC18x7kW are much higher. Here, too, a correlation between the
temporal utilization and the transferable energy quantities is discernible, whereby the
temporal utilization in the case of AC18x7kW is at a lower level of approximately 55%
in the progressive scenario and, therefore, a potential for higher penetration rates of PEV
can be assumed. In the case of the DC CSs considered, the maximum transmitted energy
quantities lie in the range between 5000 and 110,000 kWh for DC2x50kW and between 5000
and 75,000 kWh for DC1x150kW, depending on the scenario considered. Compared to the
evaluated AC CSs, the DC CSs thus have much lower energy quantities, especially in the
conservative scenario, with a maximum of about 5000 kWh. This is due to the low growth
rates of PEV in the conservative scenario on the one hand, and the low share of BEV of 40%
according to the defined PEV scenario in Section 2.3 on the other. It is interesting to note
that DC1x150kW cannot transmit more energy than DC2x50kW in any scenario.
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(a) AC Conservative Scenario (b) AC Base Scenario (c) AC Progressive Scenario

(d) DC Conservative Scenario (e) DC Base Scenario (f) DC Progressive Scenario

Figure 12. Transmitted energy for the investigated charging concepts.

The comparison of the transferable energy quantities shows the high influence of
the available number of CPs. Thus, AC18x7kW or DC2x50kW can transmit significantly
higher amounts of energy in all scenarios. However, focusing solely on the amount of
energy transferred is insufficient in this case, since the extent to which the desired energy
demand on the vehicle side can be met with the lower charging power must also be
taken into account. Otherwise, the amount of energy which can be transferred could be
increased almost arbitrarily by increasing the number of CPs, and the CS types could thus
be optimized from the CPO’s point of view. For this purpose, the Charging Completion
Rate (CCR) was defined as an additional KPI in Equation (3), which takes into account the
customer-side view.

CCR =
EDemand
ESupply

. (3)

In the CCR, the originally demanded energy quantity EDemand, which has been de-
termined from the CDR according to the conditional probability distributions shown in
Figure 7, is put into relation with the actually transferred energy quantity ESupply. Ac-
cording to the defined methodology for determining energy demand and PEV models in
Section 2.5, the deviation between EDemand and ESupply can result exclusively from power
limitations of the considered CI. This is only the case for AC18x7kW, as the other CSs have a
charging power greater than or equal to the data based on CDRs. It is noteworthy here that
despite the undersized connected power of the CS as well as the significantly lower power
of 7 kW, the CCR for AC18x7kW is approximately 95% across all scenarios. This means that
despite the significantly lower power of 7 kW per CP, about 95% of the demanded energy
can be met. This result is consistent with the results from Figure 11, which shows that
despite the high penetration rate of PEV in the progressive scenario, the maximum share of
charging time is only about 80% for AC18x7kW. Too low charging power would lead to the
share of charging power tending towards 100%. Figure A1 shows the CCR for all scenarios
for the AC CSs evaluated. A plot of the CCR for the DC CSs evaluated has been omitted
since DC2x50kW and DC1x150kW are two approaches that have been evaluated where the
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charging power of the CPs is greater than or equal to the CDR used. The CCR for these
approaches is, thus, always 100%.

3.4. Economic Results

The presented methodology enables the recording of all energy and payment flows. In
addition to the technological results listed, economic evaluations can, thus, also be carried
out. In Figure 13, the one-time CAPEX and ongoing OPEX are compared with the revenues
of the CSs. The intersection of the cost and revenue functions indicates the break-even
point of the respective CSs.

(a) AC Conservative Scenario (b) AC Base Scenario (c) AC Progressive Scenario

(d) DC Conservative Scenario (e) DC Base Scenario (f) DC Progressive Scenario

Figure 13. Economic result for the investigated charging concepts.

