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Abstract
The growing focus on climate change has led to an increased need for renew­
able energy sources, where residential photovoltaic systems are attractive for
consumers wishing to contribute to the green transition. Alternative transporta­
tion forms, such as electric vehicles have also gained momentum, however with
increased grid tariffs, smart charging has become increasingly more important.

This thesis aims to investigate how the addition of an electric vehicle will influ­
ence a prosumer’s power exchange with the electricity grid. It explores the poten­
tial benefits of using smart charging strategies and how these may provide added
value to a prosumer. Moreover, the influence of the prosumer’s driving habits and
the charger’s power rating on the technical and economical results are assessed.

MATLAB­Simulink was used to model the controllers using a set of heuristic rules.
The first four controllers are uni­directional and build on the previous one, whereas
the fifth is a bi­directional controller. The controllers investigated were: (i) Dumb
charging without a smart charger, (ii) V1H charging during low grid tariffs, (iii)
V1HS charging utilizing more PV, (iv) V1HSD aiming at reduced degradation, and
(v) V2H vehicle­to­home discharging during peak and high grid tariffs.

The basic system setup consists of an 11 kW smart charger and a 62 kWh EV that
drives six times a week for a total of 315 km. All algorithms were assessed on
the technical performance with regard to key metrics such as self­consumption,
self­sufficiency, energy loss, average SOC and number of battery cycles. The
economic assessment showed the largest improvement in total electricity bill was
from Dumb to V1H with a difference of 4413 DKK achieved from shifting the charg­
ing start time from when the vehicle returns home to midnight. The improvement
from uni­directional charging to bi­directional charging was 458 DKK.

An additional driving pattern was tested, where the prosumer drives four days
a week for a total of 225 km. This increased the utilization of PV production and
led to a higher self­consumption and self­sufficiency in V1HS, V1HSD and V2H
from the first driving pattern. The prosumer also benefited economically as the
price for total consumption of both house and EV could be covered by the sale of
PV with a surplus of 282 DKK in V2H.

The power difference between PV production and household consumption was
seen to lie predominantly between ­3 kW and 3 kW, so a 6 kW and a 3 kW charger
were investigated for the first driving pattern. A substantial decrease in energy loss
was seen in V2H, with a reduction of 71% from the 11 kW to the 3 kW charger.
This resulted in a surplus of 2 DKK for the 3 kW charger, an improvement of 460
DKK from the 11 kW charger in V2H.

Further investigation could include scaling to vehicle­to­grid applications or using
day­ahead electricity prices in optimization algorithms to determine the charging
and discharging of the vehicle based on the total electricity price, instead of just
grid tariffs.
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1 Introduction
In the last decade, the awareness of the climate crisis and the potential impacts of
global warming and climate change has skyrocketed and laid a newfound focus
on reducing greenhouse gas emissions. With the signing of the Paris Agreement
in 2015 [1], signifying an international effort in combating climate change, many
countries have begun to look for alternative forms of energy to replace conven­
tional fossil fuels [2].

The main contestants in the Danish renewable energy market consist of wind and
solar power. According to a study conducted by EnergiNet Denmark wind and
solar covered 59.3% of the total electricity consumption in Denmark in 2022 [3],
contributing in large part to the Danish governments goal of being carbon neutral
by 2050 [4]. This has been achieved by installing a large number of off­shore
wind parks and solar farms. However, in recent years residential photovoltaic
(PV) installations have gained momentum, which allows individuals to produce
and consume self­generated power, thus partaking in the green transition as pro­
sumers.

With the increase in renewable energy well under way, the Danish government
has now also begun to electrify the transportation sector, by setting a goal to in­
crease the total number of electric vehicles (EVs) to 775,000 by 2030 [5]. Due
to low charging costs, increased driving distance and decreased charging times
[6] [7] of electric vehicles, more Danes are choosing EVs over conventional fos­
sil fuel driven cars in line with reducing their carbon footprint. However, as more
vehicles are added to the system, charging methods become increasingly impor­
tant for grid security [8] [9]. The cost of transporting electricity in the Danish grid
increased in 2023 [10], in order to shift consumption from peak hours, which cur­
rently lie between 17 and 21, to off­peak hours. The increase in grid tariffs further
motivates EV owners to implement smart charging solutions, to avoid paying the
high tariff prices [11].

