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Abstract—The transition towards a sharing economy and the
increasing electrification of the transport sector are occurring
simultaneously. Consequently, we can expect more car sharing
schemes using electric vehicles (EVs) to emerge in coming years.
Numerous studies looked into the grid impact of EV charging
and its potential to provide ancillary services, but these studies
only considered regular EVs. This study compares the charging
patterns of regular and shared EVs and creates insight in the grid
impact and potential to provide ancillary services with future
adoption of shared EVs. Four scenarios for the adoption of
shared EVs are proposed, and a method to generate a set of
future charging transactions based on historical charging data is
presented. The analysis is performed using charging data from
an EV sharing company in the Netherlands. Results indicate
that charging demand peaks and grid congestion levels decrease
substantially with higher adoption of shared EVs. Adoption of
shared EVs increases the potential of EVs to provide ancillary
services, due to a higher charging flexibility of shared EVs.

Index Terms—sharing economy, electric vehicles, car sharing,
grid congestion, ancillary services

NOMENCLATURE

Indices and sets

7€ J Setof EV categories (shared EVs and regular EVs)
n € N Set of charging transactions

Symbols

AT, Actual charging time of transaction 7.

ATon, Connection time to charging station of transaction n.
AThex,n Flexibility in charging demand of transaction n.
darrn,; Arrival day of the week of charging transaction n of
category j.

Predetermined annual charging demand of all EV
transactions of category 7 in an LV grid.

Ereq,n,; Charging demand of transaction n of category j.
Nar,n,j Arrival hour of charging transaction n of category j.
P, Average charging power of transaction n.

Phax,n, Average charging power of transaction n.

Eann,j

Spi,;  Set of historical charging transactions of category j
of which the charging power is logged.
S Set of historical charging transactions of category j.

I. INTRODUCTION
Stimulated by among others battery cost reductions and gov-
ernmental incentives to decarbonize road transport, the share
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of electric vehicles (EVs) in the passenger car fleet is growing
rapidly [1], [2]. High adoption of EVs can cause power quality
and congestion problems in the low-voltage (LV) grid [3],
since the extra load of EVs was not considered when designing
the grid. At the same time, the battery capacity of EVs can be
used to mitigate power quality and grid congestion problems
due to the high flexibility in EV charging demand. For this
reason, a large number of studies have estimated the future
impact of EV charging on grid congestion (i.a., [4], [5]) and
have assessed the potential of EVs to mitigate power quality
and congestion problems (i.a., [6]-[8]).

In parallel, a paradigm shift towards the sharing economy
is emerging in recent years [9]. The application of the sharing
economy to the transport sector could result in high market
penetration of car sharing schemes [10]. Car sharing is an
alternative to car ownership and provides users short-term
access to a set of shared cars managed by a third-party orga-
nization [11]. The number of car sharing members worldwide
has increased with a factor of 40 between 2006 and 2018
[12]. Different studies expect that the market share of car
sharing will continue to increase [13]-[15]. Further adoption
of car sharing in combination with a market uptake of EVs
could result in an increasing charging demand of shared EVs.
This increased role of shared EVs could affect the results of
previous studies on the future grid impact of EV charging and
the potential of EVs to provide ancillary services, since shared
EVs are driven by more people, have different arrival times
and are used for different functions.

The first aim of this study is to create insights in the impact
of a shift towards shared EVs on the electricity grid. This study
uses historical charging data from an EV sharing company
in the Netherlands to compare the charging characteristics
of shared and regular EVs, and proposes a novel method
to generate future sets of EV charging transactions. These
transaction sets are used to compare EV charging patterns
in different adoption scenarios of shared EVs. Second, this
study compares the flexibility in charging demand of shared
and regular EVs to determine how the potential of EVs in pro-
viding ancillary services changes with a shift towards shared
EVs. The results of this analysis provide distribution system
operators (DSOs) with insights in future grid congestion levels
with high adoption of shared EVs, and also indicate whether
shared EVs are a suitable technology for the provision of



ancillary services. In addition, the results of this study show
policymakers whether a shift towards shared EVs should be
stimulated from a grid perspective.

