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power the grid needs to have installed capacity for if no PV power system is
installed. Furthermore, appropriate PV power installation sizes are suggested. The
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List of Terms

EV

Electric vehicle - vehicles driven solely by electricity

PV power

Photovoltaic power - power produced from solar irradiance
through photovoltaic systems

The grid

The power grid or The electricity grid - delivers electricity from
producer to consumer through a network of transmission lines

GO

Guarantee of Origin - a certificate, issued by the Swedish
government, that assures the origin of produced power

W

Watt peak or Peak power - maximum power generated by a PV
system by a PV system under ideal conditions

Solar irradiance

Solar power per square metre reaching the surface of the Earth

P

1. Introduction
In June of 2016, the Cross-Party Committee on Environmental Objectives presented
their final report on an air and climate policy to the Swedish government. One of the
suggestions in the report was that Sweden should reduce emissions from the domestic
transport sector with 70 percent, compared to 2010 levels, before 2030 (Government
offices of Sweden 2016). In response to this, a group of corporations, mainly from the
energy sector, compiled a manifesto called The Almedalen Manifesto. The manifesto
targeted the Swedish government and suggested that investments in EVs and charging
infrastructure should be made. It was stated in the manifesto that “the technological
development concerning electric vehicles and charging infrastructure has reached a
stage where a large-scale introduction to the market is possible” (Rydegran 2017, our
translation). The suggestions made in The Almedalen Manifesto were supposed to guide
Sweden towards the final goal of reaching two million EVs before 2030. This goal was
considered necessary in order for the required decrease in emissions to be achieved
before 2030 (Rydegran 2017).
At the beginning of 2017, there were 28 000 EVs in Sweden. At that time, the number
of EVs increased by approximately 1000 vehicles per month. Domestic road
transportations currently cause about 30 percent of Sweden’s carbon dioxide emissions.
This indicates that extended usage of EVs could help reduce domestic emissions
(Lindholm 2017). A significantly increased number of EVs would, however, result in
new challenges. For example, the total load on the electricity grid would increase
(Lewald and Wikström 2017, 17).
In order for future energy demands to be met, PV power technology is expected to
undergo substantial development. However, since PV power generation is entirely
dependent on solar irradiance, this would contribute to increased strains on the
electricity grid (Nunes et al. 2015, 10-11). Major injections of unmatched PV power
could lead to voltage rise, capacity problems and power losses. Potential benefits of
grid-integrated PV power depend on how well the PV power generation matches the
local load (Munkhammar et al. 2013, 208) (Widén et al. 2010, 1562-1563). Hence, to
match PV power levels with the power used to charge EVs could be a beneficial
solution (Nunes et al. 2015, 10-11). This field of study is currently expanding. The
Stockholm-based company Solelia Greentech AB is a supplier of solar-charging stations
for rechargeable vehicles. The company concept is to provide 100 percent PV powergenerated EV charging. Solelia Greentech AB currently achieves this by offering GOs
to the charging stations users. The concept of GOs is to ensure customers that the same
amounts of power that go into their EVs are produced through PV power generation
(Solelia Greentech AB 2017a). Solelia Greentech AB is, however, also interested in
increasing the direct usage of PV power. The company plans to achieve this by
concentrating EV charging to hours of high solar irradiance (Wickman 2017). This
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project is carried out on behalf of Solelia Greentech AB, as an investigation of the
consequences of implementing such a charge-control system.

1.1 Purpose and Research Questions
In this project, a model that adjusts EV charging is implemented. The model strives to
match charging powers to hourly PV power generation forecasts, meet daily charging
demands and achieve constant power exchange with the electricity grid. The aim of the
project is to study how different sizes of car parks and PV installations affect levels of
self-consumption and grid impact. The study mainly focuses on answering the
following questions:
•

Given that no PV power is installed, what peak power does the electricity grid
need to have installed capacity for?

•

What installed PV powers per EV enable for average self-consumption levels to
be 100 percent?

•

What installed PV power per EV is required in order for the yearly charging
demand to be covered solely by PV generated power?

•

How are peak powers supplied to and from the electricity grid affected by
different PV installation sizes? What installed PV power generates the lowest
peak power?

•

Given a model that is based on a solar irradiance forecast, how are peak powers
supplied to and from the electricity grid affected when the actual solar irradiance
deviates from what was predicted?

