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Abstract

:

Electromobility has grown rapidly, and especially in China, Europe, and the United States. Within Europe, Germany is the largest market. Our goal in this paper is to provide a data-driven overview of the key data, including the number of vehicles sold, place of registration, battery capacity, and charging power, in Germany. The results were generated by linking car-registration data with the technical details for each car model. We identified more than 84% of the battery electric vehicles in the fleet, but the uncertainty is larger for plug-in hybrid electric vehicles. The number of sold electric vehicles doubled annually over the last two years. Simultaneously, the battery capacity and charging power per vehicle are rising. Combined, the two effects cause the cumulative battery capacity and charging power of the fleet to grow at an even faster pace. The battery energy built into electric vehicles in Germany registered on 1 August 2022 was 50.5 GWh, of which 9.5 GWh belonged to plug-in hybrids. The combined charging system became the dominant charger type for fast charging in Germany, and only 2% of the vehicle fleet used the competing CHAdeMO standard. To allow fellow researchers to work with the data, we published them free of charge on our data platform mobility charts, and we update the data monthly.
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1. Introduction


Electric vehicles are a growing market in Germany, with vehicle sales growing rapidly, and especially from 2020 onwards. The business models, such as those of charge point operators (CPOs), e-mobility service providers (EMPs), aggregators utilizing car batteries for vehicle-to-grid or grid-friendly charging, or vehicle manufacturers, all require an accurate estimate of the current vehicle market. Only by knowing how many vehicles with which battery energy are located where in Germany can these actors determine suitable business strategies, as well as grid- and market-stabilization strategies. Researchers and public administrators may use the provided data to create models and estimate the future trajectory of the vehicle and vehicle-battery market.



In this paper, we provide such an overview by merging public car-registry data with a vehicle catalogue, updating and extending our basic analyses in [1]. By determining the battery energy, charging power, connector type, etc., for every car model individually, the analysis method is highly accurate. This separates this study from other works that used a more model-based approach [2,3], often with the aim of not only describing the current state of the electric vehicle (EV) deployment, but also predicting future developments. Our paper does not follow this approach because our goal is to describe the current market situation as accurately as possible, and it is not to make long-term predictions. We distinguish between battery electric vehicles (BEVs) (no combustion engine) and plug-in hybrid electric vehicles (PHEVs) throughout the analysis.



In the field of market reports, which are very similar in nature to what we show in this paper, several notable actors have brought forward their insights. EV Market Reports, for instance, collect material from other sources and curate a selection of works [4]. In [1], we also show a number of third-party studies that examine the German (stationary) battery market, which may serve as a suitable reference for the mobile-battery-storage market shown in this paper. However, the vast majority of actors create their own material [2,3,5]. The description of the current status is often combined with a projection of future trends [2,3]. The emphases of the reports change with the most discussed topics at the time of publication and could include factors such as supply-chain risks, environmental aspects, raw-material requirements, etc. Given the scale of the challenges discussed, most of these publications have an international scope. Complementary to these market reports, national agencies frequently publish material on the state of the development in the country for which they are responsible [6,7,8,9,10]. A third type of publications are scientific publications. Oftentimes, the focus of such papers is significantly narrower, and specific problems within the ecosystem of electromobility are solved. Bharathidasan et al. [11] have provided a good overview of the current state of the literature in open-access format and pointing to different fields of research. For the sake of conciseness, and because the sources are linked in [11], we do not list examples in this literature review. For an overview of other types of analyses that focus on usage instead of market developments, the reader is referred to [12].



This Paper in the Context of the Literature


This paper combines aspects of the various types of studies listed. Similar to market reports, we aim to provide a bird-eye view of the current market—covering the location, quantity, and selected technical properties of EVs. Similar to reports from national agencies, however, we limit our analysis to one country, Germany, as this allows for a much more detailed analysis. This further allows us to outline how the results are obtained because source datasets are limited and unified. Lastly, given that this work is a research paper, we have ensured that the results and datasets are accessible and usable by others in the field. This is achieved through the publication of our results on the website www.mobility-charts.de (accessed on 29 August 2022) [13]. There, all the results, as well as more in-depth data, can be downloaded free of charge. The main contributions of the paper can consequently be summarized, as it is an in-depth analysis with high data transparency and with small uncertainty errors due to it being close to the published data.