This study is outlined as follows: Section II introduces
the considered car sharing scheme and the investigated case
study grid. Section III provides a comparison of the key
charging characteristics of shared and regular EVs. Section
IV presents a method to simulate future charging transactions
and outlines different future adoption scenarios of shared EVs.
The aggregated EV charging behavior in a LV grid, flexibility
in charging demand and grid impact are presented for all
considered scenarios in Section V. Lastly, a discussion and
conclusion are presented in respectively Section VI and VII.

II. CASE STUDY SPECIFICATIONS

We Drive Solar is a car sharing company offering station-
based car sharing services using EVs. As of February 2020, it
has a portfolio of three Tesla Model 3’s (battery capacity 50
kWh) and 72 Renault ZOE’s (battery capacity 44-52 kWh).
Users need a subscription to drive a We Drive Solar EV, and
also pay per driven kilometer.

EV charging data is obtained between 8 January 2019 and
10 March 2020 from 230 charging stations with two charging
sockets in residential areas in the Netherlands, of which the
large majority are located in the city of Utrecht. Each of
these charging stations log the arrival time, departure time,
car ID and charging volume of each charging transaction. 24
stations also log the charging power over time, which is used
to determine the average charging power, maximum charging
power and actual charging duration for each transaction. A
distinction is made between shared EVs and regular EVs based
on the car ID of the We Drive Solar EVs. All We Drive Solar
EVs use one of the logged EV charging stations as their home
station. Table I provides an overview of the number of logged
charging transactions for regular and shared EVs.

TABLE I: Overview of logged charging transactions in the
input data.

No. of logged charg-
ing transactions

No. of charging transactions in
which charging power is logged

Regular EVs
Shared EVs

28,621
8,722

11,570
1,963

A residential grid in the Lombok district in Utrecht, the
Netherlands serves as a case study grid to analyze the grid
impact of EV charging. This grid is connected to the medium-
voltage (MV) grid through a 400 kVA transformer and serves
340 grid connections, of which the majority is households. It
is assumed that 25% of the households will use a full-electric
heat pump (HP) for heating in the future. The assumed future
installed photovoltaic (PV) capacity in the grid equals 200
kWp. The profiles of HP demand, residential load and PV
generation are created using the methods in [8].

IT1I. CHARGING CHARACTERISTICS OF SHARED AND
REGULAR EVSs
Fig. 1 compares key characteristics of charging transactions
of shared and regular EVs for the selected case study. It

shows considerable differences in the arrival times of both
EV categories. The arrival hours of regular EVs in Fig. la
show a distinct peak between 17:00-19:00, induced by EV-
owners returning home from work. The minor peak between
8:00-10:00 in the arrival hours of regular EVs are caused by
people arriving at work and charging their car in a residential
area close to their working location. The majority of charging
transactions of shared EVs start in the late afternoon or early
evening, but the arrival times do not peak in one or two specific
hours, while a substantial share of shared EVs arrive in the
late evening. In addition, Fig. 1b shows that the number of
charging transactions is substantially higher in weekends for
shared EVs. Both trends could indicate that shared EVs are
used relatively often for leisure and/or family/friend visits.

While regular EVs charge in some cases up to 75 kWh
in Fig. lc, the charging volume remains below 50 kWh in
all charging transactions with shared EVs, due the absence
of shared EVs with a battery capacity above 54 kWh in the
studied fleet. Regular EVs show a peak between 3 and 8§ kWh
in the distribution of charging volume in Fig. 1c and between
3 and 4 kW in the distribution of charging power in Fig. 1d,
which can be attributed to plug-in hybrids in the fleet of regular
EVs, which have a relatively low battery capacity (<12 kWh)
and a maximum charging power of 3.7 kW [4].

The relatively high share of transactions of shared EVs with
a connection time below one hour in Fig. 1e demonstrates high
utilization of shared EVs at specific moments. However, the
utilization is not always high, as the connection time exceeds
72 hours in a substantial share of the charging transactions.

IV. SCENARIO DEVELOPMENT

This section shows how large-scale adoption of shared EVs
may affect the aggregated EV charging behavior in a LV grid.
This section presents different scenarios for future adoption of
shared EVs based on scientific literature, after which a method
is provided to generate future EV charging transactions.

