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Abstract

:

With the increasing number of electric vehicles, the required charging infrastructure is increasing rapidly. The lack of historical data for the charging infrastructure compromises a challenge for distribution system operators to forecast the corresponding increase in the load demand. This challenge is characterised by two main uncertainties, namely, the charging power of the charging infrastructure and its location. Expectedly, the charging infrastructure is going to include varying charging powers and is going to be installed country-wide in different area types. Hence, this contribution sets to tackle these two uncertainties by developing demand factors for the charging infrastructure according to the area type. In order to develop the demand factors, a stochastic simulation tool for the charging profiles has been run for a simulation period of 5200 weeks (100 years) for six main charging powers and seven area types for up to 500 charging points. Thus, compromising a total of over 2.1 million simulated charging profiles. The resulting demand factor curves cover the charging powers between 3.7 kW and 350 kW with 1 kW steps for a total of 348 kW steps. Furthermore, they differ according to seven area types ranging from an urban metropolis to a rural village and are developed for up to 500 charging points. Consequently, the demand factor curves serve as a base to be used for the strategic grid planning of distribution power grids while taking the future development of the charging infrastructure into account.
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1. Introduction


As part of the energy transition and the goal of achieving the climate targets, the electrification of various sectors continues to advance [1]. One of the sectors in which a massive emission reduction can be achieved is the mobility sector [2]. For successful electrification of the mobility sector, an expansion of the charging infrastructure for electromobility is necessary. This expansion increases the load on the power distribution grids. Therefore, strategic grid planning has the task of considering the impact of charging points (CPs) on load development [3].



The charging infrastructure can be divided into private charging points (prCPs) and public charging points (puCPs), each with different charging powers. In the context of this contribution, a prCP is a CP which can be accessed by a certain user or group of users [4], while a puCP can be openly accessed by anyone [5]. As for the prCPs, they are primarily connected to single- and two-family houses but also to multi-family houses and small businesses at the low-voltage (LV) level with charging powers up to 22 kW, whereas the connection of puCPs mainly takes place at grid nodes in the LV grid or also at hotspots with several puCPs in the medium-voltage grid up to 350 kW.



With the lack of comprehensive historical data about the charging behaviour and only a few pilot projects known to record the corresponding grid utilisation, strategic grid planning must rely on other tools to estimate the perspective grid utilisation of existing or future CPs. Therefore, it becomes essential to apply the established method of using so-called demand factors (DFs) to determine the power demand, similar to what can already be used for conventional loads as in [6]. The DF is defined as: “the ratio, expressed as a numerical value or as a percentage, of the maximum demand of an installation or a group of installations within a specified period, to the corresponding total installed load of the installation(s)” [7]. By applying this to the charging infrastructure, the installation would be the CPs of certain charging power in one of the area types mentioned later on. The DFs consider that not all loads have the maximum power demand at the same time because the power demand is distributed throughout the day. As for the power demand of the charging infrastructure, this means that many plug-in electric vehicles (referred to as electric vehicles (EVs) in the remaining of this contribution) are charged throughout the day and never all simultaneously. This consideration leads to a realistic estimation of the grid load and thus, avoids over-dimensioning of the grid resources, particularly transformers and lines. Hence, this contribution develops DF curves for the charging infrastructure, which can, later on, be implemented to determine the expected load demand.



Since the driving behaviour differs according to the area type, the charging behaviour can subsequently differ with respect to the area type. Therefore, this contribution determines DFs for different area types so that they can be used as required in the context of strategic grid planning.



A further factor influencing the charging behaviour is the available charging power at the CP. With the development in charging technologies, higher charging powers (fast chargers) are becoming available and are increasingly spreading in the grids [8]. Accordingly, this contribution develops DFs for charging powers, starting with the widely established slow charging powers of 3.7 kW and 11 kW. It then continues to present DF curves for the fast chargers with charging powers reaching up to 350 kW. This wide spectrum of DF curves enables the distribution system operator to apply the DF curve corresponding to the charging power in a certain grid.



With the increasing number of CPs, it becomes necessary to dimension the grids for the corresponding number of CPs, which could reach tens and hundreds. Hence, the DF values are developed for up to 500 CPs. In the context of strategic grid planning, these DFs can be applied equally for the different voltage levels as well as for the modelling and application of load management systems.



1.1. Novelty and Significance of Demand Factors


The idea of utilising the load profiles for the corresponding load type in the field of strategic grid planning has been established for a long time. These load profiles can either be synthesised, such as in [9], which proposes a bottom-up approach for the household loads in order to establish the load diagrams for a certain area. Another model for generating household load profiles is presented in [10], which relies on the load characteristic of the different household appliances. A similar approach has been performed by [11] to generate household load profiles. These approaches aim to generate either representative electric load profiles (e.g., [12]) or to determine the load demand for a certain area or grid. The common factor among these approaches is that they rely on their prior knowledge of the household loads, either by knowing the typical usage of the household appliances or by utilising historically collected measurement data. However, this is not the case when it comes to EVs.



The field of EVs is fundamentally no longer new when the technology is considered on its own. However, there is a little experience so far in the context of strategic grid planning, as the penetration of the charging infrastructure within the grids has not yet reached a level that is predicted in many scenarios for the development of electromobility [13,14,15].