2. Material and Methods


2.1. Data


This paper is based on two fundamental datasets: the public car registries of the Federal Motor Transport Authority [14], and a database of technical car data. This section starts by first introducing both datasets. In the second section, we show how the data were merged to obtain the final datasets. Note that the methodology applied in this paper is of a relatively brief and simple nature. This was chosen to retain a high level of accuracy and representativeness by not performing excessive amounts of manual operations.



2.1.1. Registry of the Federal Office for Motor Vehicles of Germany


The Federal Motor Transport Authority (KBA) provides administrative data publicly and free of charge [14]. The stock and new registrations of vehicles are presented through several data views (FZ). These data views differ in term of which data are given, how precise the breakdown is, and which parts of Germany are represented.



The KBA only publishes the manufacturer identification number (HSN) and first three digits of the vehicle identification number (TSN) in the statistics. Table 1 presents an overview of the FZ used and their properties used for analysis. On the one hand, FZ1 and FZ28 are excellent for scaling because of the exact number of drive types. FZ2, FZ10, and especially FZ6, on the other hand, are suited for analysis due to the more precise breakdown. Although FZ2 has a wider range of regional data than FZ6, FZ6 is preferable for nationwide results because of the more precise breakdown by HSN and TSN.




2.1.2. Vehicle Data


A dataset was created containing the technical properties of vehicles, such as the battery energy, charging power, and connector type. This dataset was researched from sources such as the ADAC car catalogue [15]. As outlined in the previous section, the KBA provides only the first three digits of the TSN, while the car catalogue is more detailed. This causes an uncertainty, as it is not possible to map an entry in the KBA 1:1 to an entry in the vehicle catalogue. For this reason, we show error margins in this paper where relevant.





2.2. Data Matching and Aggregation


To provide aggregated data, the following steps had to be taken:




	
Two mappings for manufacturer names and HSNs, as well as for car-model names and TSNs, were created. There is typically no 1:1 relationship between the two as manufacturers sometimes sell vehicles using a sub-brand, and some manufacturers further had more than one HSN. Similarly, a model can encompass several TSNs if the technical features of the different model versions are different enough to warrant a new TSN;



	
Data joining: Once a link between all the relevant identifiers was made, each of the KBA datasets (FZ 1, 2, 6, 10, 27, 28) was augmented with the corresponding car data. The accuracy of that matching was limited by the types of identifiers available in the KBA dataset. Where uncertainty in the matching procedure remained (for instance, because a car model was sold with different battery capacities), an error margin in the form of an upper or lower boundary was given;



	
Scaling: We did not collect technical data for very exotic car models that were sold rarely. For models in the PHEV category, there were further difficulties because some of the models are sold as PHEVs and internal-combustion-only vehicles. Both effects create a mismatch between the number of vehicles that we can detect and the number of vehicles we expect to find. The number of found vehicles was scaled to the number of expected vehicles for BEVs and PHEVs separately. The error estimates were scaled in a similar fashion. Note that this step means that it is theoretically possible that the real value lies below or above the given error margin. If, for instance, only vehicles with very high battery energy were not detected, and all models that we did detect were of the highest available battery energy, the actual value might be slightly above the given corridor. We consider this highly unlikely given the high share of vehicles found.








The combined dataset is unmatched in detail among the publicly available datasets for Germany. Other actors, such as the national bodies, possess data that are slightly more accurate and have produced pieces of analysis, but these have not been made public in the same way as outlined in this paper. Where the two pieces of analysis coincide, namely, the battery energy of the BEVs in the fleet, the results are very similar [10]. The methodology used was quite similar to the authors of [10].