A. Scenario Overview

Studies on expected future trends in car sharing show high
ambiguity in the future adoption of shared cars. Shaneen
& Cohen [16] conducted expert interviews and arrived at
a market potential of shared cars of 2-10%, while 70% of
the experts interviewed in [15] expected a market potential
of shared cars between 11-25%. Other studies estimate the
future adoption of shared cars using activity-based models.
Martinez et al. [17] estimate that 2.4% of the trips in Lisbon,
Portugal will be conducted using shared cars when introducing
a car sharing scheme, while the model in [18] estimated a
future market share of car sharing services of 1-3.8%. A stated
preference study by Namazu et al. [14] in Vancouver, Canada
showed that 25% of the inhabitants cannot be convinced to
move to car sharing. Liao et al. [13] indicated that 13.9% of
the car owners in the Netherlands will use shared cars for all
car trips if a car sharing scheme is available, while 63.4% of
the car owners will not use a car sharing scheme. Rotaris &
Danielis [19] indicated that only 3.7% of the inhabitants in a
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Fig. 1: Histograms comparing key charging characteristics of shared and regular EVs in the input data.

rural area in Italy have a probability of >50% of adopting a
shared EV.

In some urban areas, the car sharing potential could be much
higher. The large future role of car sharing in specific areas is
highlighted by the recently published plans for the Merwede
district in the city of Utrecht [20]. This to be developed
neighborhood will become car-free, meaning that there are no
parking spots available for private cars. One shared car will
be available to every three households in the district.

TABLE II: Overview of annual EV charging demand of shared
and regular EVs per scenario.

Regular EVs Shared EVs
Reference scenario 530 MWh 0 MWh
Scenario 1 450 MWh 64 MWh
Scenario 2 0 MWh 285 MWh
Scenario 3 132 MWh 214 MWh

Given this high ambiguity about the role of shared EVs in
the future car fleet, this study distinguishes different scenarios
for the adoption of shared EVs when determining the future
grid impact of EV charging. All scenarios assume that the fu-
ture car fleet is completely electrified. Each scenario identifies
the annual charging demand of all regular and shared EVs in
the investigated grid (E,n,). These values are used in section
IV-B to simulate future charging transactions for both EV
groups. Table II presents the assumed annual charging demand
of all regular and shared EVs per scenario. The scenarios were
generated as follows:

e Reference scenario - Shared EVs are not part of the car
fleet in this scenario. The total annual charging demand
of regular EVs is based on the average mileage per car of
13,000 km/year [21], a driving efficiency of 0.2 kWh/km
and the car ownership ratio of 0.6 cars/household [22] in
the city of Utrecht.

e Scenario 1: Limited adoption of shared EVs - Based on
the literature study above, this scenario assumes that 15%
of the car-owners adopt a shared EV, corresponding to a
reduction in charging demand of regular EVs of 15%.
Adoption of car sharing in the Netherlands leads to a
reduction of vehicle kilometers travelled (VKT) of around
20% [23]. This has been considered when determining the
charging demand of shared EVs.

e Scenario 2: Only shared EVs - This scenario is inspired
by the newly-developed car-free districts and assumes
one shared EV per three households. The average annual
charging demand of a single We Drive Solar shared EV
equals 2519 kWh. It is assumed that the usage of shared
EVs in car-free districts is not considerably different
than the current usage in other districts. This assumption
implies that people living in this district will mostly
commute using other means of transport.

o Scenario 3: Mix of shared and regular EVs - This scenario
assumes 25% of the car owners are non-adopters of
shared EVs, based on [14]. The charging demand of
regular EVs equals 25% of the charging demand in the



reference scenario. The charging demand of shared EVs
equals 75% of the charging demand in Scenario 2.

B. Generating Future EV Charging Transactions

Charging transactions for shared EVs and regular EVs are
simulated for one year to obtain insight in EV charging
behavior in the different scenarios. A new EV charging trans-
action n € N is created until the total charging requirement
of all simulated transactions of a specific category j €
{Shared EV, Regular EV} (Erq,n,;) equals the predetermined
charging demand of all EVs of category j (Eann,j;):

N
Z Ereq,n,j = Eann,j v.] (1)
n=1

The simulated charging transaction set is created using a
probabilistic model which considers a set of historical charging
transactions S; for each EV category. In case the charging
power over time is not logged at all charging stations, the
subset S ; of S is created with all charging transactions of
which the charging power is logged. Charging transactions are
simulated using the following steps:

1) The arrival day of the week of charging transaction n
(darr,n,j) 1s determined based on the probability density
function of the arrival day of the week in S;. Subse-
quently, this transaction is randomly assigned to a date
with the specific weekday in the simulation period.