1.2 Scope and Delimitations
This report investigates different simulations of EV charging. The simulations are
delimited to managing car parks in connection to workplaces, situated in Sweden. In
this model, all EVs are assumed to arrive at 8 a.m. and remain in the car park until 5
p.m. Models that treat around-the-clock charging are left for future studies. The model
is delimited to simulating weekdays. Weekends and holidays are not taken into account.
The EVs at the car park are seen as one system, and the simulations do not treat
individual charging demands.
The data used in this report consist of solar irradiance and driving distances to work.
The driving distances are collected by Transport Analysis (2007), the Swedish
government agency for transport policy analysis, and are representative of Sweden. It is
not representative of urban, suburban or rural areas in particular. The solar irradiance
data were recorded each minute during one year and collected in Norrköping by the
Swedish Meteorological and Hydrological Institute (2008). Since Norrköping and
Uppsala are similar in terms of solar irradiance, the data are assumed to be
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representative for Uppsala. If the model was to be applied in another region, this should
be taken into account.
The simulations can be carried out for different input parameters representing the levels
of installed PV power and numbers of charging stations. The number of EVs used in a
simulation is assumed to equal the chosen number of charging stations. The simulated
scenarios are delimited to combinations of 50, 100 or 200 EVs and 0, 20, 100, 200 or
300 kWP installed PV power. Numbers representing EVs or installed PV power are
constant throughout the simulation. For each day of the simulation, a new driving
distance for each EV is randomized. The model is strictly theoretical and not limited by
shortages in existing system control technologies.
A mean value for the electricity consumption per kilometer is used for all EVs. Hence,
the study is also applicable for hybrid vehicles with battery characteristics similar to
those of EVs. The aim is not to charge the EVs until their maximum battery levels are
reached. The electricity demand is calculated solely from the EVs’ randomized driving
distances. Furthermore, different EVs have different ideal battery levels. For example,
the Nissan Leaf battery lasts longer if its daily charge level does not exceed 80 percent
of the total battery capacity (Connor 2011). In this model, this is not taken into
consideration.
The model is based on a solar irradiance forecast for the upcoming nine hours. The
irradiance is calculated as the mean value of solar irradiance during those hours in the
current month. Hence, the daily solar irradiance forecast is identical for every day of a
specific month. From this information, the amount of power supplied to or from the
electricity grid is distributed throughout the workday in a way that minimizes grid
impact. The model’s tolerance against deviations in solar irradiance is examined
through a sensitivity analysis.

1.3 Disposition
The report consists of five different sections. Section 2 consists of background
information. In this Section, the reader is introduced to concerned energy systems such
as the power grid, EV characteristics, charging techniques and PV power generation. In
Section 3, the data and the methodology used to answer the research questions are
explained. In Section 4, the achieved results and a sensitivity analysis are presented.
Discussions and Conclusions are presented in Sections 5 and 6.

3

2. Background
2.1 The Power Grid
Depending on its size, a power generation unit is connected to different parts of the
electricity grid. Large-scale power generators, such as nuclear power and hydropower
plants, are generally connected to the high-voltage grid. PV power systems, on the other
hand, are often connected directly to the distribution grid (Nordling 2016, 20). The
allowed voltage variations on the electricity grid typically lie between ±5 percent and
±10 percent. These limits must be taken into account when the electricity generation
supplied to the distribution grid is increased (Widén et al. 2010, 1567).
According to the report Sweden's future electricity grid (Swedish: Sveriges framtida
elnät) issued by the Royal Swedish Academy of Engineering Sciences, the Swedish grid
will have to be adjusted in order for future electricity demands to be met. This is partly
due to the electrification of the transport sector. In the absence of regulating techniques,
EV charging is likely to coincide with already existing power peaks, i.e. during early
mornings and late afternoons. On the contrary, if EVs were to be charged during offpeak hours, using the excess electricity from intermittent energy sources, this could
have a positive effect on the power grid (Nordling 2016, 15-17).

2.2 PV Power Generation in Sweden
In Sweden, PV power systems have been used since the 1970s. They were, however,
originally set up as individual off-grid systems with the purpose of generating power to
individual devices. These kinds of installations still have a market in Sweden, but the
most common types of PV installations are connected to the electricity grid (Swedish
Energy Agency 2016b).
A PV power system uses semiconductor materials to convert solar photons into
currents. When a PV cell absorbs a photon, electrons are freed through charge
separation in the absorbing material. Due to this, a voltage is generated within the
material. If there is a closed circuit, a current is generated as well (Schavemaker and van
der Sluis 2008, 62). In 2015, the most common type of PV technique used silicon wafer
and accounted for about 93 percent of the global PV electricity production. The silicon
wafer module has an efficiency around 17 percent (Fraunhofer Institute for Solar
Energy Systems 2016, 4-6).
The installation rate of PV systems in Sweden is increasing. Between 2012 and 2014,
the installed PV power was doubled each year. In 2015, a total of 47.4 MWP of which
45.8 MWP was grid-connected, was installed. This equaled a 30 percent increase
compared to the previous year (Lindahl 2015, 5-6). The cumulative PV power installed
in Sweden between 2010 and 2016 is shown in Figure 1. At the end of 2016, the total
grid connected PV power was 140 MWP, distributed on 10 000 PV power installations.
4

Most installations generated less than or equal to 20 kWP and constituted 52 percent of
all grid-connected PV installations. The remaining PV systems were rated at powers
greater than 20 kWP, although only three installations were rated at powers greater than
1000 kWP (Berard 2017).

Figure 1. Cumulative PV power installed (MWp) in Sweden between 2010 and 2016
(Lindahl 2015, 8) (Statistics Sweden 2017).
PV power still constitutes a small part of the total electricity production in Sweden. In
2015, the total amount of generated electricity was 158.6 TWh, of which 0.12 TWh
(approximately 0.08 percent) was generated by PV power (Lindahl 2015). Germany, in
comparison, had 36.9 GWP installed PV power in 2015. The PV power generation
covered 7 percent of the domestic electricity demand that year (Fraunhofer Institute for
Solar Energy Systems 2016, 5).