3. Results


In this section, we show the results obtained by the data aggregation outlined before. All the results are a direct result of data aggregation, with only minimal scaling to account for nonidentifiable vehicles.



3.1. Number of Vehicles


The number of EVs sold over time in Germany and split by area can be found in Figure 1 and Table 2 The distribution by state is further visualized in the Appendix A. Some key observations are:




	
The growth in the EV fleet has been particularly strong since mid-2020. Since then, the fleet has grown in a linear fashion, with the EV-fleet size approximately doubling in 2020 and 2021. The fleet growth was likely limited by the supply side as the delivery times of vehicles have constantly risen and can reach up to 18 months [16]. This doubling of the fleet size every year, however, also means that production has to keep pace, which appears challenging given the global chip crisis:



	
If the government’s goal of 15 million BEVs by 2030 [17] is to be reached, then the yearly electric vehicle sales will have to continue to increase quickly given that appr. 3 million new vehicles are sold in the country per year [14]. The current doubling of the sales per annum is desirable to ensure that the goal is reached as quickly as possible, but a slowing down of the growth rate would be acceptable. If no vehicles are deregistered, then a 48% growth rate in the fleet would suffice to reach 15 million BEVs by 01.01.2030, if no more than 3 million vehicles are sold annually. According to this logic, only BEVs could be sold from 2027 onwards. The necessary shift from the current approximately equal share of PHEVs and BEVs to full BEVs will free up the production resources of PHEV production, which will reduce the challenge somewhat;



	
Electric vehicles are registered predominantly in the south and in the densely populated states. The northeast of the country is lagging behind even if the significantly lower population density is accounted for;



	
When the monthly number of registrations of BEVs is analyzed (not shown), a clear spike in December can be seen, and particularly for the years 2020 and 2021, in which 3.19 and 1.73 times as many vehicles were registered, respectively, compared with the averages of the other months of that year. Given the highly dynamic market, this can partially be explained by the exponential rise in sales. When compared with the averages of the subsequent months (11 for 2020, 7 for 2021), the factor is reduced to 1.56 and 1.73, respectively, but is still significant. The reason for this is likely that vehicle manufacturers register vehicles to ensure that they meet the fleet emission targets for the OEMs set by the European Union.









3.2. Battery Energy


Figure 2 shows the estimated battery energies of BEVs and PHEVs in Germany over time. The fact that the error margin rises over the course of a year results from the fact that the reporting is more detailed on an annual basis as compared with the monthly basis. The intrayear values are further likely slightly overestimated because vehicle deregistrations are only reported on an annual basis. The figure clearly shows that BEVs are the main driver in the EV battery market and should be the focus when innovative business models, such as vehicle-to-grid or vehicle-to-home models, are developed.



In July 2022, BEVs already had a larger cumulative battery energy than Germany’s pumped hydro storage plants (39 GWh) [1]. If the goal of 15 million BEVs by 2030 of the German government is met, then the cumulative battery energy is likely to reach between 600 GWh (assuming 40 kWh/vehicles) and 1200 GWh (assuming 80 kWh/vehicles). Taking into account a net power consumption in Germany in 2021 of 515 TWh, this accounts for from 43% to 85% of the average daily electrical power consumption. Assuming an average energy consumption of 18 kWh and an average milage of 37 km/day per car, 15 million electric vehicles will consume about 7% of today’s electrical power consumption. The main source of uncertainty in this domain is the market share of PHEVs compared with BEVs. Over the period studied in this paper, the share of PHEVs in the EV segment fluctuated between 41% and 49%, but subsidies for the purchases of PHEVs will end by the end of 2022 [20]. This could start a shift away from PHEVs to BEVs in the overall vehicle fleet. The average battery energy of new EVs could consequently rise, leading to higher fleet values.