2) The arrival hour Ay, 5 is determined using a probability
density function of the arrival hours of all EVs charging
transactions in S; arriving at weekday daug,n ;. The
charging transaction is randomly assigned a starting
minute in the arrival hour.

3) The required charging volume Fieq, ; and connection
time to the charging station AT, , are determined
by randomly selecting a charging transaction from all
EV charging transactions in S; arriving at weekday
darr,n,; and arriving at huy p ;. The charging volume and
connection time of this specific charging transaction are
assigned to the simulated charging transaction.

4) The average and maximum charging power (P, , and
Prax,n) of a simulated charging transaction are deter-
mined by using the charging power of a randomly
selected charging transaction from all charging trans-
actions in Sy ; arriving at weekday dur, and at hour
Rarr,n. If the condition in eq. 2 is not met, the steps to
determine P,y , and Py, are repeated:

Ere n,j
Pav n Z #- (2)
’ ATcon,n
If no transaction in Sy ; arriving at weekday day,, and
at hour hyy , can meet this condition, P,y , and Py »
are determined using eq. 3:

quxn,j (3)
ATcon,n
Since Sy ; < Sj, it can occur that there are no or a

very limited number of transactions in Sy ; arriving at

Pav,na Pmax,n =

weekday dyr., and at hour hyy . In that case, the set of
charging transactions from which a transaction is ran-
domly selected is expanded to all charging transactions
arriving at hour Agy, for all weekdays if dyy, is a
weekday, or all weekend days if dyy ,, is a weekend day.

V. RESULTS
A. Charging Patterns

Fig. 2 compares the average EV charging power during
week and weekend days for the four considered scenarios.
Both in the Reference Scenario and Scenario 1 a charging de-
mand peak occurs around 19:00 on weekdays, caused by EVs
arriving home from work. Comparing the charging demand
peak between both scenarios indicates that limited adoption of
shared EVs reduces the average peak in charging demand on
weekdays by 8%, due to a lower overall charging demand and
a lower simultaneity in arrival hours in Scenario 1. The average
overall charging demand on weekdays decreases from 1433
to 1366 kWh when transitioning from the Reference Scenario
to Scenario 1. Despite the lower overall charging demand in
Scenario 1, the average charging peak and overall charging
demand in weekends are similar in both scenarios due to the
large utilization of shared EVs in weekends.

A large scale transition towards shared EVs in Scenario 2
and 3 has substantial impact on the charging peak and overall
charging demand on weekdays. The average charging peak
on weekdays in Scenario 2 reduces by 75 kW compared to
the Reference Scenario, while the average overall charging
demand on weekdays reduces from 1433 to 681 kWh. A large
share of the charging demand is shifted towards weekends with
high adoption of shared EVs; the average overall charging de-
mand on weekend days is 51% higher compared to weekdays
in Scenario 2, while this is 4% in the Reference Scenario.

Charging demand peaks and overall charging demand are
similar between Scenario 2 and 3, indicating that a limited
share of regular EVs in the car fleet still leads to a considerable
reduction in the peak charging demand compared to a scenario
without shared EVs.

B. Charging Flexibility

TABLE III: Average share of charging demand that can be
delayed for at least 6 and 12 hours at different moments of
the day in each considered scenario.

Ref. scenario  Scenario 1 Scenario 2 Scenario 3

>6h >12h >6h >12h >6h >12h >6h >12h
00:00-06:00 24% 7% 26% 9%  45% 25% 35% 16%
06:00-12:00 9% 2% 10% 4% 25% 20% 15% 9%
12:00-18:00 20% 15% 22% 18% 35% 33% 30% 27%
18:00-24:00 36% 13% 37% 16% 47% 36% 43% 28%
Total 27% 11% 28% 14% 41% 31% 35% 24%

Flexibility in charging demand provides insight in the
potential of EVs to provide ancillary services, as EVs have
more room to alter their charging behavior to provide ancillary
services with high charging flexibility. It can be expressed as
the difference between the actual charging time AT, and the
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Fig. 2: Average charging power and average flexibility in EV charging demand on weekdays and weekend days in the studied

