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Abstract
The number of electric vehicle (EV) users is strongly increasing so that today roughly every
second registered vehicle in Norway is an EV. To increase the EV utilization, politics,
industry and the EV users strongly promote the integration of fast charging infrastructure.
While the future demand of fast charging sites is a well‐studied topic, not much is known
about the utilization of the existing charging sites and daily load curves. To fill this
knowledge gap, usage data of a charging site in Oslo is analysed. Further on, the impact of a
battery energy storage (BES) as well as a photovoltaic generator on peak load reduction is
studied. The analysis shows variations and trends in the daily andweekly charging behaviour
depending on the degree of utilization of the charging station. On average, a single EVuser
charges around 10 kWh in 19 min. Furthermore, the evidence indicates that EV users may
have adapted fast charging as a part of their daily travels and it is not used only during long
distance journeys. The results suggest that a BES can reduce the peak load by up to 55%. By
adding a photovoltaic generator, a minor additional reduction of peak load is seen.

1 | INTRODUCTION

Globally, there is a strong need for transition to sustainable
transportation system. The problems of today's transportation
such as significant CO2 emissions, air quality related emissions
and oil dependency should be tackled. One of the needed
solutions is electric transportation. Since the emerge of the
electric vehicles (EV) at the beginning of this millennium, the
number of EV users is strongly increasing, so that today for
example, in Norway roughly every second registered vehicle is
an EV [1]. Also, globally the amount of EVs is increasing
rapidly. However, there are still some challenges for the EVs to
become mainstream road transportation solution. One of the
challenges is an insufficient charging infrastructure [2–5]. The
fact is that still the charging of EVs is considerably slower than
refuelling a traditional internal combustion engine (ICE) car.
Fast charging stations, defined here as charging stations with
maximum charging powers ≥ 50 kW, are therefore a necessity
[6–9]. In a survey in 2017, executives from the automotive
industry claimed that the integration of public fast charging
networks is a precondition for the growth of the EV market

[10]. EV users state that they would prefer fast charging so-
lutions for both intra urban and long distance travels compared
with slow charging opportunities [11], especially for leisure
travels [12]. Furthermore, the pure existence of fast charging
sites reduces the range anxiety of EV user, which is one of the
major concerns of possible EV users [13–15].

In Norway, not only the share of EVs is high but also the
number of charging stations [16]. A high number of fast
charging stations has effects on the local distribution grid, and
it is necessary to understand how the real‐life fast charging
stations are used [17, 18]. Therefore, the paper focuses espe-
cially on the following questions:

� How often public fast charging stations are used?
� How long EV users charge and how much energy do they

charge per charging event?
� How do load curves of fast charging sites look like?
� How much the highest peak of the charging curves can be

decreased through the use of a battery energy storage (BES)?
� What is the impact of a photovoltaic generator on peak

shaving?
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In order to answer these questions, a comprehensive
analysis of a measurement dataset covering a real fast charging
site is conducted. The charging site, selected for this purpose,
is located next to a highway in a suburban area of Oslo, which
is one of the EV hot spots in the world.

The first major contribution of this paper is that it reveals
how real fast charging sites are used. It is important to notice
that the charging data is gathered at a fully commercial
charging site that is not a prototype, a test facility or similar
unique setting. The data we use in our paper includes also the
information of charged energy. Thus, real charging behaviour
can be observed. Such data cannot be obtained by any other
means as accurately as through real‐time measurements.
Eventually, the charging is strongly dependent on the user
behaviour and on how the customers use the EVs, which are
difficult to be estimated.

The analysis using the real data helps in the electrical
modelling of a fast charging site for further research. Under-
standing the charging behaviour in different locations helps to
size and to design future charging sites more accurately. Valid
real‐life data helps to avoid under‐ or over‐sizing of components.

Further in this paper, the impact of a stationary BES and a
photovoltaic power generator on the peak shaving at the same
charging site is analysed. The second major contribution of this
paper is to analyse, how much a BES or/and a photovoltaic
generator can help in peak shaving of a real fast charging site.
The peak shaving is carried out so that the charging power of
the EVs are not decreased. Peak load management is important
due to the fact that the components must be sized according to
the peak load. On one hand, the queueing time of the cus-
tomers due to reduced charging power cannot be very long.
On the other hand, oversizing the components result in
redundant capacity and elevated costs. Thus, a compromise
between these two extremes should be found.

