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Abstract
Plug-in electric vehicles (PEV) are widely considered a promising option to reduce greenhouse gas (GHG) emissions in transport. The electricity used for
charging is decisive for the environmental assessment of PEV. Most studies
assume the average grid mix for charging. This article provides a systematic
overview of existing studies and additional data on the electricity contracts of
users and charge point operators (CPO) as well as the share of renewables in
the charged electricity for PEV in Europe. We combine survey data with existing
studies and cover a noteworthy share of the European PEV market and CPO.
Our results show that the actual share of renewables in electricity contracts for
home and work charging as well as for public CPO is much higher than in the
European grid mix. Despite discussions around the methodological use of contracted renewable electricity, our findings imply that many previous studies underestimated the well-to-wheel life-cycle benefits of PEV.
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1

Introduction

Plug-in electric vehicles (PEV) present an efficient way to reduce carbon
emissions in the transport sector and ultimately help to mitigate climate change.
Currently, the numbers of PEV are rising in Europe with over 15% sales share
by mid 2021 including plug-in hybrid electric vehicles (PHEV) and battery electric vehicles (BEV) (EAFO 2021). PEV can offer noteworthy greenhouse gas
(GHG) emission reduction on a life-cycle base compared to internal combustion
engine vehicles (ICEV) if mainly charged with renewable energy sources, i.e.,
renewable electricity (RE) (IEA 2021, Cox et al. 2018, Märtz et al. 2021).
However, only a few studies have analysed the actual electricity contracted for
charging including the different charging locations such as home, work, and
public charging. Here, we combine new survey data with a systematic overview
of existing studies to derive (1) the share of PEV charging at different locations
and (2) the share of contracted RE in charging (at these location). We then
combine both shares in a carefull and conversative manner to avoid an
overestimation and to obtain a lower bound for the share of contracted RE in
PEV charging in Europe.
The outline of the present paper is as follows. The remainder of Section 1
summarises the existing literature on the electricity assumed in PEV charging
as well as the contribution regarding the share of different charging locations.
Section 2 describes our method and data sources, i.e. the survey data and
existing data in literature sources. Section 3 contains the results from the
surveys performed, the existing values from the literature and the total share of
contracted RE at different locations in different countries. The discussion is
presented in Section 4 and followed by our conclusions in Section 5. Additional
details on the data and methods are given in the supplementary material.

1.1

Background: Existing literature

Past studies have shown that life-cycle PEV emissions depend heavily on the
assumed electricity mix and usage conditions (Yuksel et al. 2016, Märtz et al.
2021, Tamayao et al. 2014, Nordelöf et al. 2015). Yuksel et al. (2016) focus on
the marginal grid mix, ambient temperature and driving behaviour. They find the
GHG emission benefit of PEV strongly depends on the source of electricity used
for charging. Tamayao et al. (2014) compare different grid mixes without future
changes in the carbon intensity. Xu et al. (2020) considered the emissions from
the whole PEV life-cycle by a Life Cycle Assessment (LCA) and combined this
with a sophisticated consideration of charging times in the European energy
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system. Kim et al. (2016) discuss cradle-to-gate emissions commercial BEV
and compared the cradle-to-gate GHG emissions to an ICEV. Märtz et al.
(2021) also include the future evolution towards more RES in the energy
systems in Europe and globally leading to an improved outlook on PEV lifecycle GHG emission benefits. Cox et al. (2018) highlight the importance of
changes in the electricity sector in PEV life-cycle GHG emissions and find
electricity used for charging is the most important factor in GHG emission
results. Similarly, based on the analysis of 44 electric vehicle LCA studies,
Marmiroli et al. (2018) conclude that despite the large scale and numerous
variables, the intensity of the electricity mix explains 70% of the variability in the
results in electric vehicle LCA studies. In summary, many studies emphasize
the importance of the electricity used in charging PEVs but none of these
studies take into account that many PEV users (at home or at work) and
charging point operators (CPO) have specific RE contracts. Hence, to estimate
the share of RE contracts for charging PEV, the share of charging location
(home, work, public slow and fast) is required.
This is considered in a second group of studies which analysed the share of
electricity charged at different locations in European countries – some of these
studies making a statement on the use of RE. For Germany, survey-based studies find a share of contracted RE of 60% (Römer/Steinbrecher 2021) and 58%
(Frenzel et al. 2015) for home charging. The latter survey also includes an analysis of work charging quantities, thus, a contracted RE share of 53% for work
charging was determined (Frenzel et al. 2015). In addition, a recent survey of
35 retail chains in Germany concluded that approximately 68% of the charging
stations in their parking lots are powered from RE contracts (EHI 2021). Despite
the scope of this study, it only covers a specific segment of public charging and
overall only a small share of the publicly accessible charging infrastructure in
Germany. In addition, no information is available on RE shares in public charging in Germany.
A few studies based on empirical data from PEV user surveys provide
information of the charging preferences (e.g. Wolff/Madlener 2019, Avere
France/Ipsos 2020, Enedis 2021) or the share of charging frequency (e.g.
Scherrer et al. 2019, Plötz et al. 2020, Höfling/Römer 2019, Römer/
Steinbrecher 2020, Figenbaum/Kolbenstvedt 2016, Figenbaum/Nordbakke
2019, Helmus et al. 2020, NewMotion 2020) at different location types. Other
studies use modelling of charging behaviour (McKinsey 2018, Baresch/Moser
2019) or expert estimates (T&E 2020). Actual measurements or information on
the electricity charged at different locations are scarce (e.g. Dodson/Slater
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2019, Gardien et al. 2021 and Duurkoop et al. 2021). An overview of the
published data is given in Figure 1 below.
In summery, some pieces of information of charging at different locations are
published in the literature for some European countries, indicating that home is
the most important charging location. However, the available results show a
considerable variation between the countries as well as also within one country.
Apart from the dominant share of home charging, it is hardly possible to derive
general trends from the comparison of the data for the analyzed countries. In
contrast, the data basis on the RE shares in charging is even smaller: There is
no comprehensive overview regarding the share of RE for all charging locations
for any European country so far.