2.3 Charging Techniques
The existing charging techniques are divided into two different groups; normal
charging and fast charging. Normal charging refers to charging with powers less than
22 kW. When the charging power exceeds 22 kW, this is considered fast charging.
When installing charging stations, it is important to consider how long the EVs are
going to stay at the site. For example, when parking at home or at work, normal
charging is usually sufficient (Lewald and Wikström 2017). Today, most of the
charging stations installed in Sweden use normal charging. This is predicted to remain
the most common charging type (Energy companies Sweden 2014). In Sweden,
regulations and laws make it difficult to install charging stations in common street
space. Hence, car parks make up good locations for normal charging stations (Lewald
and Wikström 2017).
5

2.4 Flexible Power Usage and Smart Charging
An increased electricity generation connected to the low-voltage grid, such as PV power
generation, requires flexible voltage regulation on both the transmission and distribution
grid. Regarding the distribution side, inverters regulate voltages on the electricity grid if
PV power generation exceeds 50 percent of the demand. This technique is used in
Germany and allows 40 percent more PV power generation, without any reinforcements
of the grid. Furthermore, the future electricity system will require not only flexible
power generation, but flexible power usage as well. This way, excessive current loads
on the local grid can be prevented. One way of achieving this would be by adjusting the
electricity price on an hourly basis. This would encourage increased electricity usage
when prices are low (Nordling 2016, 50-51).
Regarding grid planning for EV charging, flexible solutions can help reduce grid loads
caused by charging currents. There are two alternatives that can be used to avoid
excessive loads in distribution grids, caused by simultaneous EV charging. The first
option is to reduce charging powers. This does, however, prohibit possibilities for fast
charging. The second option is to assign each EV a unique starting time. This way,
overlap can be reduced since either the entire recharging process, or parts of it, are
scheduled to off-peak hours (Walker et al. 2016).
A car park does usually not have the installed capacity required for multiple charging
stations to be run at peak power. The kind of deployment that such a grid would require
is cost inefficient. In order for this problem to be avoided, some kind of load balancing
is required. One solution is based on measuring grid currents and communicating with
the charging stations connected to the grid. If there is a risk of power overload, the
charging currents are decreased (Chargestorm 2017).

2.5 PV Power and Lenient EV Charging
When an EV is connected to a charging station, the battery is initially charged at a low
power level. After a while, the power increases until it reaches a level close to the
maximum tolerance of the battery. Towards the end of the charging session, the power
decreases and the battery is charged at a low level. Such a charging pattern is lenient
towards the battery (Power Circle 2017). According to statistics collected by Transport
Analysis (2014), a majority of all trips to and from Swedish workplaces occur during
the time intervals 7.00 a.m.-8.00 a.m. and 4.00 p.m.-5.00 p.m. On a cloudless day,
regardless of what day of the year it is, the solar irradiance level increases from 8.00
a.m., peaks between 10 a.m. and 1 p.m., and decreases during the rest of the day. This
pattern can be distinguished in Figure 2. Hence, in an ideal case, charging EVs with PV
power would enable a charging pattern that is lenient towards the battery (Power Circle
2017).
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Figure 2. Average solar irradiance per square meter during one workday in Mars, June
and December respectively.

2.6 Self-Consumption
Self-consumption of PV power refers to direct usage of the electricity produced by PV
power systems. Although PV power systems usually are connected to the electricity
grid, there are several advantages to maximizing the self-consumption levels. When
electricity is used directly on site, cable losses are reduced. For photovoltaic plants
installed adjacent to a system where electricity is consumed, losses amount to a
maximum of 1 percent. This is a small number in comparison to Swedish power grid
losses, which amounted to 6.7 percent of the generated power in 2014. High selfconsumption levels also mean that the amount of electricity bought from and sold to the
electricity grid is minimized, which leads to economic benefits (Swedish Energy
Agency 2016a, 14).

2.7 Solelia Greentech AB
Solelia Greentech AB is a Swedish provider of solar charging stations for EVs, founded
in 2011 and situated in Stockholm. The stations have 14 square metre roofs. These are
covered with PV panels that generate about 2kWP. The PV panels are connected to
charging sockets below, and deliver about 2000 kWh per year and station. This number
can be translated to 10000-15000 kilometers in driving distance for an EV (Solelia
Greentech AB 2017c) (Wickman 2017). Photos of a solar charging station are shown in
Figure 3. In order to guarantee customers 100 percent solar energy for EV charging,
Solelia Greentech AB uses The Solar Bank (Solelia Greentech AB 2017d) (Wickman
2017).

7

The Solar Bank enables balance between the powers produced and consumed by the
connected systems. The Solar Bank accomplishes this by first registering data on the
power produced in the connected PV power systems. The data are forwarded to Svenska
kraftnät (Authority for Swedish power grids) who issues GOs for the PV power.
Simultaneously, readings of power consumption at connected charging stations are sent
to The Solar Bank. This way, The Solar Bank ensures that the charging power supplied
from connected stations is 100 percent solar (Solelia Greentech AB 2017b).

Figure 3. To the left: overview of Solelia Greentech AB’s charging station at Uppsala
Central Station. To the right: the power socket specifications. Photo: Ellen Lindblom
2017.
Solelia Greentech AB is currently involved in SolarCharge2020, a project with aim to
use EVs for storage and consumption of intermittent PV power. The project is part of
the EU ERA-Net Smart Grid Plus program, and was initiated by Solelia Greentech AB.
One of the key purposes of the project is to demonstrate large-scale solutions for
matching EV charging with local generation of PV power. Full scale systems for solar
charging will be built in both Uppsala, Sweden and Tromsø, Norway. SolarCharge2020
will be completed in 2018 (Solelia Greentech AB 2017e).
In the future, Solelia Greentech AB aims to expand the current business concept to also
offering a solution for smart EV charging. The plan is to match EV charging powers
with solar irradiance forecasts and expected charging demands. In order to achieve this,
Solelia Greentech AB would use a protocol provided by Open Charge Alliance, a global
consortium of public and private EV infrastructure leaders. There are, however, no
current users of this kind of service, which was one major reason for initiating the
SolarCharge2020 project (Wickman 2017) (Open Charge Alliance 2017).
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In this report, theoretical potential for EV smart charging is investigated, as a first step
towards implementing flexible EV charging in Solelia’s system.