Even if the optimization methods used in the operation of
a BES in this work are not new itself, the combination with
relevant real‐world data distinguishes the paper from most
other research works.

In reality, the decision whether a BES is installed at a
charging site is based on the economic feasibility, the paper
does not focus on the economic factors. The economic vari-
ables are strongly project‐ and location‐dependent. However,
the focus on this paper is on the technical feasibility and the
economic efficiency is left for future work.

The paper is organized as follows. Related state‐of‐the‐art is
presented in Section 2. In Section 3, the used fast charging data
with the main analysing methodology are introduced. In Sec-
tion 4, the results of the analysis are presented and discussed. In
Section 5 conclusions are made and future work is proposed.

2 | RELATED RESEARCH WORKS

Fast charging station usage and profiles have been studied
using many different approaches. Previous papers use the
following approach/data: The number of cars on the road [19],
current usage of gas stations [20], questionnaire [21],

commuters using fast charging station [22], prediction of
number of people forgetting to charge overnight [23], internal
combustion engine (ICE) driving data [6, 24] and utilization of
existing DC charging sites [6, 25]. In most of these studies, real
fast charging data is not used, and in the ones that contain real
data, do not have information on charged energy.

Peak shaving through EV charging is a topic widely
addressed in academic studies. In the study presented in [26],
three simulated charging sites with different power capacities
are compared. The EV charging data used in the study is
synthetic and based on measured traffic data that is further
used to form different use scenarios of the charging sites. The
study compares three simulated charging sites with different
power capacities. The largest charging site has 12 fast charging
points with the nominal power of 150 kW at each charging
station. This results in the maximum peak power of 607 kW
with an average use rate of the charging points of 31%. The
results of this study can be used to validate the theoretical
findings of the study in [26].

The study in [27], has the objective of reducing the peak
power of a fast charging site through the use of a stationary
BES. An interesting add of this work is to take into consid-
eration the impact of the bottleneck stemming from the lack of
power capacity from the network (resulting in longer charging
and times) on queueing times. This study considers a charging
site with eight 120 kW chargers and a stationary BES with the
capacity of 1000 kWh, that is significantly larger than in this
paper. Real EV charging data is not used, but modelled data
based on studies from gasoline vehicles. The result show that
in the best case, the size of the grid connection can be reduced
from 1800 to 500 kW by using a BES of 1000 kWh.

The work presented in [28] has its focus on designing a fast
charging site with BES and a photovoltaic generator. The study
[29] poses a similar objective, but additionally a diesel generator
is integrated at the charging site. The design of the station is
based on economic factors. Real EV charging data is not used.

In [30], the impact of a BES on a high‐power charging site
with five charging stations site over one day is analysed. Each
charging station has the nominal capacity of 150 kW and the
capacity of the BES is selected as 437 kWh. The peak power
drawn from the power grid is decreased by about 30% through
the use of the BES. The study is based on a simulated scenario
in Copenhagen.

The work in [31] is focused on the development of an
energy management system for a grid‐connected fast charging
site consisting of six charging points, a photovoltaic generator,
a BES and a fuel cell. In this case, a real charging data of EVs is
not used. The work does not focus on peak shaving, but rather
on analysing the costs of the charging site for the next 25 years.
The outcome of the work supporting this paper is that the
economic performance of such charging site with generation
capabilities seem positive in the light of current predictions of
the future. The study [32] analyses the economic impact of
BES and a photovoltaic generator on a fast charging site in
Canada. The major outcome is that the addition of such
components can result economically feasible in five to ten
years' time due to the decline of the component prices. The
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work states that there may be reasonable differences in the
payback times between cities due to differences in the elec-
tricity rates. In this case, no real EV charging data is used.

The simulations in [33] demonstrate that a fast charging
site together with a BES and photovoltaic and wind power
generation can be economically feasible. The simulated
charging sites had four to five fast chargers and a maximum
BES capacity of around 380 kWh. Even if the charging data is
simulated, the study presents a solid strategy to estimate the
overall economic feasibility of such a charging site. The case is
focused on Spain, but the methodology could be extended to
Norway to broaden this paper.

In [34], a new energy management system with an
integrated BES, a photovoltaic generator and an EV with
fast‐charging (CHAdeMO) capability is designed. The study
focuses on the experimental development on one to two EVs.
Even though the study focuses on more power electronics and
on the experimental application, it provides a complementary
work to this paper.