1.2

Contribution

The aim of the present paper is to obtain a lower bound for RE in PEV charging
in Europe. To this end, we analyse the share of PEV charging at different
locations (i.e., home, work, public slow charging ≤ 50kW, and public fast
charging > 50kW) and combine it with the share of contracted RE at these
locations. With the assumption of today's average RE share in the grid mix for
each country, we obtain a lower bound for the share of contracted RE in PEV
charging in Europe.
This work differs from previous research in several aspects. First, it provides a
systematic overview of existing literature on PEV charging locations and
contracted RE shares. Second, it closes existing data gaps with survey data
including hitherto less studied fleet managers regarding the contracted
electricity for work charging. Third, it provides an empirical lower bound for the
overall share of contracted RE in PEV charging in Europe that is more precise
than assuming the grid mix.

2

Methods and data

2.1

Overview

To answer the two outlined questions relevant for the calculation of PEV
emissions, we aimed to collect data to complete Table 1. Thus, we performed
three steps: Firstly, we selected existing data from the literature review based
on various quality criteria, leading to the identification of data gaps. Secondly,
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we performed different surveys to fill these data gaps. Hence, we ran two
studies in Europe, one with PEV users and one with fleet managers. Thirdly, we
conducted an analysis of the data and transformed them with the help of a
cluster analysis and existing data bases to receive the targeted data for Europe.
The geographical scope of the present paper contains all 27 EU-countries as
well as the United Kingdom (UK), Norway, and Iceland. We aimed to use the
latest data to generate an estimate of share of charging locations and share of
(contracted) RE in PEV charging for 2020.
Table 1: Targeted data structure regarding charging location and RE charging
for PEV in Europe (EU27 + UK, NO, IS).
Home

Work

Share of charging location

?? %

?? %

?? %

?? %

100 %

Share of contracted renewable
electricity

?? %

?? %

?? %

?? %

?? %

2.2

Public slow

Public fast

Total

Data from available studies

For the present study, we screened the available English and German literature
and included 41 publications published since 2015 that included countryspecific data regarding our research questions (share of charging location and
share of contracted RE for PEV charging). The evaluation shows that the use of
RE for PEV charging has hardly been considered in the research landscape so
far. Data with shares for the different charging locations (home, work, public
slow, public fast) are available in 17 of the 41 publications. These studies
focused on Europe or a few selected European countries. Figure 1 shows an
overview of shares of charging location in the published data that we have
identified.
In order to make an adequate selection of the data to be used from the range of
available studies regarding the share of charging location, the studies were
assessed in an evaluation matrix using three categories for the data’s quality
(higher vs. medium vs. lower) along different criteria. The result of this
evaluation matrix is shown in Table 2.
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1%
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12%
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25%

20%

6%
0%
16%

14%

22%

70%

1%
5%
10%

11%
26%

26%

22%

11%

26%

27%

12%

80%

71%

65%

30%

76%

16%

49%

20%

55%

7%
17%

24%

15%

15%
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4%

16%

28%
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2%
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16%
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71%
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Figure 1: Overview of published shares of charging modes for different European countries
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SFH: Singlefamily house
MFH: Multifamily house

Table 2: Quality assessment of available studies on shares of charging location.
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To evaluate the data quality of the studies, the main evaluation criteria are the
type of source (official statistics vs. peer-reviewed article vs. other paper, etc.),
the methodology of data generation (empirical vs. model or expert survey) and
the degree to which the data are representative (highly representative vs. partly
representative vs. not representative). Other criteria include the type of values
that were collected (charging volumes/quantity vs. charging processes/
frequency vs. charging preferences) and the year of survey or data collection.
Due to the currently high dynamics in the PEV market, more recent data are
rated higher than older ones. In addition, we also rated the studies based on the
extent to which the data covered BEV and PHEV separately or in sum or only
one of them. The complete list of evaluation criteria with their characteristics for
the data quality assessment is shown in Table 6 in the supplementary material.
The evaluation along these criteria presents an orientation of the studies’ data
quality.
Regarding the share of RE in PEV charging, we could not identify existing studies over and above the published results mentioned in Section 1.1. Thus, we
identified gaps in the share of PEV charging location for some European
countries and a majoy gap regarding the share of RE in PEV charging.

2.3

Home and work charging survey

To start filling the identified data gaps regarding charging location and share of
RE, we conducted two surveys in Europe – one including PEV users and one
including fleet managers. The method did not differ largerly between the two
surveys: Among other questions not relevant for the purpose of the present
research, we asked private PEV users where they usually charge their PEV
(“Please estimate: How often do you charge your PEV on average per months...
at home / at work / at public slow charging stations / at public fast charging
stations?”) and whether they have a RE tariff (“Do you have a 100% renewable
electricity tariff for charging your electric vehicle?”) to obtain data regarding
home charging. In the second study, we surveyed fleet managers to receive
data on the share of RE for work charging (i.e. asking whether they have a RE
tariff at their company). Additionally, we collected data on socio-demographics
of the PEV users and characteristics of the company, respectively. Data
collection of both surveys was completely anonymous to comply with general
data protection regulations and took place in October and November 2021.

8
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PEV user survey

To recruit PEV users, we contacted PEV associations, newsletters and mailing
lists, magazines, online forums as well as social media groups in European
countries (for details see supplementary material Table 10). A total of 2032 participants completed the survey. Due to selection criteria (see supplementary
material), we analysed data of 1608 participants. For these, 867 were from
Germany, 609 from Spain and 132 from other European countries (including
Norway, Iceland, and the UK). Except for Germany and Spain, the sample size
per country was too small to analyse the data separately by country (n < 50).
The German sample (n = 867) consisted of mainly male participants (89%). The
age in the German sample ranged between 18 and 85 years (mean M = 53.82;
standard deviation SD = 12.72) with 77% having a high level of education (n =
512 earned a university degree, n = 155 completed the university entrance level). In the Spanish sample (n = 609), the distribution was similar: 90% of respondents were male, and the educational level was rather high with 73% having a university degree and/or the qualification for university entrance. In the
Spanish sample, age ranged between 20 and 88 years (M = 48.23, SD = 9.39).
In both subsamples, the majority (approximately 90%) owned a BEV (the other
10% owned a PHEV) and only 5% in each sample owned both, a BEV and a
PHEV. These sample characteristics fit existing research on early adopters of
PEV (Plötz et al. 2014; Scherrer et al. 2019).