3. Methodology and Data
In this report, MATLAB is used for all simulations and calculations. The main script
takes data on driving distances and solar irradiance as input parameters. It then
calculates the amount of power that should be supplied to the EVs and the electricity
grid respectively each hour, in order for the self-consumption to be maximized and grid
impact to be reduced. The model of the system studied in this report can be seen in
Figure 4.

Figure 4. A schematic illustration of the concepts studied in this report. A smartcharging system taking solar irradiance forecasts into account and registering the
charge demand from the EVs. From that information, it decides how much power is
needed from the electricity grid and the PV installation in order for the EVs to get
charged. Figure: Alfred Birging 2017.

3.1 Solar Irradiance
In the calculations of PV power generation, the ideal solar irradiance is set to 1000
W/m2. This number is frequently used when determining nominal efficiencies for PV
9

modules under standard test conditions (International Energy Agency 2014, 12). Solar
irradiance data are obtained from Swedish Meteorological and Hydrological Institute
(2008). The data consist of minute resolution horizontal solar irradiance for Norrköping
during one year. These readings are transformed into average hourly solar irradiance
that is assumed to be identical all days of the same month. The values representing solar
irradiance during workday hours are extracted from the data. For a certain installed peak
power, the average PV power generation during each hour is calculated using:
𝑃"#$ = 𝐴'( ∙ 𝐼+,-, ∙ 𝜂 =

'0
1234 ∙ 5

∙ 𝐼+,-, ∙ 𝜂 =

'0
1234

∙ 𝐼+,-, .

(1)

Table 1. Explanation of the variables used in Equation 1.
Pgen

PV power generation [W]

APV

Area of the PV system [m2]

Idata

SMHI solar irradiance data [W/m2]

𝜂

The PV system efficiency

Pp

Installed PV power (peak) [W]

Isun

Ideal solar irradiance reaching the surface of the Earth [W/m2]

The variations in average solar irradiance during workday hours for different months are
shown in Figure 5.
600
500

[W/m2]

400
300
200
100
0
Jan Feb Mar

Apr May Jun

Jul

Aug Sep Oct Nov Dec

Figure 5. Average solar irradiance per square metre and month during the hours of one
workday (Appendix A) (Swedish Meteorological and Hydrological Institute 2008).
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3.2 Driving Distances
Data from Transport Analysis (2007) on driving distances to Swedish workplaces have
been used. The data set consists of 5651 driving sessions, of which the longest recorded
driving distance is 600 km. The most common driving distances are found within the
range 0-120 km. Figure 6 shows how these driving distances are distributed (for a
histogram that displays the entire interval 0-600 km, see Appendix B). In each
simulation, the driving distance for each car is randomly selected from these data. An
average EV power consumption is used for calculations of charging demands for each
simulated EV. The average consumption is set to 0.2 kWh/km, a number that is
collected from Munkhammar and Shepero (2017, 2).

Figure 6. Driving distances to Swedish workplaces within the range 0-120 km
(Transport Analysis 2007).

3.3 The Model Principle
The model is built on the idea of matching hourly charging powers and PV power
generation, meeting daily charging demands and achieving constant power exchange
with the electricity grid. Since the driving distance for each EV is randomly selected
each day, the charging demand of the car park is unique for each day of the simulated
year. The level of self-sufficiency depends on the amount of installed PV power. If the
accumulated PV energy generation for one day equals the car park demand, all PV
generated power is supplied directly to the EVs. If the accumulated PV energy
generation falls short of the daily car park demand, the deficit is supplied from the
electricity grid, evenly distributed over all workday hours. If the daily PV energy
generation exceeds the car park demand, the excess power is supplied to the electricity
grid as evenly distributed as possible. In this case, where the PV system generates
excess energy, the power exchange with the electricity grid is different each hour,
11

depending on whether the hourly PV energy generation is higher or lower than the mean
excess energy generation. The model principle is described by the flowchart in Figure 7,
and the charging processes simulated for two arbitrary days of the year are shown in
Figure 8.

Figure 7. Flowchart describing the model principle during one simulated day. The
variable EEV represents the total charge energy demand of the day, EPV represents the
total generated PV energy of the day, EEV* represents the remaining charge energy
demand divided by remaining workday hours and EPV* represents the generated PV
energy of the hour.

Figure 8. PV power generation, power supplied to EVs at the car park and power
exchange with the grid. (a) shows a day in December, where the power deficit is
supplied from the grid. (b) shows a day in June, where excess power is supplied to the
grid. The simulation parameters are set to 100 EVs and 200 kWP installed PV power.
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3.4 Input Parameters and Indicators of System Performance
In the model, there are mainly two parameters that have been varied between
simulations. These are the number of EVs charging at the car park and the peak power
of the installed PV system. The generated PV power, in turn, is calculated from the
expected solar irradiance. Depending on purpose, there are several different ways of
assessing the system performance. Interesting aspects examined in this report are the
self-consumption level, the average PV power coverage of the charging demand and the
power exchange with the electricity grid during peak hours. Different installations of
PV power show different performance in all of these aspects. This is investigated
further in the Results section.