The literature reviews show that not much research is
based on actual charging data. This paper will support the
future research by providing insights of the charging behaviour
at real fast charging site. In turn, this will improve the EV
charging models of future studies.

3 | METHODOLOGY

This section is divided into two parts. In the first sub‐section,
the methodology to analyse the real charging data is presented.
In the following two sub‐sections, it is shown, how the impact
of a BES‐only and BES and a photovoltaic generator at the
charging site is evaluated, respectively.

3.1 | Analysis of the charging data

The case study consists of a charging site located next to a
highway in a suburban area of Oslo, combining the two major
use cases for fast charging sites: Everyday charging and
charging for long distance trips. Norway and especially Oslo
has a very high number of EVs. In 2017, Oslo had the highest
ratio of cumulative EV with around 40,000 per one million
inhabitants and around 53,000 EVs in the wider Oslo area. At
the same time, it has the third highest ratio for EVs per fast
charging port/connector, following the two Californian cities
San Jose and Los Angeles. [35].

The original dataset of the case study of this paper is kindly
provided by Fortum Charge & Drive. Data consists of 32,920
charging events from the period of 22 May 2018–31 December
2018 (224 operation days). The data comprises the following
information for each of the charging events.

� Start time
� Stop time
� Charged energy (in kWh) and
� Type of the used connector

In the data, the charged energy for some events is very low,
indicating probably a technical error or a user‐related incident.
At the same time there are events with a very long duration or
an unreasonably high charged energy, indicating different
communication/software errors. Therefore, the data set is
filtered by leaving out all charging events with:

� A consumed energy less than 0.1 kWh
� An incomplete data set (start time, end time or

consumption)
� All charging events lasting longer than three hours and
� All charging events consuming more than 100 kWh

After this filtering, some further processing of the dataset
is made. All charging events that extend over two days that is
begin before midnight and end after midnight, are divided.
This step is necessary, as our data processing algorithm sim-
ulates day by day based on the starting time of charging events.
Therefore, the charging processes after midnight would be
neglected, without dividing the events into two separate events,
one lasting until midnight and the second starting just after
midnight on the next day. After using these filters a data set of
30,722 charging events remains, which is 93.3% of the original
data set.

The charging site consists of ten 50 kW DC charging
stations with CHAdeMO and CCS connectors. Eight are in
service from the beginning of the period and two additional
charging stations are installed in October. The first charging
event collected from the two additional charging stations to the
backend system is on the 1 November 2018.

One of the aims of the case study is to assess the load
profiles of the individual charging stations and the charging
site. The dataset provides start time, end time and the charged
energy during the charging event and not for example, the type
of the car or the behaviour of the charging power during the
charging process. In order to assess the load profile, some
assumptions must to be made. Based on [36], it is assumed
thatduring the first 60 s of the charging event the power is
ramped up to the maximum value and after that, the power
is constant until the end of the charging. If the charging time is
long and/or the battery is near full state in the beginning of the
charging process, the charging power starts to decrease when
the state‐of‐charge (SOC) of the battery approaches full state.
The maximum power assumed in the calculations is the
average power during the charging event, as we do not have
more detailed information on the behaviour of the charging
power.

A fact supporting the chosen approach is that the pricing
method at the charging site is time‐based: The more time a
customer occupies a charging station, the more expensive is the
charging for the customer. Most EV have a charging profile
with a decreasing power curve at the end of the charging
process. Thus, the customers pay more per kWh at the end of
the charging process than at the beginning of the charging
process. Because of this, it is possible that some customers
prefer not to charge the battery completely. In this way, the
charging profiles of their vehicles remain relatively flat.
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The selected approach leads to rather conservative
maximum power values of individual charging stations
together with conservative resulting power values for the
whole charging site. On the charging site level, the result is less
conservative, as the proportional peak of the sum of multiple
random charging profiles decreases as the number of charging
profiles increases (transposition phenomenon). Also, when the
charging is carried out at the SOC levels clearly < 100%, the
constant charging profile assumption is rather justified. The
dataset supports this assumption as the large majority of
charging events consume less than 15 kWh (82%) and for these
events is a power drop unlikely. The lack of information about
the charged EVs makes it hard to estimate suitable charging
profiles, as the profiles depend on many non‐observed
parameters like the temperature of the battery.

3.2 | Impact of a battery energy storage

In this subsection, it is explained how a simulated BES is in-
tegrated at the charging site and how its impact on peak
shaving is computed. A simplified illustration of the charging
site is shown in Figure 1.