As electric vehicles become more popular and the technology is further devel­
oped new opportunities arise for prosumers [12]. Vehicle­to­home applications
have become possible with the introduction of bi­directional chargers that allow
for electric vehicles to be used for energy storage. The connection between elec­
tric vehicles and a prosumer’s home offers flexibility to the system and allows
for the EV to be charged with solar power and discharge into the household as
needed. These applications can be beneficial to the prosumer and reduce their
interaction with the grid if proper control mechanisms are implemented.
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1.1 Objectives
This project aims to evaluate the technical and economic performance of a Danish
household with a number of domestic appliances, a 6 kW photovoltaic installation
and a 62 kWh electric vehicle. The main question to be be answered throughout
this thesis is:

How does an electric vehicle influence a prosumer’s interaction with the
electricity grid?

To answer the question above, sub­questions were made to find the objectives of
this thesis:

• What charging strategies can be applied to the system?

• How much are the savings through smart charging?

• How much is the added value of bi­directional charging compared to uni­
directional charging?

• How will different prosumer behavior impact the value of smart charging?

• How does the power rating of the smart charger influence the electric vehi­
cle’s performance?

These questions will be investigated by simulating the system using MATLAB
Simulink. The thesis is structured in the following chapters:

• Chapter 2 provides a description of the system, including the system set­up
and properties of the electric vehicle, price data and driving patterns.

• Chapter 3 models the system in Simulink and presents the input data re­
quired to run the simulations, as well as, the outputs obtained from the EV
model.

• Chapter 4 introduces the heuristic rules for the control algorithms and how
they are modeled in Simulink.

• Chapter 5 discusses the results obtained from the three investigations per­
formed; the comparison of the algorithms, the impact of the prosumer’s driv­
ing pattern and the influence of charger size.

• Chapter 6 concludes on the findings and presents points for further investi­
gation.
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2 System Description
The system to be investigated in this thesis consists of a household located in
Roskilde, Denmark. The household has a number of domestic appliances that
together define the household consumption. The house also has a solar photo­
voltaic (PV) installation mounted on the roof and an electric vehicle (EV), charged
using a smart charger. It is assumed that when the EV is home it is always con­
nected to the house­grid­PV system. A schematic of the house­grid­PV­EV sys­
tem setup can be seen in Figure 2.1.

Figure 2.1: Schematic diagram showing the physical system investigated in this
thesis. The components used are (1) EV, (2) smart charger, (3) household con­
sumption, (4) PV installation, (5) inverter, (6) smart meter, (7) energy supplier
meter and (8) grid. The arrows show the possible directions of the power flows.
Adapted from [13]

The photovoltaic installation has a maximum power capacity of 6 kW, which can
be used to supply renewable energy to the household and the EV. The power
produced by the PV system will initially be used to cover household consumption,
and in cases of excess production it can be used to charge the EV, when it is
home. The PV system is connected to an inverter, which converts the PV produc­
tion from direct current (DC) to alternating current (AC). The inverter is compatible
with the household appliances and the smart charger and collects data regarding
PV production and relays it back to the cloud.

The inverter communicates PV production to the smart meter, which also receives
consumption data. PV production and consumption data is provided from January
2020 to December 2020. The smart meter manages energy import and export
from the grid, based on PV production, as well as, household consumption and
EV charging needs, creating either a surplus or deficit in the system. The smart
meter measures the power flow between the household and the grid, as well as,
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current and voltage. The smart meter is placed directly before the energy supplier
meter to ensure that both meters relay similar data to the prosumer and energy
supply company respectively.

2.1 Electric Vehicle and Smart Charger
The electric vehicle integrated in the system has an energy capacity of 62 kWh and
is charged with an 11 kW bi­directional smart charger. The use of a bi­directional
charger allows for electricity flows in both directions, both from grid to EV and from
EV to grid, whereas conventional uni­directional chargers only allow electricity flow
from the grid into the EV. By implementing bi­directional charging, additional flex­
ibility is given in the system, as the EV can be used as a battery to store energy
for later use.