The results show that during the evaluation period of 10 years, no economical oper-
ation was possible for the AC and DC CSs investigated in the conservative scenario. In
contrast, AC2x22kW and DC2x50kW could be operated economically in the defined basic
scenario and all CSs except DC1x150kW could be operated economically in the progressive
scenario. For CS AC2x22kW, the results from the time utilization and the transferable
energy quantities are also reflected in the economic results. Revenues can only be improved
slightly for the progressive scenario compared to the baseline scenario. The results from
CS AC2x22kW show that even with moderate PEV penetration, the CS is already at ca-
pacity and cannot benefit from increasing growth rates. In the progressive scenario, both
AC2x22kW and AC18x7kW show a positive economic result, but with about 17,000 EUR,
the AC18x7kW generates 180% more profit compared to the profit of about 6000 EUR of
AC2x22kW. This inevitably raises the question of how AC2x22kW compares to AC18x7kW
when both approaches are evaluated with the same number of CPs in the progressive
scenario. For this purpose, the economic result of nine AC2x22kW CSs was compared
with the result of one AC18x7kW CS. The CAPEX and OPEX were scaled according to the
economic parameters in Table 3 for AC2x22kW. The evaluation shows that for the same
number of CSs, AC18x7kW has a 130% better economic result than AC2x22kW. The reason
for this is mainly the cost advantage per CP for AC18x7kW, which is about 50% compared
to AC2x22kW. In the DC CS comparison, DC1x150kW was not able to justify the higher
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CAPEX associated with building the high-power approach through higher revenues. In all
scenarios, the economic result for DC2x50kW was better than that for DC1x150kW by a
percentage range of 60% to 450%. Looking at the number of CEs in Figure A2, it is clear
that DC1x150kW, with an average of 1,430 CEs in the progressive scenario, was able to
realize 30% fewer CEs than DC2x50kW with 1,970 CEs. DC1x150kW could not supply
more BEVs with energy compared to DC2x50kW, and consequently, could not recoup the
higher CAPEX faster through revenue. As an additional evaluation, the number of CEs
and the average amount of energy transferred per CE are shown in Figures A2 and A3 for
each CC.

The payment flows can also be used to derive a build-up strategy for the respective
CSs. For this purpose, the number of simulated CSs is scaled and the individual CSs are
successively occupied with PEVs. The resulting revenue can be used to derive the timing
for the construction or expansion of the CI. For this purpose, a CS is always added if the
annual OPEX of the additional station can be covered by the revenues. In contrast to the
evaluations in Figure 13, the CAPEX are, thus, not taken into account. Thus, a build-up
strategy is assumed in which the CPOs put up a new CS at a location as soon as the
operating costs can be covered, e.g., to strengthen the market position at a certain location
or to make access more difficult for competitors. In the case of CS AC18x7kW, it is also
possible to scale the CS in the range of 18 to 36 CPs in the scaling steps of 3 CPs. Therefore,
based on Table 3, CAPEX and OPEX were considered as economic parameters. Figure 14
shows the results for the individual CSs and scenarios.

To enable a better comparability between the individual CSs, the scaling is given in the
number of CPs. Due to the logic used, the results show a gradual increase in the number of
CPs. The scaling of AC2x22kW is in the range of 2 to 28 CPs. For AC18x7kW, the special
characteristic is represented by the fact that the scaling in the range between 18 and 36 CPs
takes place in three steps according to Table 2. Since the maximum expansion stage with
36 CPs was simulated here, the term AC36x7kW is used in the diagrams. Since the CS has
18 CPs as the smallest expansion stage, the initial setup only takes place when OPEX of all
CPs can be covered. It is worth mentioning that there is no OPEX recovery until 2024 in the
baseline scenario and 2023 in the progressive scenario. Since OPEX cannot be covered in
the entire conservative scenario, the model does not recommend any build-up here. For
AC2x22kW, the OPEX can already be covered in the first year in all scenarios. According to
the economic results, the construction and addition of the investigated DC CS is delayed
compared to the investigated AC CS. DC2x50kW is scaled in the range of 2 to 8 CPs and
DC1x150kW in the range of 1 to 7 CPs. In addition, it was determined what proportion of
PEVs wanting to charge were actually able to occupy a free CP. Here, the number of CSs
and CPs was defined according to the defined ramp-up strategy. Figure A4 shows the ratio
as PEV success rate. The values fluctuate over the course of the year and are on average
100% for AC36x7kW, 80% for AC2x22kW, 97% for DC2x50kW, and 95% for DC1x150kW.
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(a) Conservative AC36x7kW (b) Conservative AC2x22kW (c) Conservative DC2x50kW (d) Conservative DC1x150kW

(e) Base AC36x7kW (f) Base AC2x22kW (g) Base DC2x50kW (h) Base DC1x150kW

(i) Progressive AC36x7kW (j) Progressive AC2x22kW (k) Progressive DC2x50kW (l) Progressive DC1x150kW

Figure 14. Ramp up of the charging concepts for the defined scenarios.