The purpose of the battery is to decrease the peak load at
the charging site by shifting a part of the load from the peak to
the valley times. The charging sessions of the EVs remain
unaffected. The optimization problem is formed by using
quadratic programming, where the objective function is
quadratic and the boundary conditions are linear.

The objective function f ðxÞ is minimized and is presented
in ð1Þ as

f ðxÞ ¼∑N
i¼1
� �
PBESðiÞ þ PEVloadðiÞÞ

2
; ∀i ∈ ½1; N �

�
; ð1Þ

where xðiÞ is equal to the power charged and discharged from
the BES at every time step i. The powers are used because to
easier distinguish the highest peaks. PEV load is the modelled
charging power of an EV based on the real charging data [33].

The output of the optimization is the charging or discharging
power of the BES, where N ¼ 24h

τ , in where τ is the resolutions
of the simulation time.

The inequality constraints presented in ð2Þ are linear. The
SoC of the BES must stay between the limits of the minimum
and the maximum values, SoCBES;min and SoCBES;max,
respectively. SoCBES;initðiÞ is the initial SoC of the BES and
varies at every time step. QBES is the capacity of the BES and
PBESðiÞ is the output power of the BES. The SoC of the BES
cannot exceed 100%. Additionally, the minimum SoC cannot
be lower than the selected minimum SoC that is set by the user
before running the algorithm. The inequality constraints are

SoCBES;max ≥ SoCBES;initðiÞ þ τ �
∑N
i¼1PBESðiÞ
QBES

ð2Þ

SoCBES;min ≤ SoCBES;initðiÞ þ τ �
∑N
i¼1PBESðiÞ
QBES

In order to have energy reserve for the next day, the SoC of
the BES must be the same at the beginning of the day as at the
end of it [37]. This is used as a reserve capacity to guarantee
that the BES has enough energy to respond a peak load even at
the beginning of the day. This reserve capacity is defined by the
user and in this study it is selected as 33% of the maximum
capacity. At any time step i, the power charged or discharged
by the BES must respect

xðiÞ ≤ PBES;maxandðiÞ ≥ PBES;min ð3Þ

Meaning that the power drawn from the BES must stay
within the physical limitations between the maximum and the
minimum power capacity of the BES. In order to solve the
optimization problem, sequential least squares programming is
used. More complete information of the methodology and the
calculations can be found in [37].

3.3 | Impact of a battery energy storage and
a photovoltaic generator

This subsection describes the simulations of a BES and a
photovoltaic generator at the charging site. A schematic illus-
tration of the setup can be seen in Figure 2.

First, the objective functions are explained, followed by the
boundaries and constraints. After that, it is explained how the
solar irradiance is modelled.

The objective function ð1Þ is modified to integrate the
photovoltaic generator as

f ðxÞ¼ ∑N
i¼1
� �
PBESðiÞ þ PEVloadðiÞ

þ PPVgenðiÞÞ2; ∀i ∈ ½1; N �
�
; ð4ÞF I GURE 1 Illustration of the charging site together with a BES. BES,

battery energy storage.
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PPVgen is the power generated by the photovoltaic generator.
This is obtained by the irradiance model explained at the end
of this subsection.

The first two inequality constraints are the same as in ð2Þ.
Two constraints are included to ensure that the SoC is always
between 20% and 80% of its maximum capacity at the end of
each day. The constraints are

SoCBES;max ≥ SoCBES;initðiÞ þ τ �
∑N
i¼1PBESðiÞ
QBES

SoCBES;min ≤ SoCBES;initðiÞ þ τ �
∑N
i¼1PBESðiÞ
QBES

ð5Þ

SoCBES;dðNÞ ≤QBES;max � 0:8

SoCBES;dðNÞ ≤QBES;max � 0:2

The solar irradiation is modelled as an ideal case with a
Gaussian function, so that clouds, shadows, reflections or
other disturbances are not taken into account.

f ðxÞ ¼
p

σ √ 2π
e
� 1

2

�
x� μ

σ

�2

;

where μ is calculated

μ¼ tsunrise þ
tsunset � tsunrise

2
ð6Þ

The time of the sunset and the sunrise are from Oslo in
2018 [37]. The factor p corresponds the seasonal variations in
the irradiation. The irradiation is divided in four seasons. The
used factors are listed in Table 1. Even if this paper studies the

impact of a photovoltaic generator during August (summer),
the values of other seasons are listed for comparison.