Some pilot projects, such as in [16], have already determined when EVs charge simultaneously for ten households (single-family houses) with a total of 11 EVs. The associated charging points are connected to one line, and the power demand is measured in the period from June 2018 to October 2019. The results show that in 73% of the day, none of the EVs are charging, and only in 0.1% of the daytime, a maximum of five EVs are charging simultaneously. There is no point in time when six, seven, eight, nine, ten or all eleven EVs are charging simultaneously, which again argues for the use of DFs. For exactly this case of private use with either 3.7 kW, 11 kW or 22 kW charging powers, there are also already initial studies such as [17] that have scientifically investigated and determined the DFs for uncontrolled charging at prCPs. In addition, a distinction is made between the metropolitan, suburban and rural area types so that a differentiated consideration can already be made in practice.



A second use case is developed by [18], in which the driving and charging behaviours of EVs have been simulated. Even though the publication [18] follows an approach similar to the approach applied in the contribution in hand, the results are limited to the charging power of 11 kW and for up 100 EVs.



In the aforementioned studies, charging processes at prCPs are generally considered. However, since there is also an increasing expansion of puCPs, their corresponding load values must be analysed. In [19], for example, 50,000 charging processes at 1000 puCPs are analysed with regard to their time series and load profiles without determining their simultaneity. However, one of the main results is that the charging behaviour at the puCPs is influenced by time- and location-dependent factors as well as the individual days of the week. Furthermore, it is stated in [19] that the assumption of a DF = 1 in the context of strategic grid planning leads to an over-dimensioning of the grid resources, so it makes sense to consider certain simultaneities.



The aforementioned studies show that there are still no comprehensive DFs for different charging powers and different area types that can be used in strategic grid planning for dimensioning transformers and lines for different grid areas. Therefore, this contribution aims to fill this gap. In the following sections, DF curves for charging powers between 3.7 kW and 350 kW, as already established up to 150 kW in [20] for urban grids, are developed for a total of seven different area types. These can be used for strategic grid planning for the integration of prCPs and puCPs at different voltage levels.



This is important for several reasons. On the one hand, different DFs are required to dimension transformers and lines according to their thermal loading limits specified in [21,22,23]. In addition, the specified limits for the voltage within the grids must also be maintained according to [24]. Figure 1 shows this relationship graphically. For the dimensioning of the transformer, all loads within the grid are taken into account to calculate the DF over all the feeders. In contrast, for the dimensioning of the lines, only those loads are taken into account, which are located in the respective feeder. An alternative method for dimensioning the resources is the use of time series analysis. However, an evaluation according to [25] from the perspective of the transformers as well as from the perspective of the lines has shown that time-series analyses do not offer any advantages in the determination of the standard grid resources. Furthermore, it shows that at considerable additional cost for the time series analysis, the resulting power demands by charging infrastructure in the LV grids are at the same level as when applying DFs. Therefore, DFs for charging infrastructure can still be recommended for strategic grid planning.




1.2. Structure and Objective of the Work


This contribution aims to provide an instrument, which can be used by distribution system operators for strategic grid planning while considering the charging infrastructure. The goal here is to provide the DF curves that are required to calculate the corresponding power demand according to the nominal charging power of the infrastructure and to the specific grid area. The following new findings are provided in this contribution:




	1.

	
Analysis of the driving behaviour in terms of:




	
Day of the week



	
Purpose of the trip



	
Number of trips per day



	
Distance of the trip









	2.

	
Generation of weekly charging profiles depending on the available charging power and the specified area type




	3.

	
Development of DF curves for:




	
Six dominant charging powers: (3.7, 11, 22, 50, 150 and 350) kW



	
Seven area types (specified in Section 2)



	
500 CPs









	4.

	
Implementation of a curve-fitting algorithm for charging powers with 1 kW steps starting from 3.7 kW up to 350 kW









Section 2 begins by explaining the data basis used for the analyses. This initially concerns mobility data from Germany, but it can be assumed that the basic mobility behaviour will not differ fundamentally from other countries, and the results can, therefore, also be used in other European countries. Section 3 then describes, in detail, the method developed to determine the various DFs. First, the general assumptions are explained, followed by the calculation and simulation tool and the mathematical background. In Section 4, the results of the simulations are presented extensively for different area types and charging powers. Finally, Section 5 discusses the results by evaluating the influence of the framework conditions and by performing a sensitivity analysis against results published by other studies.





2. Database


The main objective is to simulate the typical charging behaviour of a large number of vehicle users. Extensive study results from [26,27] are available for this purpose. They essentially contain mobility data gathered from 316,000 individuals from 156,000 households. The database contains statistical data gathered from more than one million routes of conventional combustion vehicles. For further analyses, it is fundamentally assumed that the mobility behaviour will not change just because vehicles have a new drive system. Therefore, it may be assumed that the EVs will substitute internal combustion vehicles while maintaining the same driving behaviour in the future.



The mobility data introduced in [26,27] contains key data for the driving profiles. For example, Figure 2 shows how the mobility data differ in the number of daily routes (left) or the reason for the route (right). In addition, Figure 3 shows how the lengths of the routes (left) and departure times (right) differ for different reasons for the routes for the area type: Urban Region: Metropolis. The probability distributions for the six remaining area types are displayed in Appendix A.