LV grid for the four scenarios introduced in section IV-A.

connection time to the charging station AT, as introduced
in [4]:

ATﬂex,n = ATcon,n - ATch,n' 4
Table III and the colors in Figure 2 indicate that charging
flexibility is generally high. In all considered scenarios, at least
27% of charging can be delayed with 6 hours or more, at least
11% of charging can be delayed with 12 hours or more, while
only up to 12% of charging can be delayed with maximum
one hour. EVs parking overnight cause that charging flexibility
is highest during the charging demand peak in the evening.
Flexibility in charging demand increases with a higher share
of shared EVs in the car fleet. Since car sharing companies
must guarantee availability of EVs to their customers, there
will always be a slight overcapacity of EVs. This results in
a high connection time of shared EVs in different cases (see
Section III) leading to higher charging flexibility.

C. Grid Impact

Fig. 3 presents the transformer load in the investigated
grid for each considered scenario. The grid load exceeds
the transformer capacity for more than 2.5% of the year in
all scenarios. Transformer congestion levels decrease with
higher adoption of shared EVs, as this reduces the overall
charging demand in the grid. The difference in transformer
congestion levels is minor between the Reference Scenario
and Scenario 1 (476 versus 446 hours/year). Large scale
adoption of shared EVs can reduce the number of hours with
transformer congestion with over 50%, with 235 hours/year
of transformer congestion in Scenario 2 and 248 hours/year in
Scenario 3.
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Fig. 3: Load duration curve of transformer load in the inves-
tigated grid for the four considered scenarios.

VI. DISCUSSION

This study presented a generic method to use historical
charging transactions to get insight in the future charging
patterns of shared EVs. However, different methodological
considerations should be taken into account when interpreting
the results. With higher adoption of car sharing, the utilization
of shared EVs could increase and different user groups could
adopt shared EVs, potentially leading to different arrival times
or to lower connection times. On the other hand, one can
expect that there will always be an overcapacity in the number
of shared EVs to guarantee availability of shared EVs to users,
causing that flexibility values will remain similar in the future.



As there is uncertainty about the departure times of EVs in
absence of perfect foresight and not all EV users will allow
their EV to be used for the provision of ancillary services, the
reported flexibility values will be lower in practice. Shared
EVs can only be used through a reservation system, causing
that the departure time of a shared EV is more predictable and
that a larger share of the charging flexibility of shared EVs can
be used for the provision of ancillary services.

Future developments, including increased charging at fast-
charging stations or a transition towards autonomous transport
or hydrogen vehicles, could reduce the overall charging de-
mand in LV grids, lowering grid congestion levels. Similarly,
these congestion levels are affected by different external
factors, including the installed PV capacity and the integration
of HPs in the grid.

An implication of this analysis is that DSOs can consider
lower charging demand peaks in grids with a considerable
share of shared EVs in the local car fleet. The high charging
flexibility of shared EVs shows that grid operators and market
parties should target shared EVs for the provision of ancillary
services or for participation in electricity markets.

VII. CONCLUSIONS AND FUTURE RESEARCH

This study compared the charging behavior of EVs in a
station-based car sharing scheme with the charging behavior
of regular EVs to get insight in the future grid impact of EV
charging with a transition towards car sharing. Results of the
study indicated that adoption of shared EVs leads to lower
EV charging peaks, since shared EVs show less simultaneity
in arrival hours than regular EVs. The charging demand peak
on week days decreases with 8% with limited adoption of
shared EVs compared to a scenario without shared EVs, while
the charging demand peak decreases with over 50% with
high adoption of shared EVs. Consequentially, the number of
hours with grid congestion decreases substantially with higher
adoption of shared EVs. The potential of EVs to provide
ancillary services is substantially higher with high adoption
of shared EVs, in particular during the day, causing that a
transition to shared EVs provides grid operators with more
flexibility resources for the provision of ancillary services.

Future research could use more sophisticated models (e.g.,
activity-based models) to get more realistic insight in the
utilization of shared EVs by new user groups. This allows
for more detailed analyses in the charging behavior and grid
impact of shared EVs with high adoption of car sharing. To be
able to quantify the potential of shared EVs to provide ancil-
lary services, charging optimization models for the provision
of ancillary services should be applied to transaction data of
shared EVs in future research.
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