4 | RESULTS AND DISCUSSION

Analogically with the previous section, first the results and dis-
cussion of the analysis of the charging data are presented. This is
followed by the results and discussion about the impact of a
BES‐only as well as a BES and a photovoltaic generator on peak
shaving, both in their own sub‐sections. It is crucial to underline
that the data at the same fast charging site is used thorough the
paper.

4.1 | Analysis of the charging data

In this section, multiple different results are presented from
different viewpoints in order to piece by piece answer the
research questions presented in Introduction.

Figure 3 shows the number of charging events per day for
each of the months May–December. One can see that there is a
significant increasing trend during the study period. This is
probably partly due to the increasing number of EVs in
Norway and especially in Oslo. It can be seen that at the end of
year 2018, the site had 210 charging events per day, which
means 21 charging events per charging station. That can be
considered quite a high number. There is a strong increase in
the number of charging events between October and
November. Believably, this is a sum of several causes, and some
of the probable ones are the following:

� Installation of two additional charging stations at the
charging site in November

� EV users are adapting their behaviour and are familiarizing
themselves to charge at a DC charging site (habituation of
the use of fast charging station)

� Some EV users are preferring DC fast charging over other
charging opportunities

� Increasing number of EV users [38]
� During December and November the colder temperatures

also reduce the battery capacity of the EVs, as cold decrease
temperatures the operating voltage and the capacity [39].
This will make it necessary to charge more frequently, if the
driving behaviour and distance travelled is the same in the
winter and in the summer

� Theremaybeother reasons, suchas a roadconstructionduring
the summer months, increased publicity from the charging
operator or decreased use of bicycle and public transport (i.e.
seen in the increased use of car) during the cold months

For such charging dataset, it would be interesting to analyse
the seasonal changes/cycles of the charging need, but in this
case, it is hard as there is an increasing trend in the utilization,
and the seasonal variations are at least partly hidden under the

F I GURE 2 Illustration of the charging site equipped with a BES and a
photovoltaic generator. BES, battery energy storage.
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growth of the utilization rates. Figure 2 shows the average
occupation rate of the charging stations over different months.
The occupation level has increased from 11% in June to 35% in
December. This means that in December, the charging station
was in use 35% of time corresponding to 8 h 24 min per day on
average. Such rate is very high and clearly indicated queueing at
the charging site [6]. Moreover, it shows that the offer for fast
charging stations does not match with the demand.

The data shows also differences in the utilization of the
charging station between different day types (Figure 4).
Figure 5 presents the average number of charging events per
day in different days of week considering all the charging
events from the whole data period. Saturday has the highest
number of charging events per day, and the numbers of Friday
and Sunday are very close to each other.

If the differences between the weekdays is considered on a
monthly basis, certain trends can be observed. Figure 6 pre-
sents monthly average numbers of charging events per day in
different days of week (Figure 7). The numbers of charging
events in different weekdays varies month by month. Pre-
sumably, in many cases, long distance travelling happens rela-
tively more often during weekends, and therefore it is
beneficial to compare between two day types: Working days
(Monday–Friday) and weekends (Saturday–Sunday). Figures 5
and 6 present only these two day types. In Figure 5, the average
numbers of charging events per day of the two different day
types are presented. In Figure 8, monthly ratios between the
numbers of events in certain day type and the total number of
events together with fitted lines are presented. What can be
seen from the figures, and especially from Figure 8 is that over
time, charging during working days is proportionally increasing
compared with the weekend charging, although the weekend

TABLE 1 The factors used in the solar
irradiation model

Season Average solar irradiation (kWh/m2/day) Factor p Variance σ

Spring 3.7 0.67 7

Summer 5.5 1 10

Autumn 4.1 0.75 7

Winter 1.4 0.25 4.3

F I GURE 3 Average number of charging events per day in different
months

F I GURE 4 Occupation rate in different months

F I GURE 5 Average number of charging events per day in different
days of week

F I GURE 6 Average number of charging events per day in different
days of week
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charging stays more popular until the end of the year. There
are several possible reasons for this. One is that people who
have satisfying home charging opportunities might purchase
and start using EVs first [40], meaning that when EVs become
more popular, also the need for fast charging increases.
Another possible explanation is that when the outdoor tem-
perature is low (in winter), EVs consumes more energy per
kilometre, which means that there might be more need for fast
charging also for the daily trips during working days. In addi-
tion, when it is cold, the range anxiety might become worse
and people charge their EVs on a daily basis more in order to
minimize the possibility to run out of power during a trip. An
additional reason for the relative increase of charging during
the weekdays could be the queueing at the charging site. Some
customers might start a habit of charging during the weekdays
in order to avoid the queues during the weekends.