The two studies from the year 2008 [26] and the year 2018 [27] differ not only in an update of the data but also in further differentiation of the area types. The differentiation introduces the following seven area types:




	
Urban Region: Metropolis



	
Urban Region: Regiopolis, Large City



	
Urban Region: Medium-sized City, Urbanised Area



	
Urban Region: Small-town Area, Village Area



	
Rural Region: Central City



	
Rural Region: Medium-sized City, Urbanised Area



	
Rural Region: Small-town Area, Village Area








The seven area types are based on [29]. The distribution of the area types across the Federal Republic of Germany is shown in Figure 4. This shows the extent to which the above-mentioned differentiation of the area types is distributed geographically. This distribution is highly relevant in Section 3 and Section 4, as the DFs for these seven different area types are determined. Consequently, the distribution grid operators can classify themselves into one of the area types and then use the relevant DFs for their specific strategic grid planning.




3. Method


The following section describes, in detail, how the DFs for different area types are methodically generated. Starting with the general conditions, the simulation tool is then explained, which is then used to finally calculate the DFs.



3.1. General Conditions


In addition to the mobility data, which describe the driving profiles, further input data need to be assumed to specify the charging profiles in the simulation.



Firstly, the charging behaviour must be specified. Since, according to Section 1.1, there is limited comprehensive experience in dealing with charging processes, the so-called chaotic charging is assumed. As a further assumption, the battery consumption must be assumed as a basis for the calculations, as this also influences the charging periods. As the battery consumption increases, so does the probability of long charging times. In this context, the respective state of charge at the destination is taken into account so that, for example, longer driving distances result in a lower state of charge. When the battery’s state of charge reaches 100% during the charging process, the charging process is terminated. If the charging period for a 100% state of charge exceeds the parking period at a certain destination, the EV is charged until the parking period is over, and then it starts to move to the next destination. The priority is usually given to riding the EV rather than charging it.



For the analyses, an average battery capacity of 45 kWh and an average consumption of 20 kWh per 100 km are assumed per [20].




3.2. Simulation Tool


The simulation tool developed in [30] is used to generate driving profiles based on the mobility data from [26,27] and is developed in the programming software MATLAB. Figure 5 shows how weekly driving profiles are generated using the corresponding algorithm. First, the length of the route, the driving time, and the duration of stay are determined for each route. These defined routes are then consolidated into individual trip profiles by determining the departure and arrival times. Different trip progressions then generate a daily trip profile depending on the number of the daily routes and the purpose of each one of them. By generating the daily driving profiles, weekly trip profiles are generated. Finally, according to the generated driving profiles, charging profiles can be generated.



For the generation of the charging profiles, it is assumed that CPs are available at the destinations defined as the purpose of the route, which is given in Figure 2 and Figure 3. In addition, the charging of the EVs is assumed to mainly occur at the final destination of the EV (home charging). Nevertheless, the EV can be charged at one of the stops over the day (intermediate charging) according to a linear probability distribution corresponding to the state of charge. When the current EV range is shorter than 50 km, the probability of intermediate charging is maximised, whereas with an EV range longer than 150 km, the probability of intermediate charging is minimalised. The probability distribution then spreads the probability of intermediate charging according to the EV range linearly between these two values.



In case only one CP is available in the city, grid or area, this CP will be located at one of the above-mentioned destinations. Consequently, the EV(s) arriving at this specific destination can charge according to the assumed available charging power. This case leads to the following conclusions:




	
Independent of the number of consecutive charging processes for the single CP (e.g., 10 EVs are charging after one another at the same single CP), the maximum power drawn simultaneously from the electric grid equals the nominal power of this single CP. Hence, the DF equals 1 (see Equation (1) in Section 3.3). Naturally, this situation does not apply if several CPs are available, which is the main investigation in the contribution. With the focus on strategic electric grid planning, the question that the contribution aims to answer is not how many EVs can be charged with a limited number of CPs but rather how many CPs are being used at the same time when there is unlimited access to CPs.



	
Since the CPs are available at the destinations, the travelling distance to a CP is already included in the applied statistical driving data (Figure 3, Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6) for the different area types. Hence, the travel distance and time of the EV(s) to a CP are modelled by generating the driving profile(s) to a certain destination.








An exemplary weekly charging profile for a charging power of 11 kW is shown in Figure 6. The result shows that with ten EVs taken into account and an assumed chaotic charging, a maximum of four EVs charge simultaneously within a week.



A further study [31] investigates the influence of a decreasing charging power after a certain state of charge (e.g., 80%). It then proves that this decrease is actually negligible in the context of strategic grid planning. Therefore, this method is not considered in this contribution.