2.3.2

Fleet manager survey

To recruit fleet managers with PEV, we contacted PEV associations, magazines, online forums as well as social media groups in European countries (for
details see supplementary material Table 10). A total of 250 fleet managers
completed the respective survey. After applying the relevant selection criteria
(see supplementary material), 170 answers from fleet managers in Europe remained, leading to the following data base: One fleet manager each answered
the questionnaire for a Norwegian and Belgian company; all other fleet managers were from Germany (n = 168) accounting for 8621 PEV. Of the 168 German
fleet managers 4% made a break but fully completing the questionnaire (given
the option to choose not to answer for almost all question). Thus, the survey
data can be analysed for Germany but the data base is too small for other countries. Hence, we were not able to fill the gaps regarding work charging for the
other European countries with the help of this survey.
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For the share of RE in PEV public charging (slow and fast), we also aimed to
conduct a survey with CPO of public charging points. Thus, we contacted a total
of 210 CPO (66 large to medium-size European CPO and all German CPO
providing more than 37 charging points each) with a survey link and asked for
the requested answers. However, the response rate was very low (n = 11), thus
this data does not present an adequate basis that can be analysed.

2.4

Method to close data gaps

As an interim summary, the collected survey data can fill some of the data gaps
identified in Section 1.2 – but not all of them. With the survey data, an adequate
data basis for the share of charging locations is only available for Germany and
Spain. The existing data from already published studies can help to fill the gaps
regarding the share of charging location for the other European countries.
Based on the results of the evaluation matrix (see Table 2), for the present
study, the country-specific results regarding the shares of charging locations
from Dodson/Slater (2019), Figenbaum/Nordbakke (2019), Avere France/Ipsos
(2020) and as a EU-wide dataset the results from NewMotion (2020) will be
used.
Regarding contracted RE shares, the survey data present an adequate data
basis for home and work charging in Germany and for home charging in Spain,
however no data is available on the share of contracted RE in public charging in
any European country. In addition, no studies were identified to fill the data
gaps regarding share of contracted RE in any European country. Thus, for no
European country, a complete data set regarding the share of charging
locations and the contracted RE shares is available so far, when combining the
existing data and the survey data.
As a next step to fill these gaps, we draw on registers regarding public charging
infrastructure. Thus, we can fill at least one country-specific gap regarding the
share of contracted RE in public charging, to achieve a complete data set at
least for Germany, which is currently the largest PEV market in the EU in terms
of the absolute numbers of registered PEV (EAFO, 2021). For Germany, the
combined evaluation of official, publicly accessible registers on public charging
infrastructure offers the possibility to determine a reliable value for the still
missing RE share in public charging. Figure 4 in the appendix shows the results
of the register evaluation for the charging points recorded in each case. The
methodology for deriving the RE share is briefly presented in the following. For
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all other data gaps, adequate substitute data have to be defined, which will be
presented afterwards.
In Germany, public charging points must be registered at the Bundesnetzagentur (BNetzA). The number of charging points is available per NUTS 1
region.1 In total, just over 40,200 publicly accessible charging points were
installed at the end of 2020 (BNetzA 2021). This is compared with the data from
the National Centre for Charging Infrastructure (NCCI). The NCCI records the
charging volumes of the publicly accessible charging points that have received
federal funding every six months over a period of six years. The basic
requirement for the funding approval is that the charging points are operated
exclusively with RE during this period. In 2020, charging power volumes for
nearly 24,600 charging points were reported to the NCCI (see Table 7 in the
Appendix). For the year 2020, the NCCI data thus cover about 59% of all slow
public charging points and 75% of all fast public charging points in Germany.
The NCCI data are also available at NUTS1 level. From the number of reporting
charging points and the reported charging volumes, specific avarage charging
quantities per fast and slow charging point are calculated for each NUTS 1
region (see Table 7 in the Appendix). These avarage charging quantities are
multiplied by the respective NUTS 1 charging point number from the BNetzA
data to estimate the total charging volumes for Germany. The time of
commissioning of the charging points must be taken into account. For charging
points that were only commissioned in the course of 2020, only pro rata
charging quantities are taken into account in the extrapolation according to their
commissioning date. This extrapolation results in a total charging volume of
approx. 46 GWh with a RE share of at least 64% at public slow charging points
and of just under 33 GWh with a RE share of at least 57% at public fast
charging points.
In order to also take into account RE usage at unsubsidized charging points, it
must first be ensured that these charging points are not already recorded in the
NCCI data. Which CPO have reported their charging volumes to the NCCI is not
published for data protection reasons. However, the Bundesanstalt für
Verwaltungsdienstleistungen (BAV) maintains a public registry of all grantees,
where it shows the number of charging points for which funding has been

1

NUTS (Nomenclature des Units Territoriales Statistiques): Hierarchically structured system of territorial units for the statistics of the European Union. NUTS 0 = national level (e.g. Germany), NUTS 1:
regional level 1 (e.g. in Germany 16 federal states).
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approved for each applicant. This data is merged with the BNetzA's charging
point register, which lists public charging points with the associated CPO. From
the BAV register, only the funding approvals from the first (April 2017) to the
fourth application phase (October 2019) are taken into account, which in
principle could have gone into operation in 2020. However, it is not known how
many of the charging points with funding approval have gone into operation by
the end of 2020.
Via this register matching, larger CPO are identified whose charging points operated in 2020 have not received any subsidy and are therefore not recorded in
the NCCI data. The websites of these CPO and short telephone interviews were
used to find out whether the charging points are operated with contracted RE.
To be conservative, the following were excluded:
 CPO that have received a subsidy approval for at least one charging point,

regardless of the total number of charging points they operate.
 CPO for which, due to the current dynamics in the German CPO market

(spin-offs, mergers, changing company names), there were doubts during the
register comparison as to whether they operate subsidized charging points
 CPO for which no information was available on the use of green electricity at

their charging points or which do not operate all their charging points with
100% green electricity.
The contracted RE shares determined in this way were added to the RE shares
based on the NCCI data. This results in a total contracted RE share of at least
84% at public slow charging points and a RE share of at least 75% at public fast
charging points for Germany. Thus, with this methodology, we were able to fill
the gap regarding the share of contracted RE for public charging in Germany,
however, the data gaps for the other European countries remain.
As next steps, to close the data gaps regarding the RE share in charging
locations, we will use the RE shares of the balanced country mix as substitute
data for each country (AIB 2021). Additionally, the available data for the shares
of charging locations are made usable for extrapolation to other countries within
the framework of a cluster analysis which is described in the following.