Charging duration is a crucial measure. The shorter the
visit at the fast charging station, the more competitive

choice EV is for the ICE car. Figure 9 presents monthly
average charging durations. It can be seen that durations
increase at the end of the year. One possible reason for this
is that during the winter, EVs consume more energy and
there is need to charge more energy, which takes more time.
The average duration of all months is about 19 min.
Figure 10 presents the monthly average charging energies
per charging event. The average charging energy is about
10 kWh. One can see that amounts of energy charged are
higher at the end of the year than in the summer. However,
there is no clear correlation between the charging durations
and charging energies at the end of the year. The charging
durations grow quite linearly between September–December,
but the corresponding charging energies do not grow in the
same fashion. The reason for this very probably related to
the outdoor temperatures, and this is illustrated in
Figure 11. The figure presents the daily average charging
powers during the charging events and the daily average
outdoor temperature in Oslo. When the temperature of a
lithium‐ion battery with a graphite negative electrode (which
represent the great majority of all Li‐ion batteries) is low,
high charging power cannot be used, and when the tem-
perature is very low, charging should not be made at all
[41]. This is because during charging at low temperatures,
the lithium‐ions do not necessarily intercalate into the
negative electrode, but deposit as metallic lithium on the
surface of the negative electrode decreasing the lifetime of
the battery and decreasing the safety [42]. Therefore, low
outdoor temperature tends to decrease the charging powers
due to the control actions by the battery management sys-
tem of the EV [43, 44]. Figure 11 illustrates a clear positive
correlation between the charging power and the outdoor
temperature. The Pearson's correlation coefficient between
these two variables is 0.88, which implies a strong linear
correlation. The correlation is statistically significant
(p < 0.05) (Figure 12).

Figure 10 presents the average load curves for different
months based on the calculation method presented in Sec-
tion 2. A load curve means here a time series of 15 min average
powers of the whole charging site over a day. The increasing
amount of charging events over the months can be clearly seen
in the load curves as increasing load levels over the months.
The charging is carried out only little around 3:00 AM–6:00
AM, but after that the charging curves start to rise fairly lin-
early. At around 14 h, the curves stabilize to quite steady levels
for a few hours. June was an exception, as the growth started to
stabilize around hour 12. After quite steady levels, the load
curves begin to drop during the evenings and nights. The load
curves are in surprisingly high levels at midnight and even a
couple of hours after. Figure 13 presents the load curves for
working days and weekend days covering all months. It can be
seen that during weekends, the peak is a bit earlier than on
working days and in the late evening and night charging is
carried out later than during workdays. The maximum power
of the individual 15 min periods over the whole dataset was
290 kW (this cannot be seen in Figure 10), which is 29 kW/
charging station on average.

F I GURE 7 Average number of charging events per day in two
different day types: Working days (Monday–Friday) and weekends
(Saturday–Sunday)

F I GURE 8 For each month, the ratio of the two measures: Average
charging events per day of a certain day type and the average total number
of charging events per day
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The distribution of charged energies according to the share
of customers is seen in Figure 14. It shows how the charged
energies are distributed between the charging events. It is
clearly visible that most customers charge around 10 kWh
although the distribution is quite broad.

Table 2 aggregates the key numerical values of the
results.

4.2 | Impact of a battery energy storage

As seen in the results thorough Section 4.1, each month has
slightly different charging characteristics.

F I GURE 9 Monthly average charging durations

F I GURE 1 0 Monthly average charged energies per charging event

F I GURE 1 1 Daily average charging power of the charging events and
the daily average outdoor temperature at the charging site

F I GURE 1 2 Average total power of the charging site in different
months

F I GURE 1 3 Average total power of the charging site in working days
and weekend days

F I GURE 1 4 Distribution of the charged energies according to the
share of customers
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That is why, it is useful to analyse the performance of the
BES during different months. In this section, the impact of a
BES on peak shaving during August and December are
compared. An overview of the arrangement is visible in
Figure 1.