3.3. Generation of Demand Factors


To determine the DFs, charging profiles must be overlapped on a large scale in analogy to Figure 6 for a valid database, from which the maximum power values can then be calculated. In this contribution, driving profiles and the corresponding charging profiles for up to 500 EVs are generated over the span of 5200 weeks (100 years). The simulation tool iterates over four loops. The first loop generates the weekly charging profiles with the number of EVs determined in the first loop. The charging profiles are compared, and the maximum recorded power value is then taken for this specific number of EVs. By repeating the simulation 5200 times, the simulation uncertainties are eliminated, and the robustness of the results is guaranteed. The second loop increases the number of available CPs for specific charging power. This loop starts with one EV and incrementally increases the number of CPs with a step of 10 EVs until the maximum of 500 EVs. A step size of 10 EVs is used in the calculation to reduce the simulation time. The above-mentioned simulation is then repeated for the common nominal charging powers of (3.7, 11, 22, 50, 150 and 350) kW, as well as for the seven area types. In total, four nested loops are run to generate the results according to the following pseudocode:



	Sub Demand_factor_tool ()



	   For area type = 1 to 7



	     For charging power = {3.7, 11, 22, 50, 150, 350}



	        For number of EVs = 1 to 500 with a step of 10



	          For simulated week = 1 to 5200



	           generate charging profiles for the number of EVs



	           overlap generated charging profiles



	           If maximum charging profile < charging profile then



	            maximum charging profile = charging profile



	           End if



	          next simulated week



	          calculate demand factor



	        Next number of EVs



	     Next charging power



	    Next area type








The (3.7, 11 and 22) kW represent private charging powers, whereas (11, 22, 50, 150 and 350) kW represent public charging powers. According to [20], 11 kW and 22 kW are so far implemented in puCPs as well as in prCPs.



The respective DF is calculated using Equation (1),


  D  F  n , p   =    P  n , p     n · p    



(1)




where DFn,p is the DF resulting from the cumulative charging power Pn,p for n CPs of the nominal power p [20].



Figure 7 shows an example of the results for the area type “Urban Region: Metropolis” with the aforementioned dominant charging powers. By overlapping the charging profiles per nominal power, the respective maximum value is determined for a certain number of EVs. As the number of EVs increases, the respective DF decreases following Figure 6. However, it also becomes clear in detail that the values can also briefly increase again at certain points before they then continue to decrease. This is due to the mobility data and the stochastically generated driving profiles. It only leads to the fact that the generated DF curves have to be smoothed methodically with a curve fitting to remove these anomalies [20].



The following Figure 8 shows a process diagram explaining how the simulation tool calculates the DFs. It starts by importing the general conditions mentioned in Section 3.1. It continues to import the database described in Section 2. The tool then imports the specified simulation parameters; in this case, they are the aforementioned seven area types, the charging powers (3.7, 11, 22, 50, 150 and 350) kW and the number of iterations/simulations weeks (5200 weeks). When the simulation weeks are exhausted, the DF is calculated for the specific area type, charging power and number of EVs. The simulation tool proceeds to the next number of EVs with a step size of ten. When the total number of EVs is simulated, the simulation tool continues with the next charging power and eventually the next area type until a DF for each combination of the simulation parameters is calculated.



For curve smoothing, the curve-fitting toolbox from the software MATLAB [32] is used and is exemplified in Figure 9. Two curve fitting iterations are run consequently. The first iteration is run to the DF values generated by the simulation tool to smoothen out the rigid curves shown in Figure 7. It also interpolates the DF values for the numbers of EVs per 1 EV step based on the generated 10 EV step. The second curve fitting iteration is performed to calculate the DF for the charging powers between 3.7 kW and 350 kW per 1 kW step. Since the generated DF values are for only six charging powers, the DF values for all the charging powers within these are deduced for each number of CPs. The main idea for the conducted curve fitting depends on the fact that the DF values for the charging powers between each of the charging powers can be interpolated depending on the existing values. For instance, the DFs for the charging powers between 3.7 kW and 11 kW (e.g., 4 kW, 5 kW, 6 kW up to 10 kW) must lie between the DF values of 3.7 kW and 11 kW. By interpolating the values using a curve-fitting algorithm, the DF values for all power values between 3.7 kW and 350 kW can be determined as shown in Figure 9. The detailed method is explained in [20].





4. Results of the Simulation


Based on the methodology in Section 3, the DF values are generated as the results of the simulation. The goal here is to provide distribution system operators with the required values for performing strategic grid planning by displaying the DF curves for the seven area types and for the six main nominal charging powers. In addition, the DF values are provided in a tabular form in Appendix B. Although the figures may seem significantly alike, the minimal differences between the DF values can result in considerable differences in the resulting accumulated charging power.



Figure 10 shows an example result from the DF developed according to the database and the method explained in Section 2 and Section 3, respectively. The nominal charging powers are highlighted in colour. The intermediate charging powers in grey are required depending on the method used to calculate the accumulated resulting charging power for strategic grid planning according to [25]. The method in [25] determines the accumulated resulting charging power based on a calculated effective mean charging power which—in most cases—does not correspond to one of the nominal charging powers.



In addition, Figure 10 shows that the DFs decrease rapidly for an increasing number of CPs but eventually start to saturate around 300 CPs. According to [33], the DF values reach a nearly constant value starting from around 500 CPs. Hence, the presented DFs stay valid and can be applied to more than 500 CPs.



For better visibility, the charging powers in 1 kW steps between 50 kW and 150 kW and between 150 kW and 350 kW are hidden. However, they are already calculated. In the following two sections, the calculated DFs are compared in separate analyses.



4.1. Demand Factors According to the Area Types


For the six main nominal charging powers, the DFs can be assumed according to Figure 11 for the area type “Urban Region: Metropolis”, Figure 12 for the area type “Urban Region: Regiopolis, Large City”, Figure 13 for the area type “Urban Region: Medium-sized City, Urbanized Area”, Figure 14 for the area type “Urban Region: Small-town Area, Village Area”, Figure 15 for the area type “Rural Region: Central City”, Figure 16 for the area type “Rural Region: Medium-sized City, Urbanized Area” and Figure 17 for the area type “Rural Region: Small-town Area, Village Area”.