3.3. Charging Power


Figure 3 shows the estimated AC charging power of EVs in Germany. The difference between PHEVs and BEVs is small compared with most of the other properties shown in this paper. The reason for this is the fact that the average AC charging power of BEVs on 1 July 2022 was 8.7 kW, while it was 3.8 kW for PHEVs. For PHEVs, this is a result of most vehicles being equipped with a single-phase charger with a power rating of 3.7 kW. BEVs typically use a Type 2 charger, which could theoretically provide 22 kW. Close to all BEVs, however, are equipped with an 11 kW onboard charger. Small and older BEVs sometimes also use single-phase or two-phase charging, which explains the average being below 11 W. From these results, we can deduct that as long as little energy is required for a grid service, PHEVs would be suitable candidates. An example of such services could be a rapid grid reserve that replaces the effect of the rotating mass in the grid. Such a service would only need to provide energy until the frequency control reserve starts acting.



It has to be noted here that the charging powers shown are the rated power values of the vehicles. Because not all vehicles charge simultaneously, the grid will only be loaded by a fraction of the shown values. The same holds true for the DC values shown in Figure 4.



The EV fleet’s cumulative DC charging power is shown in Figure 4. For BEVs, the growth rate in the DC charging power has been faster than the growth rate of the number of vehicles. This is a result of the fact that, previously, comparatively few vehicles were equipped with a fast-charging option. Over the years, fast-charging connectors have become more common for vehicles, and if a connector is present, then the charging power further rises over time. PHEVs, not surprisingly, do not show a high DC charging power. The ones that do have a fast charger installed are likely range-extenders, where the internal combustion engine is activated in case the battery runs out of energy. Such a vehicle could make use of the fast-charging abilities, while the typical small batteries of PHEVs are unable to handle the high-power flows connected to DC fast charging.



While the installed DC charging power is much larger than the AC charging power, the vehicles require a DC charging station to realize such powers. There are currently 10,000 public DC charging stations, compared with 55,000 public AC charging stations, and many more private AC chargers [21]. Vehicles are typically also only able to realize their DC charging power within a narrow SOC band [22].




3.4. Connectors


Figure 5 shows the number of BEVs by the type of DC fast charger equipped. The combined charging system (CCS) is the predominant connector type for vehicles registered in Germany. This is in line with the EU’s decision to make the CCS plug the default plug, and to enforce a law requiring that every fast charger be equipped with the CCS and only optionally other formats [23].



This finding is extended in Figure 6, in which the share of vehicles in the fleet that were equipped with a CHAdeMO (“CHArge de Move”) connector is shown. We decided to show the share of the CCS’ largest competitor, the CHAdeMO, instead of the CCS itself because there is a larger uncertainty for the CCS. The reason for this is that Tesla switched from the proprietary standard to the CCS. Our dataset unfortunately does not allow us to differentiate between the two types of Teslas. The core statement, however, remains correct, as all new Teslas are sold with a CCS plug. Although the CCS was the most popular fast-charging standard in the observed data period, the ratio changed over time. In 2018, the CHAdeMO still had a significant foothold in the market, with 14% of the fast chargers in BEVs being of the CHAdeMO type. This value plummeted to 2% in August 2022. For PHEVs, the CHAdeMO is still a relatively frequent choice, but the overall low number of fast-charging-enabled PHEVs dilutes the picture somewhat: In 2018, our database recorded 4000 PHEVs with a CHAdeMO connector, and until August 2022, this number had only risen to 41,000.




3.5. Number of Vehicles Found


To verify that the chosen data-merging approach is valid, it was important to compare the number of vehicles for which we could assign a TSN and HSN with the number of vehicles that we expected to find according to FZ 1. This check was performed and is presented in Figure 7. As can be seen, the detection rate was from 80% to 100% for BEVs, and from 71% to 171% for PHEVs. The excessively high detection rate of PHEVs can be explained by the fact that some models are sold as PHEVs and internal-combustion-engine vehicles. The results for the PHEVs are therefore subject to uncertainty. As the battery energy and charging power of PHEVs are significantly lower than those of BEVs, the overall market view is likely undisturbed by the somewhat higher inaccuracy for the PHEVs.