Figure 15, illustrates the average peak reduction during
August. The outcomes of the simulations by using BESs with
four different power capacities (25, 50, 100 and 150 kW) and
four different energy capacities (25, 50, 100 and 150 kWh) are
shown.

It can be noted in Figure 15 that the BES with the lowest
nominal power and energy ratings (25 kW/25 kWh) provides
an average peak reduction of 32% during August. The figure
further illustrates that by increasing the energy capacity and
maintaining the power capacity at 25 kW, improves the per-
formance only minimally. The best performance is achieved
with a BES rated with 50–150 kW and 150 kWh. In that case,
the average peak reduction is 45%.

Analogous results are presented for December are pre-
sented in Figure 16. Logically, the lowest peak reduction is
37%, with a BES of 25 kW/25 kWh. The highest peak
reduction with the highest‐rated BES is 55%.

As each month poses slightly different charging charac-
teristics, the ability of a BES to assist in peak shaving varies
monthly. Reasonably, both curves are characterized by similar
shapes simply meaning that a larger BES is able to reduce the
power peaks more efficiently. It should be kept in mind that
the figures are not directly comparable since both months have
different power peaks. Most importantly, Figures 15 and 16
reveal a fair estimation about the order of magnitude that can
be expected when a BES is installed at the charging site.

Losses of the BESs are dependent on the battery tech-
nology and, as previously mentioned, the losses of the batteries
are not considered in this study. Including the losses will
further reduce the efficiency of the BESs. Although this paper
does not focus on optimizing the battery lifetime, such con-
siderations are important to be taken into account in the
future. The optimization presents the best possible scenario in
the sense that the arrival of EVs can be forecasted. In a real
installation this would not be the case, which decrease the
performance of the BES in peak shaving. However, the study

TABLE 2 The key characteristics of the charging site

Quantity

Number of the charging events 30,722

Average charged energy per
charging event

10 kWh

Total amount of charged energy
over the whole data timespan

307 MWh

Average charging duration 19 min

Average occupation rate of the
charging stations

21% (scale of 11%–35% between
different months)

Peak power of the charging site 290 kW (29 kW/charging station on
average), (58% of max. Power
output)

F I GURE 1 5 Average peak reduction at the charging site with different
sized of BESs during the month of August. BESs with four different output
powers and two different energy capacities are used. BES, battery energy
storage

F I GURE 1 6 Average peak reduction at the charging site with different
sized of BESs during the month of December. BESs with four different
output powers and two different energy capacities are used. BES, battery
energy storage.
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shows the limits of performance that can be achieved in the
best case.

Finally, the decisions whether to install a BES or not and
what kind of BES to install, are determined by economic
factors. Within the scope of this study, it is demonstrated that
even a BES with relatively low electrical dimensions (25 kW/
25 kWh) has a significant impact on the average peak reduc-
tion. This shows that a BES could provide an economically
feasible alternative for a larger connection size between the
public power distribution network and the charging site.

4.3 | Impact of a battery energy storage and
a photovoltaic generator

In this section, the results and the analysis of peak shaving by
using a BES and a photovoltaic generator are carried out. An
overview of the setup is illustrated in Figure 2. The results of
August with two different sizes of photovoltaic generators, 20
and 40 kW, are compared with each other in order to see the
impact of a photovoltaic generator on peak shaving. The
month of August is selected since it is a summer month. Oslo
is located in a relatively north, with long summer days and
short winter days. Therefore, the impact of a photovoltaic
generator during winter time is expected to be minimum and
thus excluded from the study. The results of the BES with the
smallest (25 kWh) and the largest (150 kWh) energy capacities
are considered.

The average peak reduction in August can be seen in
Figure 17 in the case of a 20 kW photovoltaic generator.
Figure 18 illustrates the results of the same study, but for a
photovoltaic generator with 40 kW nominal power. The results
of Figures 17 and 18 are comparable with the results presented
in Figure 15.

In Figure 17, it is visible that with a BES of 25 kWh, the
peak reduction is 39% in all studied power ratings. Thus,
installing a BES with a more output power does not increase
the performance. Without a photovoltaic generator, the peak
reduction would be 37%. On the other hand, if the BES has an
energy capacity of 150 kWh, then a power output of 50 kW
provides an improved average peak reduction of 59%. The
same case without a photovoltaic generator is 55%. It can be
concluded that investing an output power more than 50 kW in
a BES may not be economically feasible.