The results show that the DFs strongly decrease with increasing charging power. The greatest difference can be seen graphically in the following figures (and tabularly in Appendix B in the Table A1, Table A2, Table A3, Table A4, Table A5, Table A6 and Table A7) in the DF values for the charging powers between 3.7 kW and 22 kW. In contrast, no clear graphical distinction of the DFs can be detected between the area types for the charging powers 50 kW, 150 kW and 350 kW. Moreover, the DF values for the charging powers 150 kW and 350 kW are nearly equal in all area types. Thus, it can be deduced that the expected fast CPs (CPs with a power equal to or greater than 150 kW) have a nearly equal DF independent of the actual charging power and area type.



By carefully examining Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17, a difference in DF values can be identified between the seven area types, even though the simulation tool parameters do not change among them. These differences result from the varying driving profiles for the seven area types. The differences in the driving profiles are highlighted in Figure 3 and Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6, which are presented in Appendix A.




4.2. Demand Factors According to the Charging Powers


For the seven different area types, the DFs can be taken from Figure 18 for 350 kW, Figure 19 for 150 kW, Figure 20 for 50 kW, Figure 21 for 22 kW, Figure 22 for 11 kW, and Figure 23 for 3.7 kW charging power.



Here, it can be seen that the differences in the DFs between the seven area types depend greatly on the charging power, which is particularly noticeable in the explicit data values listed in Appendix B in the Table A1, Table A2, Table A3, Table A4, Table A5, Table A6 and Table A7. It is mentioned in Section 4.1 that the DF values for the charging powers 150 kW up to 350 kW are nearly equal, independent of the charging power. Here, it becomes clear that their DF values also remain nearly equal, independent of the area type. As a consequence, the DF values for the charging powers starting from 150 kW can be generally applied without regarding the explicit charging power or the area type.



By observing Figure 23, a distinction between the area types becomes clear. It can be seen that the “Urban Region: Regiopolis, Large City” has the lowest DF values, even lower than the values for the three other urban region area types. Furthermore, the “Rural Region: Central City” and the “Rural Region: Medium-sized City, Urbanised Area” have lower DF values than the “Urban Region: Medium-sized City, Urbanised Area” and the “Urban Region: Small-town Area, Village Area”. This proves that the DF values for cities are lower than the values for village areas independent of the categorisation, whether it is urban or rural. The same trends are seen for the charging powers of 22 kW and 11 kW in Figure 21 and Figure 22, respectively.



The difference in the DF values between the seven area types becomes clear for the smaller charging powers such as 3.7 kW and 11 kW. Although the difference between the DF values seems negligible, the resulting accumulated charging power varies significantly depending on the area type. Therefore, the resulting accumulated charging powers are presented separately per nominal charging power in Appendix C in the Figure A7, Figure A8, Figure A9, Figure A10, Figure A11 and Figure A12.





5. Discussion


The following two sections discuss the results from Section 4 by first evaluating the influence of the general framework and the method used to determine the DFs. This is followed by a sensitivity analysis with results from other studies.



5.1. Influence of the General Conditions and Evaluation of the Method


The results in Section 4 are based on the database from Section 2 and the assumptions made in Section 3. They essentially depend on the average battery consumption, the chaotic charging and the algorithm for generating probabilistic charging profiles based on the input data for conventional mobility behaviour.



The underlying assumption is that the driving behaviour will not change by changing the driving power from a combustion engine to an electric engine. This assumption is considered to remain valid because the driving behaviour is driven by the individual need for mobility. Since the individual need for mobility is independent of the power source, whether it is fossil fuel or electric, the driving behaviour remains the same in both cases.



Another factor influencing the DF values is battery consumption. If the battery consumption increases, for example, the charging times would increase, thus leading to higher simultaneity and DF values. However, the advancement in battery technology suggests that the battery consumption is actually decreasing ([34]), which can consequently reduce the simultaneity and the DF values.



Similarly, if the available charging time windows are fixed to a certain period of time during the day, the DF values would significantly increase because the charging processes can no longer be distributed over the day.




5.2. Sensitivity Analysis to Other Studies


As further validation of the DFs presented in this contribution, a sensitivity analysis with other published studies is carried out. This section compares the results published in this contribution to the results published in the study [35] (abbreviated as “PuBStadt”) and the results published in [17] (referred to as “FNN”). PuBStadt presents DF values to be applied in urban cities without further distinction between the different urban regions. In contrast, FNN introduces three area types which are: metropolitan, suburban and rural. For each of these area types, the area utilisation is split into residential and industrial areas, thus giving a total of six area types. Additionally, FNN provides DF curves for three times of day namely: morning, noon and evening. For the following evaluation, the maximum DF curve for each area type independent of the area utilisation and of the time of day is used.



Similar to the contribution in hand, the FNN employs the database from [27] to generate the DFs. Even though the FNN presumes the distinction between residential and industrial areas, this distinction is originally not available in the database. Hence, a distinction in area utilisation is not considered in this contribution.