2.5

Clustering of the European PEV market

To fill the remaining data gaps for share of contracted RE in PEV charging, we
conducted a cluster analysis to find similarities between countries to ultimately
transfer the data from one country to the other countries in the same cluster.
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For the cluster analysis, we used a hierarchical procedure using the Ward
method, the Euclidean distance, and a z-standardization. Details of the cluster
analysis are available from the first author upon request. Within our research
team, we identified the following variables as relevant for the research
questions and the related cluster analysis:
 Share of low emission electricity (renewables and nuclear) on the national

grid mix (BP 2020)
 Share of PEV on the country-specific registration of cars (data from 2020;

EAFO 2021)
 Share of public charging points on the available charging points in Europe

(data from 2020; EAFO 2021)
 Attitude toward protecting the environment within the country's general

population (i.e., percentage of the population answering “very important” to
the question “How important is protecting the environment for you
personally?” (Special Eurobarometer 2020)
 Share of (semi-)detached houses in the country (data from 2016; Eurostat

2018)
 Share of small photovoltaic plants (< 20 kW) on the total amount of

photovoltaic plants in the country (data from 2017; Eurostat 2019)
 Share of being an owner of the house/appartment they are living in (data

from 2019; Eurostat 2020)
We selected these cluster variables because they might present factors
influencing the share of RE for PEV charging (e.g., about one third of German
PEV users also have a photovoltaic system, Scherrer et al. 2019). Since the
data on these cluster variables were not available for all European countries, we
were only able to include the following countries: Austria, Belgium, Czech
Republic, Denmark, France, Germany, Greece, Italy, Norway, Portugal, Spain,
Sweden, and the UK.2 However, these countries account for 86 % of the
European PEV market (see Figure 3), thus related data presents a valid data
basis. The results of the cluster analysis are presented in
Figure 2. Due to the similarity of the countries within each cluster on all
selected cluster variables, it appears approriate to transfer the data from one
2

For Norway, data on the attitude toward protecting the environment as well as the share of small
photovoltaic plants was not available, however, given the other data of the other cluster variables,
Norway clearly belonged to Cluster 4 being associated with Sweden. This was confirmed by the
same cluster analysis excluding the two variables for which we could not find available data for Norway.
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country of a cluster to the other countries in the same cluster. This allows to fill
the remaining data gaps.

Figure 2: Results of the cluster analysis presenting the four clusters of
countries including only those countries for which data to all cluster
variables were available.
The share of PEV registrations (sum of BEV and PHEV) of the year 2020 in the
EU is used to weight the cluster data in subsequent calculations of the
European-wide RE share in charging electricity (see Figure 3). Germany,
Norway, the UK, France, and the Netherlands account for most PEV
registrations. These top five countries in terms of PEV registrations currently
represent about 72% of the total European PEV market with about 2.18 million
PEV. In 2020, notable PEV registrations also included Sweden, Belgium, Italy,
Spain, Portugal, Denmark, Austria and Finland. This middle group in terms of
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absolute PEV registrations currently represents about 720 thousand PEV, or
about 24% of the European PEV market. The remaining 4% of the EU-wide
PEV market is distributed among all remaining EU27 countries and Iceland, with
none of these countries having more than about 15 thousand PEV registrations.
Consequently, the identified cluster cover the following share of the European
PEV market (including EU27 + UK, NO, IS):
 Cluster 1 (including Belgium, Austria, Denmark):

7%

 Cluster 2 (including Spain, Portugal, Italy, Greece, Czech Republic):

9%

 Cluster 3 (including Germany, France, the UK):

48%

 Cluster 4 (including Sweden, Norway):

21%

 Not clustered (all other countries with 9% accounting for the Netherlands): 14%

Figure 3: Registered BEV and PHEV per country in 2020: Total number of
PEV (left y-axis) as well as cumulated share on the EU27 + UK, NO,
IS PEV market (right y-axis).

3

Results

The following section presents the results of our research. First, we outline the
results regarding the share of charging location. Second, the results regarding
the share of contracted RE in charging electricity for PEV are presented. In
each of these two subsections, we focus on the survey results first, followed by
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the combination of the newly collected survey results with existing data and the
cluster analysis. Hence, we arrive at the aimed data structure (see Table 1).

3.1

Share of charging locations

Based on the survey data of PEV users, we were able to fill the gap on charging
locations for Germany and Spain. Results are presented in Table 3. In Germany
(n = 867), 53% answered the question of the charging location (n = 460). We
computed a mean of the share of charging location across all participants.
Results show that 59% of all charging processes are done at home, 14% of the
charging occassions are performed at work as well as 14% at public slow
charging stations and 12% at public fast charging stations. It is noteworthy that
the percentages represent the charging frequences (not the charging amount).
In Spain (n = 609), 61% of participants answered the question regarding charging location (n = 370). Results show only slight differences from the German
data: The majority (58%) of charging processes are completed at home. However, public slow charging stations are used more frequently than in Germany:
21% of the charging processes are done here. The remaining 21% are equal
split for working charging and public fast charging stations.
Table 3: Share frequency of charging processes at the different charging locations in Germany and Spain based on survey data including 95% confidence intervals (missing to 100% from rounding).
Germany
(n = 460 responses)

Spain
(n = 370 responses)