4. Discussion

The methodology presented is intended to improve the decision-making basis for the
concrete selection and design of CCs in practical cases. For this purpose, the data listed
in Section 2 are required. A comprehensive data set of approximately 780,000 public CEs
from the metropolitan area of Munich in 2020 and 2021 served as the central data base
for this study. The CEs were conducted at AC CSs with a power of 22 kW and DC CSs
with a nominal power of 50 kW, which correspond to the AC2x22kW and DC2x50kW CSs
evaluated in the study. If the charging power on the infrastructure side of the underlying
CI is considered in relation to the possible power on the vehicle side according to Figure 8,
it becomes clear that, in the case of the AC data set, the power on the CI side of 22 kW
represents the maximum range of the possible AC charging power on the vehicle side.
In the case of the DC data set, the charging power on the infrastructure side of 50 kW
is in the lower range. In the case of AC charging, it allows the evaluation of CSs with a
lower charging power and, thus, more cost-effective approaches such as AC18x7kW. In
comparison, the DC CE data set has certain limitations in defining the usage behavior of DC
high-power charging. This is one explanation for the fact that CS DC1x150kW performed
comparatively poorly in the results. The comparison of the two sets of AC and DC CDR
shows that a data set based on CSs with a broad power spectrum should be used when
transferring the presented methodology.

Methodologically, an agent-based model was developed that allows different kinds of
CSs to be evaluated technologically and economically. For this purpose, all CP occupations
and CEs are simulated at the level of individual vehicles. The demand behavior of the
PEVs is defined by probability distributions. The examined scenarios made it possible to
narrow down probable result ranges and clarify the sensitivity of the parameters used.



World Electr. Veh. J. 2022, 13, 151 22 of 27

For example, the progressive scenario shows the high influence of BEV share in the PEV
stock. The development of energy demand per CE according to Figure 6 and the defined
KPIs for AC and DC CEs according to Tables 5 and 6 need to be further investigated in
the future to reflect changes in demand behavior, e.g., due to a growing share of BEVs
or due to technological advancements of PEVs. For example, it remains to be seen how
the interaction of increasing DC charging power and the trend toward increasing battery
capacities, and thus, increasing ranges on the vehicle side will affect the demand behavior
of the CI [28]. Thus, increasing ranges could lead to DC CI only being used in exceptional
cases, as the range is sufficient to cover regular driving distances. Users can also postpone
energy demands during longer parking periods at low-cost AC CSs. This would lead to
an overall increase in demand for AC CI and increased energy demand per AC CE. At the
same time, rising energy prices in the area of DC CI are conceivable in order to ensure the
refinancing of the infrastructure despite a reduced demand. The demand function used
here effectively considers energy prices as a demand decision criterion. Other influencing
factors, such as the SOC status of the PEV under consideration or the amount of energy
required for the next trip, are therefore, not directly considered. Rather, the framework aims
to determine the energy demand from a pool of real CEs. This pool indirectly includes the
demand behavior in the whole complexity of human decision-making. Demand functions
that, for example, take into account the SOC level of PEVs and assume that PEVs with a
low SOC have a higher probability of charging would inevitably lead to CEs with high
energy levels being weighted more heavily and, thus, applied more frequently in the
evaluation. Consequently, the empirical data basis of CDRs would be distorted as a result.
Furthermore, the study assumed a higher demand for AC CI due to the lower energy
price. With the same demand for AC and DC CI, the DC CSs were able to increase the
maximum transmitted energy in the progressive scenario by about 40% each, with about
160,000 kWh for DC2x50kW and 100,000 kWh for DC1x150kW. It is interesting to note that
AC18x7kW still has the highest energy sales of all investigated CCs, at about 190,000 kWh
in this case. The exact quantification of the potential demand for CSs depending on the
charging technology is a topic that will be taken up in future studies. From the authors’
point of view, additional investigations, e.g., in the context of real experiments, are needed
to quantify the potential demand that can be generated by AC low power and DC high
power CI in urban areas.