3.5 Self-consumption and PV Coverage level

Figure 9. The straight line represents EV charging power demand and the curved line
represents PV power generation, during one day.
In this report, the self-consumption level (SC) is defined as the share of the generated
PV energy that is used to charge EVs. The average PV energy coverage of the total
charging demand (AC) is defined as the generated PV energy divided by the charging
demand. These definitions are illustrated in Figure 9 and described by:
𝑆𝐶 =
and
𝐴𝐶 =

9

(2)

9:;
9:;
<:9:=

.

(3)

Note that the model used for simulations adjusts the charging power to match hours
with high PV power generation. If PV power is generated during the day, the straight
line used for illustration in Figure 9 is, in fact, curved as well.
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The average PV energy coverage for each scenario is calculated according to Equation
3. The average installed PV power needed per EV in order for full coverage of the
charging demand to be achieved, is then calculated using:
𝑃=

'0

(4)

>?@2 ∙ <=

and
𝑃,A# =

B
$

∙

$
CDB 𝑃 C .

(5)

Table 2. Explanation of the variables used in Equations 4 and 5.
P

Installed PV power needed per EV [W]

Pave

Average installed PV power needed per EV [W]

Pp

Installed PV power (peak) [W]

NEVs

Number of EVs in each scenario

n

Number of scenarios

All results are based on simulated scenarios delimited to combinations of 50, 100 or 200
EVs and 0, 20, 100, 200 or 300 kWP installed PV power. In order for the selfconsumption level to be examined, further simulations are made. The method used is
repeated simulations with small changes of the input parameters until a limit has been
determined.

4. Results
4.1 System Performance for Different Scenarios
Table 3 shows the average daily self-consumption level over one year for different
parameter settings. Further simulations show that the maximum installed PV power
allowed, if the aim is to maintain 100 percent self-consumption, is approximately 693
WP per EV.
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Table 3. Average daily self-consumption level, described as percentages, for different
numbers of EVs and different PV power installations.
Installed PV power

Number of EVs
50

100

200

20 kWP

100 %

100 %

100 %

100 kWP

74.6 %

93.3 %

100 %

200 kWP

54.8 %

74.6 %

93.3 %

300 kWP

44.9 %

63.0 %

83.1 %

In Table 4, the ratio produced PV energy divided by charging demand, i.e. how much of
the EV charging demand is covered by PV generated energy, is shown. The closer the
table elements are to 100 percent, the lower are their deviations from demand.
Table 4. Yearly PV power coverage compared with charging demands, described as
percentages, for different numbers of EVs and different PV power installations.
Installed PV power

Number of EVs
50

100

200

20 kWP

26.6 %

13.3 %

6.64 %

100 kWP

133 %

66.4 %

33.2 %

200 kWP

266 %

133 %

66.4 %

300 kWP

399 %

199 %

99.7 %

Equations 4 and 5 are used to calculate the average installed PV power needed per EV
in order for a 100 percent PV power coverage of the charging demand to be achieved,
seen over one year. When the values shown in Table 4 are used, the installed PV power
needed per EV is calculated to 1.5 kWP per EV.
Table 5 shows peak power exchanges that occur between the PV system and the
electricity grid during one hour, for different numbers of EVs and different PV power
installations. The table shows power exchanges in both directions, i.e. power from the
PV system supplied to the grid during hours of high production, and power supplied
from the grid to the car park during hours of low production. According to the results
shown in Table 5, the electricity grid needs to have installed capacity for at least 370 W
per EV when no PV power is installed. This value is calculated as grid power divided
15

by the number of EVs. For PV installations smaller than or equal to 20 kWP, the yearly
excess power is zero for all simulated charging demands. With a 100 kWP PV
installation, however, the excess power is zero only for the simulated car park
containing 200 EVs. It is shown that as the amount of installed PV power increases, the
amount of power supplied to the electricity grid increases faster than the amount of
power supplied from the electricity grid decreases. For example, in a car park with 200
charging stations, the peak power supplied from the grid decreases by 2 kW (from 69.5
kW to 67.5 kW) when the PV installation is changed from 200 kWP to 300 kWP. This a
2.9 percent decrease. In comparison, the peak power supplied to the grid increases by
51.8 kW (from 31.1 kW to 82.9 kW), which equals a 167 percent increase, for the same
case.
Table 5. Peak powers, in kWP supplied from and to the grid for different numbers of
EVs and different PV power installations.
Number of EVs
Installed PV power
0 kWP

20 kWP

100 kWP

200 kWP

300 kWP

50

100

200

From grid:

18.5 kW

36.9 kW

73.8 kW

To grid:

0.0 kW

0.0 kW

0.0 kW

From grid:

18.0 kW

36.4 kW

73.1 kW

To grid:

0.0 kW

0.0 kW

0.0 kW

From grid:

16.4 kW

34.8 kW

71.5 kW

To grid:

34.3 kW

15.6 kW

0.0 kW

From grid:

14.4 kW

32.8 kW

69.5 kW

To grid:

91.9 kW

68.5 kW

31.1 kW

From grid:

12.4 kW

30.8 kW

67.5 kW

To grid:

151.1 kW

125.4 kW

82.9 kW

Figure 10 shows how powers supplied to the EVs and power interactions with the
electricity grid vary during workdays over the year. The simulations are run with a 100
kWP PV power installation and a car park containing 100 EVs. With these parameters,
the model manages to maintain an even exchange of power between the charging
system and the electricity grid throughout the workday, every day of the year, according
to Figure 10b.
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Figure 10. (a) shows variations in energy supplied to the EVs during different hours
and workdays of the year. (b) shows variations in power supplied from the grid.
Negative values mean that excess power is supplied to the electricity grid. The
simulation parameters are set to 100 EVs and 100 kWP installed PV power.