Moreover, the consideration of different DF curves for different times of day is applicable when different operating points are considered in strategic grid planning, for instance, a high distributed generation (low load) and/or a high load (low distributed generation) operating point. An operating point is defined as a “point on a characteristic curve representing the values of variable quantities at which a system is operating” [36]. In this case, an operating point refers to the peak points in the electric load profile of a distribution grid. However, since the DF curves serve as an instrument to calculate the maximum expected load (high load operating point) in the grid, the strategic grid planning must dimension the grids to take on this maximum load independent of the time of day. Hence, the generation of DF curves according to the time of day is regarded in this contribution as non-useful.



In addition, the DF curves presented in FNN extend to 150 CPs and not 500 CPs, as the results published in FNN consider only this number of CPs. Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17 clearly demonstrate that the DF values continue decreasing after 150 CPs and start to stagnate around 400 CPs. Hence, it cannot be assumed that the DF curves reach a constant value starting from 150 CPs. Therefore, this limited number of CPs cannot be used for strategic grid planning of medium-voltage grids (or large LV grids), as the number of CPs to be considered is most likely to exceed 150 CPs.



Since the FNN study does not present charging powers higher than 22 kW, the following analyses in Figure 24, Figure 25, Figure 26 and Figure 27 are limited to the charging powers of 11 kW and 22 kW and 150 CPs. Nevertheless, DF curves for 50 kW charging power and higher are needed for the consideration of puCPs in strategic grid planning.



The following Figure 24 and Figure 25 present the DF curves for the charging powers of 11 kW and 22 kW, respectively, for the aforementioned seven area types in comparison to the DF curves from FNN and PuBStadt. At first glance, the DF curves seem to be approximately equal; however, differences between the curves appear in the zoomed-in section in the top right corner of the respective figure.



First of all, the DF curve from PuBStadt overlaps the DF curve for the “Urban Region: Regiopolis, Large City”. Even though PuBStadt displays a single DF curve per charging power, the curves are consistent with the goal of the study since PuBStadt focuses on urban strategic grid planning.



Secondly, the DF curves of FNN for the metropolitan regions (residential and industrial) are between the DF curves for the four urban region area types, which in turn affirms the values presented in this contribution. Remarkably, the DF curves of FNN for the rural regions surpass the DF curves for the rural regions presented in this contribution. This can be due to the assumption made by FNN that EV consumption in rural and suburban areas is higher than in urban areas. This assumption is not considered in this contribution depending on the fact that the driven EVs and the roads are the same in all area types and, therefore, the EV consumption stays equal in all area types. Eventually, the higher values exhibited by the DF curves of the FNN: rural and suburban areas lead to higher accumulated charging powers (see Figure 26 and Figure 27) and, in some cases, can lead to an over-dimensioning of the equipment. Moreover, the DF curves of FNN for the suburban—industrial and the rural—residential regions are nearly equal.



Finally, by focusing on the DF curves of the FNN for a small number of CPs (in the range of 0 up to 20 CPs), an edged curve is noticed, which implies a primitive non-smooth curve fitting method. This is not to be noticed in the DF curves published in this contribution nor the curves published in PuBStadt.



Based on the above presented DF curves, the accumulated charging power for 11 kW and 22 kW charging powers are calculated according to Equation (2).


   P  n , p   = D  F  n , p   · n · p  



(2)




where Pn,p is the cumulative charging power and DFn,p is the DF for n CPs of the nominal power p.



The following Figure 26 and Figure 27 illustrate the accumulated charging power curves for the seven area types in comparison to the values from PuBStadt and FNN. As expected, the accumulated charging power values from PuBStadt overlap with the curves for the urban regions presented in this contribution. The aforementioned difference in the DF values for the FNN: rural and suburban regions is reflected here in the accumulated charging powers. For the 22 kW charging power, a difference of approximately 150 kW results between the FNN: rural—industrial area and the “Rural Region: Small-Town Area, Village Area” for 150 CPs. This difference can be seen in the zoomed-in section in the top left corner of the Figure. Within strategic grid planning, this difference can, in some cases, lead to an over-dimensioning of the equipment. The effect of this difference on the final planning measures needs to be proved with further measured data.





6. Conclusions


The contribution in hand utilises the available statistical data using the databases from [26,27] to generate DF curves for seven different area types and for charging powers ranging from 3.7 kW up to 350 kW for up to 500 CPs. The applied method differentiates the area types according to [29] for the generation of probabilistic charging profiles according to [30]. The charging profiles are utilised to calculate the DF values according to [20]. The results for calculating the DFs in Section 4 show that it is essential to apply different DFs depending on the location of the respective grid area (see also Figure 4). The methodically calculated DF values are later on analysed in comparison with similar and independent studies, e.g., [17,35].



In general, the generation of DF curves for the nominal charging powers serves as a practical consideration in the context of strategic grid planning and simplifies the planning process. This has been proven by [25], where a significantly more extensive time series-based grid planning leads to the same results as applying DFs.



The main advantage of the DF curves presented in this contribution is that they provide the ability to perform strategic grid planning while considering a wide range of charging powers extending from 3.7 kW to 350 kW as well as considering the specific area type. In addition, the DF curves are shown for up to 500 CPs and can be applied for even a larger number of CPs, following the characteristic that the DFs remain constant after 500 CPs. To summarise, the DFs can be directly applied in strategic grid planning until a reliable and comprehensive database is available for the measurement of charging processes of different charging powers in different area structures or area types.