In the study, the occupation logic was used to consider different usage characteristics
for AC and DC CI. The occupation logic was derived based on findings from previous
studies. According to this, AC CEs are mostly associated with parking events. As a result,
the share of idle connection time is significantly larger compared to DC CEs, where the
focus is on the actual charging process itself, and thus, the charging time accounts for a
large part of the connection time. The evaluation of the time utilization of the CI shows a
potential for mixed concepts of AC and DC CI. Therefore, the temporal utilization of AC
CI, which is mainly occupied during the day, complements the temporal utilization of DC
CI, which is mainly occupied in the evening. Thus, by selectively combining AC and DC
CI, different usage patterns could be combined, which in sum, can create synergies for a
charging location. The investigation and evaluation of such mixed charging approaches
represent a field for future research. In the case of AC CEs, an enormous potential for
optimization is shown in the time utilization of AC CPs. A key finding of the study at hand
is that even at a comparatively low charging power of 7 kW, the share of idle connection
time is still remarkable with 40–60%. By means of automated parking and CEs, for example,
by automated vehicle fleets and inductive charging systems in park and charge lanes, the
time and energy utilization could be optimized, an approach discussed in [29] for car-
sharing fleets. This would allow established conductive charging systems to be compared
with inductive approaches and the technological and economic results to be evaluated.

In this study, a framework is presented to evaluate different CCs economically and
technologically. The PEVs charge as soon as they are connected to the CP. The considered
charging strategy thus corresponds to the logic of an uncontrolled power demand and
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thus to the current standard approach for public CI. Since the framework can be used to
simulate individual power and energy flows, it is possible to evaluate deviating charging
strategies such as strategies to reduce local power peaks or demand-driven charging
strategies to increase the share of renewable energy [30]. Figure 11 shows, for example, the
potential for shifting the charging time, or the time period in which system services could
be provided by PEVs in the otherwise idle connection time with CPs. Previous studies
based on vehicle data have already shown that PEVs can provide system services on a
considerable scale. For example, by continuously cycling the vehicle battery, a fleet of
40 PEVs could already provide 650 MWh of system services per year during the otherwise
idle connection times at apartment buildings, and thus, during CEs in the private area,
without influencing the mobility offer of the vehicle fleet [31]. Overall, there is, thus, an
opportunity in future studies to investigate and evaluate approaches for integrating vehicle
batteries as controllable energy storage devices into the power grid on a broader data basis
and for different cases.

5. Conclusions

In this study, a methodology was presented to evaluate different types of CSs based
on real usage data. The application area was a semi-public space with P & R facilities.
The case here is to enable commuters in particular to switch from passenger cars to public
transport and, thus, to cover part of their commuting distance by public transport. The
resulting long parking times of vehicles with a mean of 6.8 h (median: 7.2 h) are a decisive
factor for the evaluation of possible CSs, since the available connection times for CEs, and
thus, the charging technology as well as the necessary charging power, are influenced. The
evaluation of the CSs was carried out in three scenarios, whereby different assumptions for
future penetration rates of PEVs as well as the demand behavior of electric vehicles were
determined in each case. After all, it can be concluded that the investigated CSs AC18x7kW
and DC2x50kW with a comparatively lower charging power and correspondingly lower
CAPEX and OPEX have an advantage over the CSs AC2x22kW and DC1x150kW in the
investigated case. This advantage is highest in both cases in the selected progressive
scenario; with an increasing penetration rate of PEV, the availability of CPs takes on an in-
creasingly important role and the higher infrastructure-side charging power of AC2x22kW
or DC1x150kW is limited in many cases by vehicle-side power. With heterogeneous PEV
fleets with different vehicle specific charging powers also expected in the future, this is a
relevant factor influencing the use of charging systems.
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Appendix A

(a) AC Conservative (b) AC Base (c) AC Progressive

Figure A1. Charge Completion Rate AC-Charging Concepts.

(a) AC Conservative (b) AC Base (c) AC Progressive

(d) DC Conservative (e) DC Base (f) DC Progressive

Figure A2. Number of Charging Events per Charging Station.
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(a) AC Conservative (b) AC Base (c) AC Progressive

(d) DC Conservative (e) DC Base (f) DC Progressive

Figure A3. Average Transmitted Energy per Charging Event.

(a) Conservative AC36x7kW (b) Conservative AC2x22kW (c) Conservative DC2x50kW (d) Conservative DC1x150kW

(e) Base AC36x7kW (f) Base AC2x22kW (g) Base DC2x50kW (h) Base DC1x150kW

(i) Progressive AC36x7kW (j) Progressive AC2x22kW (k) Progressive DC2x50kW (l) Progressive DC1x150kW

Figure A4. Success Rate to occupy a free Charging Point of the Charging Concepts.
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