Home

59 ± 4.5 %

58 ± 5.0 %

Work

14 ± 3.2 %

10 ± 3.1 %

Public slow

14 ± 3.2 %

21 ± 4.2 %

Public fast

12 ± 3.0 %

10 ± 3.1 %

Due to the limited data available from the studies analyzed as well as the
authors' own surveys and the presented cluster analysis, the data of one
country can be transferred to other countries in the same cluster. Remaining
data gaps regarding the share of charging locations are filled with the substitute
data addressed in Section 2.4. The evolving country-specific data set is shown
in Table 8 in the supplementary material. Based on this data set, the clusterspecific shares for the different PEV charging locations were calculated by
weighting the country-specific values with the country-specific EU PEV share
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within each cluster. The result of this calculation is shown in Table 4. The
survey data from our Spanish sample is also considered representative for all
other countries in cluster 2 (i.e., Portugal, Italy, Greece, and Czech Republic).
The shares of charging location in cluster 3 are derived from the combination of
our survey results for Germany and the available study data for the UK
(Dodson/Slater 2019) and France (Avere France/Ipsos 2020).
Table 4: Cluster-specific and total shares of charging by location.
Cluster

Share of PEV in
EU27 + UK, NO, IS

Home

Work

Public slow

Public fast

1

7%

58%

27%

10%

5%

2

9%

58%

10%

21%

10%

3

48%

63%

14%

15%

8%

4

21%

76%

20%

3%

1%

Not clustered

14%

58%

27%

10%

5%

Total (EU27
+
UK, NO, IS)

100%

64%

18%

12%

6%

Similarly, for cluster 4, the available data for Norway (Figenbaum/Nordbakke
2019) are also adopted for Sweden. Here, the results indicate that home
charging is the dominant charging location of PEV representing three quarters
of all charging processes. In contrast to Spain, public charging plays only a
minor role in cluster 4.
For cluster 1 without country-specific data and no country covered by the cluster
analysis, the data from NewMotion 2020 are applied. For the Netherlands,
which is not assigned to a country cluster, country-specific study data are
available in Gardien et al. (2020) and Duurkoop et al. (2021) and Helmus et al.
(2020), but these data are not used here. The reason for this is that the
Netherlands is already very strongly represented in the results of NewMotion
2020 (approx. 50% of the responses). The dominance of the Netherlands in
these data is acceptable, as just under half of the 21% PEV shares as sum of
cluster 1 and all non-clustered countries are accounted for by the Netherlands.

3.2

Share of contracted RE in PEV charging

Regarding 100% renewable electricity, the survey with PEV users showed the
following results for home charging: In Germany, 697 participants answered
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whether they have a renewable eletricity tariff for charging their PEV (or not).
Other participants skipped this item or did not know their electricity tariff. Of
these 697 participants 84% reported to have a 100% renewable electricity tariff
to charge their PEV. In Spain, 461 participants completed the item and 56%
reported having a 100% renewable electricity tariff to charge their PEV.
For work charging, we analysed the survey data completed by fleet managers.
Due to the small response rate, only the data for Germany can be analysed. In
Germany, 94 fleet managers (being in charge of 6252 PEV) knew the electricity
tariff they are providing for charging PEV at work. Of these, 81% reported to
have a 100% RE tariff. Resembling the procedure regarding the survey results
of PEV users and the share of RE in public charging (determined in section
2.4), this result will be used of other countries in this cluster (i.e., France and the
UK).
For all other clusters, the share of renewable electricity in the country-specific
balanced electricity mix is used as the share of RE in the charging electricity
(see section 2.4). An exception is the share of RE contracts for home charging
in Cluster 1, for which the value for Spain from the survey is used. Combining
this value with the country-specific share of RE in the balanced electricity mix
for the other charging locations is valid, since the share of charging electricity in
relation to the total electricity consumption is still very low. The country-specific
data set resulting from this calculation is presented in Table 9 in the supplementary material. Based on this data set, the cluster-specific shares of charging locations listed in Table 5 are calculated for the charging locations by weighting
the country-specific values with the country-specific EU PEV share within each
cluster.
Table 5: Cluster-specific and total shares of contracted RE by charging location.
Cluster

Share of PEV in
EU27 + UK, NO, IS

Home

Work

Public slow

Public fast

1

7%

48%

48%

48%

48%

2

9%

56%

27%

27%

27%

3

48%

82%

81%

85%

75%

4

21%

38%

38%

38%

38%

Not clustered

14%

47%

47%

47%

47%

Total (EU27
+
UK, NO, IS)

100%

63%

60%

62%

57%
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The values shown in Table 4 and Table 5 allow the calculation of a total
contracted RE share of at least 62% for the total PEV charging in 2020 in
the EU27, the UK, Norway and Iceland. For this purpose, all shares of
charging locations in Table 4 are multiplied with the related RE share and the
PEV share of the corresponding cluster in Table 5. The RE share of 62% for the
total PEV charging results from the sum of those muliplications. For
comparison, calculating and weighting the national electricity grid mixes in the
same manner leads to a RE share of 46% – 16% lower than the more
elaborated RE share developed in this study with the help of existing data and
survey results.

4

Discussion

The aim of the present paper was to develop an elaborated estimate of the
share of contracted RE in PEV charging in Europe – separately for the different
charging locations (home, work, public slow and public fast charging). Thus, we
also determined the shares of charging location as a first step. Following our
step-wise methodology to close as many data gaps with available and the most
recent data, our results support previous studies that most PEV users charge
their PEV at home, followed by charging processes at work and a smaller share
of charging processes on public slow or fast charging points.
To calculate the share of RE in PEV charging, recent research has mostly used
the national (or European) electricity grid mix. In this regard our analysis and
data differ from existing results. Our analysis indicates that the share of RE in
charging electricity lies above the grid mix with 62% of European PEV users
charging their PEV with RE – across all charging locations. From a
psychological point of view, this is not overly surprising given the fact that PEV
users are more likely to have high pro-environmental beliefs (compared to ICEV
users) and, in turn, high pro-environmental beliefs are associated with a higher
likelihood to have a RE tariff. Moreover, following cognitive dissonance theory,
people tend to behave in a consistent manner being led by their beliefs and
attitudes, including their pro-environmental beliefs (but see literature on rebound
effects, spillover and compensatory green beliefs, e.g. Dütschke et al. 2021;
Capstick et al. 2019).
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Methodological discussion