Figure 18 shows a similar shape that can be seen in
Figure 17, but with higher values. Comparison of Figures 17
and 18 illustrates that stronger solar irradiation has a beneficial
effect on peak shaving. This shows the contribution of
increased solar capacity in peak shaving. With the smallest BES
rating (25 kW/25 kWh), the peak reduction increases
marginally from 39% to 42% when the photovoltaic generator
is upgraded from 20 to 40 kW. With a larger BES (50 kW/
150 kWh), the average peak decrease improves from 59% to
66%.

The results show that a photovoltaic generator has only a
minor impact on peak shaving at the fast charging site.
However, it will reduce the overall energy drawn from the

distribution grid, especially during the long summer days. The
result is reasonable considering the size of the photovoltaic
generator. In this analysis, clouds, shadows or other factors
reducing the solar irradiation on the panels are not considered.
In reality, such factors further decrease the performance of the
photovoltaic generator. Installing a larger photovoltaic

F I GURE 1 7 Average peak reduction at the charging site when a
photovoltaic generator of 20 kW is used during the month of August. BESs
with four different powers and two different energy capacities are used.
BES, battery energy storage.

F I GURE 1 8 Average peak reduction at the charging site when a
photovoltaic generator of 40 kW is used during the month of August. BESs
with four different output powers and two different energy capacities are
used. BES, battery energy storage.
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generator would improve the performance. However, it should
be considered that in practical applications, especially in urban
areas, the lack of physical area exposed to direct sunlight may
be a limiting factor.

5 | CONCLUSION AND FUTURE WORK

In this section, the main conclusions and ideas for future
research are presented.

5.1 | CONCLUSION

Electric road transportation has been in the spotlight for a few
recent years as an alternative for its fossil rival. EV have to be
charged from a power source, typically from an electricity grid.
EV fast charging is a necessity for successful deployment of
EVs, and therefore it is necessary to understand the impacts of
fast charging stations on the electricity grid and on the trans-
portation system.

In this paper, data from highly used EV fast charging site
comprising 10 DC fast charging stations in Oslo was analysed.
The aim was to understand how real EV fast charging stations
are used. The data is valuable especially due to the fact that it is
measured at a commercial charging site, which is not a unique
setting only for research purposes. Thus the results reflect the
real user behaviour. The results imply that the stations are used
frequently in every day of week, but in the weekends, charging
seems to be made a bit more than in the working days. This
difference, however, decreases over time in the dataset of this
paper. Charging stations were used also broadly within the
days. Only a few weekly hours had very low usage. Also, a
significant temperature dependency in the charging rate was
observed; the colder the weather, the slower the charging.
Seasonal variations could not be observed from the data, as the
dataset covered 224 consecutive days. Also, the number of EVs
in Oslo (also in the world) increases rapidly, and this makes it
hard to observe seasonal utilization cycles, because the sea-
sonal variations are at least partly hidden under the growth of
the utilization rates.

A BES increases the flexibility of the charging site notably,
which leads to fact that more customers can be served with a
smaller grid connection capacity. A BES can decrease the peak
load at the charging site significantly. The highest decrease of
the peak load by 55% is achieved by using a BES with
150 kWh energy capacity. Generally speaking, the higher the
energy capacity of the BES, the more peak load can be
reduced. Incorporating a large photovoltaic generator in the
charging site, a reduction of the peak load by 66% is reached in
an ideal case. This paper does not consider the economic
aspect, but it indicates that incorporating a BES at a charging
site could be a technically sound alternative to a network
reinforcement. Generally, it can be said that the findings of this
paper point to the same direction as the results found in the
scientific literature. Considering that the simulations are based
on real charging data, this paper provides a meaningful

contribution in the research carried out in the field of EV‐
power system integration.

5.2 | Future work

The study raised several further questions and research
needs. One is that more data of different types of charging
sites should be analysed. This is necessary for understanding
the seasonal variations and the impact of the physical
location of the charging site. This could be approached by
using clustering techniques. Presumably, city centre charging
stations are used differently than ones, which are mostly
used near the highways to enable long distance EV travel-
ling. In addition, the data should include more information
about the charging. For example, the information on the
behaviour of the charging power during the charging events
would be valuable.

The optimization strategy will be further developed by
testing non‐linear approaches. Real‐life applications of pre-
dictive BES control will be developed. Also, economic and
ecologic factors and losses of the BES options will be analysed
in the future. In addition, ways to improve the accuracy of the
charging profiles of individual EVs will be included in the
future research.
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