The presented DF curves in this contribution and the analyses show the importance of implementing different DF values for the different area types, especially for lower charging powers (3.7 kW and 11 kW). However, it can also be noted that the distinction between the area types is no longer significant for, in particular, higher charging powers of 150 kW and above.



The sensitivity analysis in Section 5.2 has shown that the results introduced here are approximately equal to those of other studies. The negligible difference is essentially justified by slightly different assumptions—in regards to battery consumption—and the results presented in this contribution are, therefore, evaluated as valid.



The analyses performed and results generated for DFs for different charging powers in seven area types serve as a basis for further research work dealing with the topic of electromobility. The DFs presented in the contribution are a result of the simulation tool presented in Section 3 and are based on the driving profiles from [26,27]. In the upcoming years and with the increasing integration of CPs, measurement data can be collected to calculate the DFs and to prove the feasibility of the represented DF curves. Until the measurement data become available, the presented DFs can serve as a practical database for strategic grid planning for different area types and different charging powers up to 350 kW and up to more than 500 CPs.
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Figure A1. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Urban Region: Regiopolis, Large City”. 






Figure A1. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Urban Region: Regiopolis, Large City”.
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Figure A2. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Urban Region: Medium-sized City, Urbanised Area”. 






Figure A2. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Urban Region: Medium-sized City, Urbanised Area”.
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Figure A3. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Urban Region: Small-town Area, Village Area”. 
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Figure A4. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Rural Region: Central City”. 






Figure A4. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Rural Region: Central City”.
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Figure A5. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Rural Region: Medium-sized City, Urbanised Area”. 






Figure A5. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Rural Region: Medium-sized City, Urbanised Area”.



[image: Electricity 03 00022 g0a5]







[image: Electricity 03 00022 g0a6 550] 





Figure A6. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Rural Region: Small-town Area, Village Area”. 






Figure A6. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Rural Region: Small-town Area, Village Area”.
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Table A1. Demand factors for the area type “Urban Region: Metropolis” and six charging powers.






Table A1. Demand factors for the area type “Urban Region: Metropolis” and six charging powers.





	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.44
	0.46
	0.52
	0.64
	0.85
	1.00



	10
	0.27
	0.28
	0.33
	0.41
	0.57
	1.00



	50
	0.09
	0.10
	0.12
	0.17
	0.25
	0.56



	100
	0.06
	0.06
	0.08
	0.12
	0.18
	0.43



	500
	0.02
	0.02
	0.03
	0.05
	0.09
	0.23
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Table A2. Demand factors for the area type “Urban Region: Regiopolis, Large City” and six charging powers.






Table A2. Demand factors for the area type “Urban Region: Regiopolis, Large City” and six charging powers.





	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.44
	0.46
	0.54
	0.68
	0.93
	1.00



	10
	0.27
	0.29
	0.33
	0.42
	0.58
	1.00



	50
	0.09
	0.10
	0.12
	0.16
	0.24
	0.54



	100
	0.06
	0.06
	0.08
	0.11
	0.17
	0.40



	500
	0.02
	0.02
	0.03
	0.05
	0.09
	0.22
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Table A3. Demand factors for the area type “Urban Region: Medium-sized City, Urbanized Area” and six charging powers.






Table A3. Demand factors for the area type “Urban Region: Medium-sized City, Urbanized Area” and six charging powers.





	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.45
	0.48
	0.56
	0.71
	0.98
	1.00



	10
	0.28
	0.29
	0.35
	0.46
	0.65
	1.00



	50
	0.10
	0.10
	0.13
	0.19
	0.29
	0.68



	100
	0.06
	0.07
	0.09
	0.13
	0.21
	0.51



	500
	0.02
	0.03
	0.04
	0.06
	0.11
	0.28
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Table A4. Demand factors for the area type “Urban Region: Small-town Area, Village Area” and six charging powers.
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	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.46
	0.48
	0.56
	0.72
	0.99
	1.00



	10
	0.29
	0.31
	0.36
	0.46
	0.65
	1.00



	50
	0.10
	0.11
	0.14
	0.20
	0.29
	0.69



	100
	0.07
	0.07
	0.10
	0.14
	0.22
	0.54



	500
	0.02
	0.03
	0.04
	0.07
	0.12
	0.33










[image: Table] 





Table A5. Demand factors for the area type “Rural Region: Central City” and six charging powers.






Table A5. Demand factors for the area type “Rural Region: Central City” and six charging powers.





	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.46
	0.48
	0.57
	0.73
	1.00
	1.00



	10
	0.28
	0.30
	0.35
	0.45
	0.64
	1.00



	50
	0.09
	0.10
	0.13
	0.18
	0.26
	0.61



	100
	0.06
	0.07
	0.08
	0.12
	0.19
	0.46



	500
	0.02
	0.02
	0.04
	0.06
	0.10
	0.26
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Table A6. Demand factors for the area type “Rural Region: Medium-sized City, Urbanized Area” and six charging powers.






Table A6. Demand factors for the area type “Rural Region: Medium-sized City, Urbanized Area” and six charging powers.