4.2 Sensitivity Analysis
The simulations presented in the previous section are based on a crude solar irradiance
forecast. In other words, it is assumed that the amount of PV energy that will be
generated during the day can be calculated with perfect accuracy. In reality, however,
the solar irradiance can not be guaranteed. For most hours, the actual irradiance will
deviate from what was predicted. In this section, two scenarios with deviating solar
irradiance are investigated. The scenarios are simulated with solar irradiance that is 50
percent and 150 percent, respectively, of what was predicted.
Table 6 shows peak powers supplied to and from the electricity grid when the solar
irradiance is 150 percent of what was predicted and the model still adjusts the hourly
charging powers to match the forecast. These values are comparable with those in Table
5. The powers supplied from the grid shown in Table 6 are identical to the ones shown
in Table 5, while the excess powers supplied to the grid are affected to a higher degree.
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Table 6. Peak powers, in kWP, supplied from and to the grid for different numbers of
EVs and different PV power installations, when solar irradiance is 150 percent of what
was predicted.
Number of EVs
Installed PV power
20 kWP

100 kWP

200 kWP

300 kWP

50

100

200

From grid:

18.0 kW

36.4 kW

73.1 kW

To grid:

0.0 kW

0.0 kW

0.0 kW

From grid:

16.4 kW

34.8 kW

71.5 kW

To grid:

66.9 kW

48.3 kW

13.0 kW

From grid:

14.4 kW

32.8 kW

69.5 kW

To grid:

157.3 kW

133.9 kW

96.5 kW

From grid:

12.4 kW

30.8 kW

67.5 kW

To grid:

249.1 kW

223.5 kW

181.0 kW

The case where the solar irradiance is 150 percent of what was expected is compared to
the case where the solar irradiance is exactly as forecasted. Table 7 shows the
percentual ratio between peak powers. Peak power values in Table 6 are divided by the
corresponding values in Table 5. It is seen that when the irradiance is 150 percent of
what was expected, the power supplied to grid is increased in a majority of the
scenarios. The highest deviation occurs for 100 EVs and 100 kWP as well as 200 EVs
and 200 kWP. In these cases, the peak power amounts to 310 percent of the peak power
supplied to the grid in the case where irradiance is as predicted. The peak powers
supplied from the grid are not significantly affected.
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Table 7. The ratio of peak powers supplied from and to the electricity grid, in
percentage, when the solar irradiance is 150 percent of what was predicted, compared
to the case where irradiance is as predicted. *Whenever the denominator is zero, but
the numerator is a number, the increase is infinite.
Number of EVs
Installed PV power
20 kWP

100 kWP

200 kWP

300 kWP

50

100

200

From grid:

100 %

100 %

100 %

To grid:

100 %

100 %

100 %

From grid:

100 %

100 %

100 %

To grid:

195 %

310 %

Inf *

From grid:

100 %

100 %

100 %

To grid:

171 %

195 %

310 %

From grid:

100 %

100 %

100 %

To grid:

165 %

178 %

218 %

Table 8 shows peak powers supplied from and to the electricity grid when the solar
irradiance is 50 percent of what was predicted. In this case, the deviations from the
results in Table 5 appear in both directions of the power exchange. Generally, the power
supplied from the grid increases while the excess power supplied to the grid decreases.
These deviations become more distinct as the installed PV powers increase, which
indicates that the sensitivity of the model is dependent on the size of the PV system.
Table 8. Peak powers, in kWP, supplied from and to the grid for different numbers of
EVs and different PV power installations, when solar irradiance is 50 percent of what
was predicted.
Number of EVs
Installed PV power
20 kWP

100 kWP

200 kWP

300 kWP

50

100

200

From grid:

18.4 kW

36.8 kW

73.6 kW

To grid:

0.0 kW

0.0 kW

0.0 kW

From grid:

18.6 kW

37.0 kW

73.8 kW

To grid:

17.1 kW

3.2 kW

0.0 kW

From grid:

18.9 kW

37.2 kW

74.0 kW

To grid:

43.3 kW

34.1 kW

6.4 kW

From grid:

19.1 kW

37.5 kW

74.2 kW

To grid:

73.0 kW

60.4 kW

37.0 kW
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The case where the solar irradiance is 50 percent of what was expected is compared to
the case where the solar irradiance is exactly as forecasted. Table 9 shows the
percentual ratio between peak powers. Peak power values in Table 8 are divided by the
corresponding values in Table 5. It is seen that when the irradiance is 50 percent of what
was expected, peak powers supplied to the grid are decreased in the majority of
scenarios. The highest percentual deviation in power supply occurs for 100 EVs and
100 kWP as well as 200 EVs and 200 kWP installed PV power, where the peak power
amounts to 21 percent of the power in the case where irradiance is as predicted. The
powers supplied from the grid are, on the other hand, increased in all scenarios. The
highest deviation occurs for 50 EVs and 300 kWP installed PV power, where the power
supplied from the grid amounts to 154 percent of the power in the case where irradiance
is as predicted.
Table 9. The ratio of peak powers supplied from and to the electricity grid, in
percentage, when the solar irradiance is 50 percent of what was predicted, compared to
the case where irradiance is as predicted.
Number of EVs
Installed PV power
20 kWP