Regarding the representativness of the study, we would like to highlight that
survey samples are not representative. For instance, this becomes obvious,
when looking at the offical PHEV share in Germany and Spain which is higher
than in the present samples of PEV users.The lack of representative samples is
caused by the fact that information about the entire population of PEV users in
Europe and the different European countries are missing. Consequently, we
used a snowballing technique to receive as many European PEV users as
possible. In addition, we only analysed survey data if more than 150 people
from one European country have completed the survey. This procedure was
applied to avoid results that are not reliable. Thus, we believe our survey results
are reliable and valid, also given the fact that more than 500 PEV users in
Germany and Spain and 168 German fleet managers (accounting for more than
8500 PEV) completed the questionnaire. Generally, the success of recruiting
participants varied largely across countries. It depended mostly on the
willingness of very large, often national-wide newsletters and related
associatiosn to share our survey link. We would like to mention that especially
surveying CPO appeared more challenging than expected. Consequently, the
most suitable way for the present study was to use existing data and an
adequate methodology to process registered data of German CPO to close the
data gap.
On a different note, we would like to highlight that the data were collected
during the COVID-19 pandemic in fall 2021, thus, the answers might be affected
by phenomenons like an increased number of working from home (which could
have led to an increased share of home charging compared to work charging).
Nonetheless, we do not assume a large effect of the pandemic conditions and
our results on the share of charging location do not differ largely from preCOVID-19 results (but extend them further).
Moreover, the use of the cluster analysis and transferring the results from one
country within a cluster to another one in the same cluster can be seen critically.
It is noteworthy that the Netherlands present a special case: Although it has a
high share of the EU PEV market, it was categorized in the last cluster. This is
due to the fact that data on the cluster variables were not available for the
Netherlands, leading to an exclusion of the Netherlands from the cluster
analysis (as all other European countries without available data on the cluster
variables). Additionally, one might wonder whether the results from Germany
(with very little to no nuclear power) can be transfered to France (with a high
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share of nuclear power). Germany and France share a cluster because one of
the selected cluster variables is the share of low emission electricity in the
national grid mix – combining RE with nuclear electricity. However, we have
included seven different cluster variables within the cluster analysis that
contribute to the final clusters – to ensure a statistical reliable and non-arbitrary
clustering of the countries. In general, we made sure that the applied
procedures were strict and careful to arrive at conservative values for a lower
bound of the share of RE and of charging location in the European PEV
charging.

4.2

Further discussion of RE and related aspects

The present studies provides a lower bound for the share of RE in PEV
charging in Europe. We only analyse the contracted RE share as well as the RE
share in the country specific grid mix. We did not analyse the physical share of
RE and whether the electricity is produced in newly built plants that aim to meet
the electricity demand of PEV (additionality criterion). However, this is a
reasonable approach given that electricity cannot be physically labelled and that
most European distribution grids are highly connected. Nonetheless, we would
like to discuss the RE share and its analysis in the present study more deeply.
Firstly, since we were not able to fill all identified data gaps with existing or new
survey data, we applied a common approach and used the average electricity
grid mix as baseline for RE shares in PEV charging. Some studies argue that
the usage of new PEV results in an increased electricity demand and that the
electricity consumed by PEV would only be covered by the electricity from
additional capacities of fossil power plants, the marginal electricity mix.
However, PEV are not the only "new" electricity demand but new demand also
stems from heat pumps, information and communication technology, or an
increasing demand of electricity in the industry. At the same time, the energy
demand for certain applications, such as lights and household applications
decreases. In this dynamic system, it is arbitrary to assign the marginal
electricity mix to PEV while assuming that other applications are powered by the
average mix. In contrast, future research should focus on how to increase the
share of RE in PEV charging to further decrease GHG emissions and comply
with the Paris agreement. One example from Germany is the fact that
governmental subsides for charging stations are bound to the premise that the
charging stations need to have a 100% RE tariff. Since the usage of PEV
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reduces GHG emissions and varies depending on the charged electricity, this
measure in Germany leads to further savings in GHG emissions.
To illustrate the savings in GHG emissions when assuming the national grid mix
or a high RE share, we refer to the study by Wietschel et al. (2019). When
purchasing a BEV in Germany, one can save significant GHG emissions over
the BEV's average time of use of 13 years. These GHG emissions savings
range from 28% – when compared to a high-class diesel car – to 42% savings,
when compared to a small gasoline car. These savings are based on charging
with the national grid mix in Germany; thus the GHG emissions of BEV can
decrease further when assuming a 100% supply of RE; with this assumption,
GHG emissions of a BEV are 65-75% lower than those of a ICEV. The role of
RE is also highlighted in a report of the European commission which compared
the carbon footprint of a BEV to the footprint of an ICEV (EU, 2020): The report
shows that in countries with a high share of RE in the grid mix (such as Austria),
the carbon footprint is significantly better compared to countries with a high
share of coal-fired power plant (such as Poland). Consequently, it makes a
relevant difference whether the GHG emission benefits from PEV are calculated
assuming the national electricity mix vs. the actual charging electricity. Our
results show that people having a PEV are also likely to have a RE tariff for
PEV charging.
Secondly, in the present paper, we analyzed the share of renewable electricity
purchased through contracts. However, there are different forms of RE tariffs;
the relevant two cases are presented below.
Case 1: A RE supply contract: RE is not a protected legal term in Germany and
other EU countries. However, providers of RE contracts have their offers
certified by various institutions. The certification criteria used vary widely. RE
contracts can, for example, be based on Guarantees of Origin (GO). These are
certificates without any kind of physical link to an electricity supply. They are
based on the implementation of Directive 2009/28/EC of the European
Parliament and of the Council. GO can be purchased. The requirements for GO
do not include double counting of RE generation and external verification.
However, in general, the environmental benefits are often weak. For example,
the GO used in Germany are mainly from Norwegian hydropower – the share of
GO from new RE plants is low. Thus, there is a rather low climate benefit
because no additional RE plants are built. Therefore, the additional costs for
electricity purchase incurred by GO are also low (UBA 2019). However, if more
and more RE is sold in this form in the future, existing plants will no longer be
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sufficient and additional renewable plants will have to be built – leading to the
intended effect.
There are also offers that make higher demands on environmental additionality.
For example, only new RE plants that are not subsidized otherwise or that have
a geographical connection to the place of purchase count towards RE
production. The resulting additional costs of these offers are usually significantly
higher than those of offers based on GO.
Case 2: A physical renewable power purchase agreement (PPA). This type of
green power supply contract is characterized by certain additional requirements.
In this case, the RE are connected to the power grid. Furthermore, the
electricity must generally be supplied from a specific RE plant or a RE plant
park. A temporal and geographical correlation between electricity supply and
generation is also provided. Additionality arises from the fact that new RE plants
are required outside public funding regimies. However, since the electricity
purchased under these contracts is usually not sufficient to meet the entire
electricity demand of a customer (or since there may be a temporal mismatch
between parts of the supply and demand side), the missing amount of electricity
must be supplemented by complementary electricity purchases.
Complementary power purchases are purchases of electricity from the regular
power grid. To conclude, we would like to highlight that the value of a RE
production varies depending on the RE contract and that a higher share of RE
in PEV charging can significantly lower the GHG emissions of PEV.