3.6. Other Results and Data


The visualizations and graphs shown in this paper are only the most insightful of a larger set. Further data, details, and visualizations can be found on the webpage: www.mobility-charts.de (accessed on 29 August 2022) [13]. The available graphs are:




	
Number of vehicles classified by BEV, PHEV, and fuel-cell electric vehicles on quarter-annual basis;



	
Number of vehicles, battery energy, charging power, and connector types per state on an annual basis;



	
Number of vehicles, battery energy, charging power, and connector types of newly registered vehicles on the national level and on a monthly basis;



	
Number of vehicles, battery energy, charging power, and connector types on the national level on an annual basis, augmented with monthly registration data.










4. Discussion and Conclusions


The material shown in this paper provides a broad overview of the German electric vehicle market. Special focus is put on the electrical properties, such as the battery energy and charging power. Most values shown show a reasonable error margin and can be used with a high degree of confidence.



All the shown data are the direct result of the matching of publicly available data sources. We intentionally did not perform any in-depth analysis, as the chosen approach can be reperformed and published automatically on a monthly basis. When projecting the shown trends into the future, we advise a consideration of the general market trends, which include downsides, such as the global chip crisis, and supply-chain disruptions as a consequence of the Russian invasion of Ukraine and the global coronavirus pandemic. The upsides are the possible decreasing battery prices, both with the conventional nickel–manganese–cobalt chemistry, as well as different chemistries based on iron phosphate or sodium.



The material shown in this paper provides fundamental market data and technical quantities. By calculating the technical properties of each car model, the accuracy of the estimations made is substantial, and much better than estimates that lump all the BEVs or PHEVs together and assume a unified battery energy or charging power for all vehicles.



Decisionmakers in the public and private sector, researchers, and other stakeholders may use this data to verify their models and assumptions. By building the freely accessible and monthly updated data platform www.mobility-charts.de (accessed on 29 August 2022), we ensure that readers can verify whether the trends encountered in this paper are still valid in the future. The platform further allows readers to perform a deep dive into the available data.
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Appendix A


The data shown in Table 2 are visualized on the map of Figure A1. The color gradient solely considers the number of vehicles per state and does not include information about the population or area of a state. Fellow researchers who wish to relate the number of vehicles are referred to Table 2 and [24].



Figure A2 augments this picture by showing the number of BEVs or PHEVs per 1000 cars in each state thereby providing a view of the market share. A clear distinction between Eastern Germany, except for Berlin, and the rest of the country is visible, with the EV density being significantly higher in the south and west.
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Figure A1. Visualization of where and how many vehicles by state on 1 January 2022 for (a) PHEVs and (b) BEVs. Values for Berlin are not shown for visual clarity (17.5 in (a) and 16.7 in (b)). Note that there is no compensation for the fact that larger and more populous states are naturally likely to host more electric vehicles. 
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Figure A2. Number of (a) PHEVs and (b) BEVs per 1000 cars registered by state. Values for Berlin are not shown (14.09 in (a) and 13.45 in (b)) for visual clarity. 
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Figure 1. Numbers of BEVs and PHEVs in Germany in monthly resolution. Arrows show year-on-year growth of the sum of both categories. Percentage in 2022 assumes an equal growth for the rest of the year. Data labels show number of registered vehicles at the beginning of the year and indicated dates on the x-axis are on the first day of the month. * For 2022, the percentage shown assumes a constant growth rate over the year. 
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Figure 2. Estimated battery energy of the EV fleet over time split by BEVs and PHEVs. The dark-blue line is the estimated central value. The surrounding light-blue lines are the error corridor that results from the fact that the national car registry’s identification system does not differentiate between the battery energy difference of different versions of a car model. 
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Figure 3. Estimated AC charging powers of (a) BEV fleet and (b) PHEV fleet. The surrounding light-blue lines are the error corridor that results from the fact that the national car registry’s identification system does not differentiate between the charging powers of different car-model versions. 
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Figure 4. Estimated DC charging powers of (a) BEV fleet and (b) PHEV fleet. The surrounding light-blue lines are the error corridor that results from the fact that the national car registry’s identification system does not differentiate between the charging powers of different versions of a car model. 
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Figure 5. Number of BEVs equipped with DC fast chargers. The category “CCS or Tesla Supercharger” is comprised of vehicles for which the underlying data did not allow us to deduce which of the two these were, as Tesla has switched to the CCS for some models, and also uses the CCS as the only standard on V3 superchargers in Europe. 
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Figure 6. Share of vehicles with fast-charging connectors that are equipped with CHAdeMO compared to the overall number of vehicles with fast chargers installed. Note that the low number of PHEVs with fast-charging connectors leads to some fluctuation, particularly in the early years. 
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Figure 7. Number of vehicles identified divided by the number of vehicles expected to be found according to FZ28. Note that, especially in 2019 and 2020, many models were sold as PHEVs, as well as conventional combustion-engine vehicles. The high share of such mixed models explains why more models were identified that could be PHEVs than the actual number of vehicles registered in the month. For BEVs, this issue does not appear because BEV models are largely not sold in other versions. 
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Table 1. Data sources offered by the KBA [14].
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	FZ
	Content
	Update
	Vehicles Differentiated by:
	Area
	Used for:





	1
	Car stock
	Annual
	Fuel type
	Germany/States
	Scaling



	2
	Car stock
	Annual
	Manufacturer names and HSNs
	Germany/States
	Values for states



	6
	Vehicle stock
	Annual
	HSNs, TSNs, manufacturer names
	Germany
	Detailed data



	10
	Car registrations
	Monthly
	Manufacturer and model names
	Germany
	Changes within each year



	27
	Car stock
	Quarterly
	Fuel type
	Germany
	Accurate car stock



	28
	Car registrations
	Monthly
	Fuel type
	Germany
	Scaling
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Table 2. Numbers of BEVs and PHEVs by state. The sum of all vehicles differs from the value shown for the same time in Figure 1 due to 1676 vehicles that do not appear in the state registry but do appear in the countrywide registry. Numbers of inhabitants and cars are given as reference values.
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Federal State

	
Numbers in Thousands on 1 January 2022

	
Numbers on 1 January 2022




	
PHEVS

	
BEVs

	
Inhabitants [18]

	
Cars [19]






	
Saxony-Anhalt

	
7.39

	
7.17

	
2,169,253

	
1,222,087




	
Saxony

	
15.5

	
15.6

	
4,043,002

	
2,182,655




	
Rhineland-Palatinate

	
25.5

	
29.6

	
4,106,485

	
2,602,699




	
Saarland

	
6.02

	
6.23

	
982,348

	
648,268




	
Lower Saxony

	
49.2

	
67.5

	
8,027,031

	
4,909,123




	
North Rhine-Westphalia

	
131

	
131

	
17,924,591

	
10,422,671




	
Hesse

	
53.5

	
55.5

	
6,295,017

	
3,813,653




	
Mecklenburg-West Pomerania

	
4.72

	
5.58

	
1,611,160

	
881,398




	
Bremen

	
3.8

	
3.05

	
676,463

	
299,330




	
Hamburg

	
14.5

	
13.1

	
1,853,935

	
813,847




	
Berlin

	
17.5

	
16.7

	
3,677,472

	
1,241,793




	
Brandenburg

	
11.2

	
12.1

	
2,537,868

	
1,468,651




	
Baden-Württemberg

	
99.1

	
106

	
11,124,642

	
6,838,130




	
Bavaria

	
102

	
115

	
13,176,989

	
8,228,614




	
Schleswig-Holstein

	
16

	
24.5

	
2,922,005

	
1,731,189




	
Thuringia

	
8.28

	
8.9

	
2,108,863

	
1,194,461
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