100 kWP

200 kWP

300 kWP

50

100

200

From grid:

103 %

101 %

101 %

To grid:

100 %

100 %

100 %

From grid:

114 %

106 %

103 %

To grid:

50 %

21 %

100 %

From grid:

131 %

114 %

106 %

To grid:

47 %

50 %

21 %

From grid:

154 %

122 %

110 %

To grid:

48 %

48 %

45 %

Figure 11 shows what impact the system has on the electricity grid, given that the actual
solar irradiance is 150 percent or 50 percent of the predicted irradiance. This can be
compared with Figure 10b, showing the case with solar irradiance that complies with
what was predicted. Since the same simulation parameters are used in all scenarios
shown in Figure 10 and 11, the power values are comparable. As shown in these
figures, the predominant difference between the three cases is seen in peak power
supplied to the electricity grid (negative values on the vertical axis). The peak power
supplied from the grid (positive values on the vertical axis) is not affected to the same
extent. In the case where the irradiance is 150 percent of what was predicted, the peak
power from the PV system to the grid more than triples. This can be seen through a
comparison between Tables 5 and 6. In the scenario where the irradiance reaches 50
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percent of what was predicted, power supply to the electricity grid is uncommon and
negligible for most cases.

Figure 11. Variations in energy supplied to and taken from the electricity grid that
occur when the actual solar irradiance deviates from what was predicted. (a) shows
what happens if the solar irradiance is 150 percent of what was predicted. (b) shows
what happens if the solar irradiance is 50 percent of what was predicted. The
simulation parameters are set to 100 EVs and 100 kWP installed PV power.

5. Discussion
According to the results shown in Table 3, the average self-consumption level is 100
percent for all simulated car park sizes when the installed PV power is 20 kWP. In other
words, for a 20 kWP PV power installation, power is never supplied to the grid. For
most larger PV installations, however, the self-consumption levels are below 100
percent. In these cases, excess powers are supplied to the grid. Nevertheless, if the
model was to be applied to a real case, excess powers from the PV system could be used
for other applications than EV charging, such as supplying electricity to adjacent
buildings.
The self-consumption level indicates how much of the generated PV power is supplied
directly to the EVs. This may be of interest if the aim is to use all PV generated power
locally and thus entirely avoid power supply to the grid. The yearly PV power coverage,
on the other hand, indicates how well the PV generated power covers the charging
demand on a yearly basis. This is presented in Table 4. According to calculations, 1.5
kWP installed PV power is needed per EV in order for the yearly PV power coverage to
be 100 percent. According to Equation 1, a 1.5 kWP PV power installation with 17
percent efficiency (see Section 2.2) has an area of about 9 m2. This area can be
compared to the area of a parking bay, which normally amounts to 12.5 m2 (Swedish
Transport Administration 2012, 172). A 1.5 kWP PV power installation is suitable if the
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aim is to generate enough PV energy to cover the EV charging demand on a yearly
basis. For a company like Solelia, that uses The Solar Bank in order to guarantee
customers 100 percent PV generated electricity, this could be an interesting result.
However, although the yearly net exchange with the electricity grid is zero, this result
does not take instantaneous or even daily power peaks into consideration. In other
words, grid impact is not necessarily minimized.
According to the results shown in Table 5, the peak power supplied from the electricity
grid decreases by less than 8 kW when the installed PV power increases from 0 to 300
kWP. With a 300 kWP PV power installation, a peak power of 12.4 kW still has to be
supplied from the grid in order for the charging demand of 50 EVs to be covered. This
indicates that no matter how much PV power is installed, there will be days when the
solar irradiance is too low to generate enough PV power to cover the charging demand
of 50 or more EVs. For all simulated scenarios, there is always at least one hour in a
year during which the power supplied from the grid exceeds 10 kW. In other words, the
peak powers supplied from the grid do not seem to decrease significantly when the PV
power installations are increased. The amounts of excess power supplied to the grid,
however, appear to increase at a higher pace. In other words, when determining what
PV power installations are most efficient at reducing peak powers on the grid, power
flows in both directions must be considered. Furthermore, in the case where the car
park holds 50 EVs, the excess power reaches 151 kW when 300 kWP PV power is
installed. Depending on what currents the car park has installed capacity for, this could
require high-voltage equipment. This would, in turn, require reinforcements of the local
grid. In other words, large PV power installations in connection to EV charging stations
might also face financial limitations. Another interesting result shown in Table 5 is that,
according to this model, charging EVs with PV generated electricity actually helps
reduce peak powers on the grid.
When the actual PV irradiance is 150 percent of what was predicted, peak powers
supplied from the electricity grid are not affected. Peak powers delivered to the grid do,
however, increase. This is reasonable, considering that the system simulated in the
model adjusts EV charging to match the predicted, in this case lower, PV power
generation. No additional power has to be supplied from the grid during hours when the
PV power generation is low, but the unexpected excess power that is generated during
peak hours is supplied to the grid. When the actual PV irradiance reaches 50 percent of
what was predicted, the peak powers supplied from the grid increase while the peak
powers supplied to the grid decrease. Once again, this is reasonable. Since the system
adjusts EV charging to match the predicted, in this case higher, PV power generation,
the lack of generated PV power during peak hours has to be compensated for with grid
power. Since the PV power generation during hours of low irradiance is even lower than
expected, the amount of power supplied to the grid is, too, lower than expected.
Regarding the sensitivity analysis, it is clarified that the model used for simulations in
this project is not reliable for real-case applications. If it was to be used, one of the
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consequences would be that unpredicted excess powers were supplied to the grid. One
of the major shortcomings of the model is the time range of the solar irradiance forecast.
To predict entire years is to make rough approximations. If the model was to be
developed further, the reliability could be improved by prediction of power generation
and loads on a daily or hourly basis. Furthermore, the driving distances used in the
model are based on 100 simulations. A different number of simulations could have
resulted in different charging demands. This would, in turn, have affected the final
results.