5

Summary and further research

This article presents new survey data as well as an evaluation of existing data
from published studies on the share of contracted renewable electricity (RE) as
well as on the share of charging locations for plug-in electric vehicle (PEV)
charging in Europe (EU27, UK, Norway, Iceland). These data are essential to
calucate the GHG emissions of PEV because charging presents a large part of
the carbon footprint of PEV. Drawing on the outlined data, we were not able to
fill all data gaps leading to a step-by-step methodology applying scientific
standards to further close existing data gaps. Focusing on countries with high
shares in the PEV market as well as developing clusters with relevant cluster
variables can help to transfer data from one country to other countries within the
same cluster and thus, to fill data gaps. Supporting previous studies, our results
indicate that PEV are mostly charged at home, followed by charging processes
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at work. Thus, focusing on the use of RE at home presents an important
element to reduce the carbon footprint of PEV. We found that a high percentage
of PEV users charge their PEV on the basis of RE contracts across all charging
location; this share is above the often assumed European electricity grid mix for
the calculation of GHG. With the introduced methodology, we retrieved a total
share of 62% contracted RE charging for Europe across all charging locations
(compared to 46% using the same calculations with the electricity grid mix). The
country- and cluster-specific data might present a valuable data base for further
research and related analyses. Data collection for public charging points (i.e.,
with charging point operators) appeared more challenging than expected.
Moreover, the survey results on home and work charging are mainly driven by
answers from German and Spanish PEV users and German fleet managers,
with Germany presenting one of the main PEV markets in Europe. For countries
without accessible data on RE share, we applied the common approach of
integrating the electricity grid mix. Further research should focus on extending
the survey data to receive a valid data base for more European countries. In
addition, due to the rapid PEV developments, we suggest to update the data on
a regular basis and to collect new survey data in all European countries in the
near future. It is noteworthy that the survey data on the share of RE in charging
electricity present contracted RE without ensuring the actual additionality from
the RE production. Future research could analyze the underlying share of RE
more deeply by distinguishing contracted RE and RE that were built additionally
to meet the electricity demand of PEV. To conclude, this paper presents recent
data that start closing the identified gaps regarding shares of charging locations
and respective shares of RE for PEV charging in Europe. Our approach presents a scientific methodology to combine existing and newly collected survey
data to ultimately arrive at the currently best available data base for an
European-wide calculation of the GHG emissions for PEV charging.
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Table 6: Applied criteria with related characteristics for the quality assessment
of available studies.
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Figure 4: Amount of registered public charching points for the year 2020 in
Germany in different registers
BNetzA: Public charging points registered with the Bundesnetzagentur in
Germany with commissioning by 31.12.2020 (available aggregated per NUTS 1
region).
LSR: Public charging points listed in the BNetzA's charging point register with
the consent of the CPOs, with commissioning by 31.12.2020 (available per
CPO and NUTS 1 region). The difference of approx. 3,800 charging points
between the LSR and BNetzA data is due to the fact that the LSR register only
publishes charging point data that the CPO has agreed to publish.
NCCI: Subsidized charging points with 100% renewable electricity requirement
in operation in 2020 (monitored by BAV), which have reported charging
volumes to the National Centre for Charging Infrastructure for 2020 (charging
point number and charging volumes available aggregated per NUTS 1 region).
BAV: Funding applications (subsidies) for public charging points approved by
the Bundesanstalt für Verwaltungsdienstleistungen with application deadline of
30.10.2019, but which must not have gone into operation by today (available
per CPO and NUTS 1 region).

Table 7: Reported numbers and charging volumes for 2020 of subsidized public charging points in Germany and average
charging volumes calculated from these for NUTS1 regions.

Region (NUTS 1)

Baden-Württemberg
Bavaria
Berlin*
Brandenburg
Bremen
Hamburg
Hesse
MecklenburgVorpommern*
Lower Saxony
North RhineWestphalia
Rhineland-Palatinate
Saarland
Saxony
Saxony-Anhalt
Schleswig-Holstein
Thuringia
Germany (NUTS 0)

Public slow
Number of
charging points
(CP)

Public slow
Average volumes
(kWh/CP)
1'135
1'646
(248)*
1'002
4'496
4'078
1'536
2'955

Public fast
Number of
charging points
(CP)

4'217
3'095
17
375
133
903
683
24

Public slow
Charging volumes
(kWh)
4'786'205
5'093'957
4'224
375'607
597'958
3'682'159
1'048'844
70'918

832
605
24
65
59
104
276
–

Public fast
Charging volumes
(kWh)
4'746'216
2'287'625
570'026
446'262
497'420
609'286
1'109'650
–

Public fast
Average volumes
(kWh/CP)

2'752
3'467

3'126'700
5'102'371

1'136
1'472

495
660

1'127'502
4'184'871

2'278
6'341

1'332
306
1'156
228
1'128
510

1'721'510
456'726
1'003'025
203'603
1'750'057
481'363

1'292
1'493
868
893
1'551
944

566
61
224
41
81
175

1'162'783
143'290
761'993
41'580
556'554
499'967

2'054
2'349
3'402
1'014
6'871
2'857

20'326

29'505'227

1'452

4'268

18'745'025

4'392

5'705
3'781
(23'751)*
6'866
8'431
5'859
4'020
(-)*

Source: NCCI 2021.
* The values for Berlin appear implausible or biased due to the low reported number of charging points. For the extrapolation, the average
charging quantities for Germany are used for Berlin. For the missing average fast charging quantities in Mecklenburg-Vorpommern, the average
fast charging value for Germany is used.