	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.45
	0.48
	0.57
	0.76
	1.00
	1.00



	10
	0.28
	0.30
	0.36
	0.47
	0.67
	1.00



	50
	0.10
	0.10
	0.13
	0.18
	0.27
	0.63



	100
	0.06
	0.07
	0.09
	0.13
	0.20
	0.47



	500
	0.02
	0.03
	0.04
	0.06
	0.10
	0.27
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Table A7. Demand factors for the area type “Rural Region: Small-town Area, Village Area” and six charging powers.






Table A7. Demand factors for the area type “Rural Region: Small-town Area, Village Area” and six charging powers.





	Charging

Points
	350 kW
	150 kW
	50 kW
	22 kW
	11 kW
	3.7 kW





	5
	0.51
	0.54
	0.63
	0.79
	1.00
	1.00



	10
	0.31
	0.33
	0.39
	0.50
	0.70
	1.00



	50
	0.10
	0.11
	0.14
	0.20
	0.31
	0.73



	100
	0.07
	0.07
	0.10
	0.15
	0.23
	0.56



	500
	0.02
	0.03
	0.04
	0.07
	0.13
	0.33
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Figure A7. Accumulated charging power in kW for 350 kW charging points up to 500 charging points for seven area types. 
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Figure A8. Accumulated charging power in kW for 150 kW charging points up to 500 charging points for seven area types. 
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Figure A9. Accumulated charging power in kW for 50 kW charging points up to 500 charging points for seven area types. 
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Figure A10. Accumulated charging power in kW for 22 kW charging points up to 500 charging points for seven area types. 
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Figure A11. Accumulated charging power in kW for 11 kW charging points up to 500 charging points for seven area types. 
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Figure A12. Accumulated charging power in kW for 3.7 kW charging points up to 500 charging points for seven area types. 
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Figure 1. Planning perspectives considering the respective demand factor (DF) [25]. 
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Figure 2. Left: Probability distribution of the number of routes per day and vehicle. Right: Percentage of the purpose of the daily routes for different weekdays based on [28]. 
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Figure 3. Left: Probability distribution of the length of the routes per vehicle according to the purpose of the route. Right: Probability distribution of the time of departure of a vehicle according to the purpose of the route based on data published in [27] for “Urban Region: Metropolis”. 
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Figure 4. Geographical representation of the seven area types (RegioStar 7) in Germany for the research in mobility and transportation sectors [29], with permission from Federal Ministry of Transport and Digital Infrastructure, 2018. 
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Figure 5. Simulation algorithm for generating probabilistic driving and load profiles [28]. 
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Figure 6. Exemplary weekly charging profile for an electric vehicle and the accumulated charging profile for ten electric vehicles [28]. 
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Figure 7. Example of calculated demand factors for six charging powers. 
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Figure 8. Process diagram for the simulation of charging profiles for different area types and charging powers. 
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Figure 9. Example of curve fitting (CF) for charging powers between 3.7 kW and 350 kW for (10, 50, 100 and 500) charging points (CP). 
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Figure 10. Example for the newly generated demand factors. 
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Figure 11. Demand factors (ordinate) for the area type “Urban Region: Metropolis” and six charging powers. 
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Figure 12. Demand factors (ordinate) for the area type “Urban Region: Regiopolis, Large City” and six charging powers. 
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Figure 13. Demand factors (ordinate) for the area type “Urban Region: Medium-sized City, Urbanised Area” and six charging powers. 
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Figure 14. Demand factors (ordinate) for the area type “Urban Region: Small-town Area, Village Area” and six charging powers. 
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Figure 15. Demand factors (ordinate) for the area type “Rural Region: Central City” and six charging powers. 
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Figure 16. Demand factors (ordinate) for the area type “Rural Region: Medium-sized City, Urbanised Area” and six charging powers. 
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Figure 17. Demand factors (ordinate) for the area type “Rural Region: Small-town Area, Village Area” and six charging powers. 






Figure 17. Demand factors (ordinate) for the area type “Rural Region: Small-town Area, Village Area” and six charging powers.
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Figure 18. Demand factors (ordinate) for 350 kW charging power and seven different area types. 
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Figure 19. Demand factors (ordinate) for 150 kW charging power and seven different area types. 
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Figure 20. Demand factors (ordinate) for 50 kW charging power and seven different area types. 






Figure 20. Demand factors (ordinate) for 50 kW charging power and seven different area types.



[image: Electricity 03 00022 g020]







[image: Electricity 03 00022 g021 550] 





Figure 21. Demand factors (ordinate) for 22 kW charging power and seven different area types. 
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Figure 22. Demand factors (ordinate) for 11 kW charging power and seven different area types. 
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Figure 23. Demand factors (ordinate) for 3.7 kW charging power and seven different area types. 
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Figure 24. Demand factors (ordinate) for 22 kW charging power with seven different area types, six area types according to FNN and the results from PuBStadt for 150 charging points. 
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Figure 25. Demand factors (ordinate) for 11 kW charging power with seven different area types, six area types according to FNN and the results from PuBStadt for 150 charging points. 
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Figure 26. Accumulated charging power (ordinate) for 22 kW charging power with seven different area types, six area types according to FNN and the results from PuBStadt for 150 charging points. 
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Figure 27. Accumulated charging power (ordinate) for 11 kW charging power with seven different area types, six area types according to FNN and the results from PuBStadt for 150 charging points. 
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