6. Conclusions
All results and conclusions are based on the assumption that the model created in
MATLAB is implemented as a system that adjusts EV charging. The simulated
scenarios are delimited to combinations of 50, 100 or 200 EVs and 0, 20, 100, 200 or
300 kWP installed PV power. In order for PV installations appropriate for 100 percent
self-consumption to be found, however, further simulations are carried out.
If there is no PV power installation, the grid needs to have installed capacity for on
average 370 W per EV. This means that a car park that holds 50, 100 or 200 EVs,
demands a grid that has installed capacity for at least 18.5, 36.9 or 73.8 kW
respectively.
The average self-consumption levels can only remain 100 percent for certain PV power
installations. The maximum installed PV power allowed, if the aim is to maintain 100
percent self-consumption, is approximately 693 WP per EV.
When the installed PV power is 1.5 kWP per EV, the yearly coverage of the charging
demand is 100 percent. This does not, however, take instantaneous or even daily power
peaks into consideration. Even though the yearly net exchange with the electricity grid
is zero, grid impact is not necessarily minimized. On the other hand, a larger PV power
installation would entail a yearly net power supply to the electricity grid, while a
smaller PV power installation would require a net power supply from the grid.
For all simulated numbers of EVs, the peak powers supplied from the electricity grid
decrease, while the peak powers supplied to the electricity grid increase, as the PV
installation sizes increase. If the aim is to reduce peak powers on the grid, the numbers
of EVs and the peak power flows to and from the electricity grid shown in Table 5
determine what PV power installations are most beneficial. For 50, 100 and 200 EVs,
the most beneficial PV power installations are 20, 100 and 200 kWP respectively.
Furthermore, according to the implemented model, EV smart charging with PV
generated power could help reduce peak powers on the electricity grid. This would,
however, require accurate solar irradiance forecasts. This is explained further in the
following sections.
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The sensitivity analysis shows how the model results are affected by interference in the
solar irradiance. When the solar irradiance is 150 percent of what was predicted, the
powers supplied from the electricity grid are not affected. When the irradiance is only
50 percent of what was expected, on the other hand, the powers supplied from the grid
are increased in all simulated scenarios. The highest deviation, caused by interference in
solar irradiance, in peak powers supplied from the grid consists of a 54 percent increase.
Furthermore, the powers supplied to the grid are remarkably decreased when the solar
irradiance is 50 percent of what was predicted. When the most significant decrease
occurs, the peak power amounts to 21 percent of the power calculated in the case where
the irradiance complies with the forecast. When the irradiance is 150 percent of what
was predicted, the power supplied to grid is increased in the majority of scenarios.
When the highest deviation occurs, the power supplied to the grid is 310 percent of the
power in the case where irradiance is as predicted.
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Appendix A
In Table 10, data on hourly solar irradiance (W/m2) are presented.

Table 10. Solar irradiance per square metre during different hours of a workday
for different months (Swedish Meteorological and Hydrological Institute 2008).

Hour of the day

Jan

Feb

Mar

Apr

Maj

Jun

Jul

Aug

Sep

Okt

Nov

Dec

08.00-09.00

27,8

96,2

239,8

386,0

552,6

539,4

542,4

345,3

244,0

161,6

59,2

15,7

09.00-10.00

57,1

136,1

281,7

456,5

587,9

616,9

604,7

357,9

264,8

198,5

90,4

35,4

10.00-11.00

66,4

169,1

303,1

475,6

600,7

653,7

603,3

369,6

274,6

209,3

108,6

44,6

11.00-12.00

67,3

171,2

301,9

460,0

588,8

621,1

598,8

362,0

283,3

196,4

96,9

44,0

12.00-13.00

53,6

149,1

284,2

424,9

523,7

598,8

535,3

338,7

262,7

165,2

69,5

28,3

13.00-14.00

29,4

99,0

239,4

377,6

468,3

520,8

497,1

285,8

202,3

127,5

35,0

10,4

14.00-15.00

7,4

53,9

164,8

298,5

404,5

433,2

417,5

233,7

141,4

64,2

7,6

0,9

15.00-16.00

0,2

12,5

96,5

212,4

329,7

343,7

323,5

177,2

94,6

16,8

0,3

0,0

16.00-17.00

0,0

0,4

28,2

109,4

212,3

246,9

223,7

108,7

30,6

1,0

0,0

0,0

34,3

98,6

212,4

343,5

474,3

508,3

482,9

286,5

199,8

126,7

52,0

19,9

Average
irradiation

Solar
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Appendix B
Figure 12 shows the distribution of 5651 driving distances to Swedish workplaces.

Figure 12. Histogram of Swedish driving distances to work (Transport Analysis 2007).
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