The share of renewable electricity in electric vehicle charging in Europe

31

Table 8: Data used for the share of charging volumes by location.
Country

Cluster

BE
DK
AT
EL
IT
PT
ES
CZ
DE
FR
UK
NO
SE
BG
EE
FI
IE
IS
HR
LV
LT
LU
MT
NL
PL
RO
SK
SI
HU
CY

1
1
1
2
2
2
2
2
3
3
3
4
4
-

Number
of PEV
108'691
57'265
56'191
3'135
99'519
64'592
88'538
9'835
595'176
409'310
447'359
453'960
190'680
2'357
2'025
55'317
20'937
15'197
1'906
1'042
3'504
8'548
2'571
272'895
12'475
7'410
3'506
4'457
10'753
571

Home

Work

Public slow

Public fast

58%
58%
58%
58%
58%
58%
58%
58%
59%
55%
75%
76%
76%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%
58%

27%
27%
27%
10%
10%
10%
10%
10%
14%
12%
15%
20%
20%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%
27%

10%
10%
10%
21%
21%
21%
21%
21%
14%
29%
5%
3%
3%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%

5%
5%
5%
10%
10%
10%
10%
10%
12%
4%
6%
1%
1%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%
5%

Data used from available studies (Avere France/Ipsos 2020 for FR,
Dodson/Slater 2019 for UK and Figenbaum/Nordbakke 2019 for NO) and own
surveys (for DE and ES) are written in bold. Available country-specific data
within a cluster are carried forward as substitute data (in italics) to fill data gaps
for share of charging locations. Since no country-specific data were available in
literature for cluster 1 and the countries in cluster 1 were not sufficiently covered
by our own survey, the data from NewMotion (2020) were applied. The data of
NewMotion (2020) is also used for all non-clustered countries. For the
Netherlands, which is not assigned to a country cluster, country-specific study
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data are available in Gardien et al. (2020), Duurkoop et al. (2021) and Helmus
et al. (2020), but these data were not used. The reason for this is that the
Netherlands is already very strongly represented in the results of NewMotion
(2020; approx. 50% of the responses). The dominance of the Netherlands in
this data is acceptable, because the PEV share of the Netherlands presents
almost half of the 21% PEV shares of cluster 1 and all non-clustered countries.
Table 9: Data used for the renewable electricity shares in the total charging
volumes (by charging location)
Country

Cluster

BE
DK
AT
EL
IT
PT
ES
CZ
DE
FR
UK
NO
SE
BG
EE
FI
IE
IS
HR
LV
LT
LU
MT
NL
PL
RO
SK
SI
HU
CY

1
1
1
2
2
2
2
2
3
3
3
4
4
-

Number
of PEV
108'691
57'265
56'191
3'135
99'519
64'592
88'538
9'835
595'176
409'310
447'359
453'960
190'680
2'357
2'025
55'317
20'937
15'197
1'906
1'042
3'504
8'548
2'571
272'895
12'475
7'410
3'506
4'457
10'753
571

Home

Work

Public slow

Public fast

36%
36%
84%
56%
56%
56%
56%
56%
82%
82%
82%
27%
66%
19%
16%
36%
71%
28%
20%
21%
75%
96%
24%
51%
13%
46%
23%
13%
21%
13%

36%
36%
84%
30%
16%
25%
41%
10%
81%
81%
81%
27%
66%
19%
16%
36%
71%
28%
20%
21%
75%
96%
24%
51%
13%
46%
23%
13%
21%
13%

36%
36%
84%
30%
16%
25%
41%
10%
85%
85%
85%
27%
66%
19%
16%
36%
71%
28%
20%
21%
75%
96%
24%
51%
13%
46%
23%
13%
21%
13%

36%
36%
84%
30%
16%
25%
41%
10%
75%
75%
75%
27%
66%
19%
16%
36%
71%
28%
20%
21%
75%
96%
24%
51%
13%
46%
23%
13%
21%
13%

Data from own analysis and surveys are written in bold (based on BNetzA
2021a, BNetzA 2021b, NCCI 2021, BAV 2021). The country-specific balance-
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sheet RE shares (AIB 2021) are used as substitute data (in italics) for the RE
shares in charging volumes. The combination of the survey value for home
charging and the balance RE share for the other charging locations in cluster 2
can be justified because PEV charging volumes have accounted for a only very
small share of the total national electricity demand so far.
Table 10: Associations and companies contacted for recruiting (upper part for
PEV user survey, lower part for fleet manager survey).

Country

Newsletters, Online Forums

DE

7

PEV users
Social Media (LinkedIn,
Xing, Twitter, Facebook)
9

ES

8

7

4

FR

4

4

7

IT

1

8

8

UK

---

8

8

SE

1

3

---

NO

1

3

---

NL

4

---

---

Total

26

42

27

Magazines
---

Fleet managers

Europe

PEV and automobility
associations

Selected companies (contracted through personal
contact)

18

150

Selected companies
(contacted through the
contact sheet on their
website)
52

Following Table 10, we shared the survey link with 315 associations and
companies that had the potential to further spread the information with
interested participants.
We applied the following selection criteria for inclusion or exclusion of PEV
users and fleet managers, respectively, in both surveys. We excluded
participants who reported to not use a PEV or to have no PEV in their fleet. Also
participant who did not fully complete the questionnaire were excluded from
data analysis. It is noteworthy that participants were able to skip almost all
questions (except filter questions) which still counted as an answer. Moreover,
we excluded participants if they did not report a country or the country was not
part of our geographical scope (EU27 and UK, NO, IS).
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