To prolong the lifespan of the EV, some constraints are set so that the EV does
not fully charge daily. To minimize the battery degradation, it is important to avoid
a high average state of charge (SOC) [14]. Therefore, the maximum state of
charge for the battery is set at 85%. A minimum SOC value is also appointed to
the EV and is set at 35% SOC to maintain battery health [15]. By implementing
a minimum state of charge, enough energy is still stored in the vehicle to drive
approximately 120 km, keeping the vehicle operational for emergency driving sit­
uations.

The EV is controlled using a smart charger that determines when the EV charges
and discharges. The minimum power required to charge the EV is 1% of the
charger’s power rating. Hence, a minimum PV production of 110 W is required to
charge the vehicle using only PV power for an 11 kW charger.

2.2 Price
When evaluating the performance of an electric vehicle integrated in the house­
grid­PV­EV system, one of the important aspects is cost. Therefore, electricity
prices needs to be considered. The electricity price is made up of three parts; the
spot price, grid tariffs and VAT. The spot price is determined by the supply and
demand of electricity in the market. The grid tariff is the price of transportation of
electricity in the grid, where the price varies depending on what time of day elec­
tricity is consumed. VAT is a tax paid to the Danish government equal to 25% of
the combined tariff and spot price.

The high share of renewable energy production in Denmark heavily influence the
spot price. The PV production data is provided for 2020, however, the electricity
spot prices were extremely low in 2020 due to COVID­19. To maintain the weather
effect on spot prices for 2020 it is chosen to scale the spot prices. In 2022 elec­
tricity spot prices peaked as a response to the energy crisis and are not expected
to represent future energy price levels. Therefore, the 2021 spot price levels are
chosen to best constitute future electricity prices. The 2020 spot prices are scaled
with a factor equal to the 2021 average spot price divided by the 2020 average
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spot price [16]:

k =
653.78 [DKK]
211.73 [DKK]

= 3.0878 (2.1)

This methodmay result in some uncertainties regarding negative electricity prices,
as they become three times more negative. However, upon further analysis there
are very few hours in 2020 that have a negative electricity spot price, and when
present, they lie quite close to zero. It is therefore concluded that these negative
prices will have a negligible impact on the overall analysis. The scaled prices are
seen in Figure 2.2.

Figure 2.2: The spot prices for 2020
scaled by a factor of k.

Figure 2.3: The overall electricity
price, consisting of the spot price
scaled by a factor of k, grid tariffs and
VAT.

Excess PV production can be sold to the grid by the prosumer at spot price, while
purchasing electricity from the grid is at the overall electricity price, where grid
tariffs and VAT are also included, as seen in Figure 2.3.

In 2023, the grid tariffs on electricity were increased and three different tariff levels
were implemented, issuing low, high and peak values depending on what time of
day electricity is being consumed. The tariffs were set differently for the summer
months, April to September, and winter months, October to March, and are shown
in Table 2.1.

Table 2.1: The grid tariffs for 2023 [17].
Time Winter [DKK] Summer [DKK]

Low 00­06 17.78 17.78
High 06­17 & 21­24 53.34 26.68
Peak 17­21 160.03 69.35

The overall electricity price is calculated by adding the 2023 tariff prices to the
scaled 2020 spot prices, and then multiplying by the 25% VAT.
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2.3 Driving Pattern
To determine the impacts of using an EV in this system, a driving pattern is re­
quired, as it is assumed that the vehicle is also used for transportation, and will
occasionally be disconnected from the system. While public chargers are mainly
used during the day [18], home charging typically occurs during the evening, when
the car owners return to their homes. In this section two driving patterns are in­
troduced for a home charging system.

Driving pattern 1 is based on the average Danes working hours during the week,
which means the EV is away between the hours of 8 and 17 and drives a distance
of 45 km per day. During the weekend people often need to go to family gather­
ings or other activities, and it is therefore chosen that the EV is away from 9 to 16
on Saturdays and drives a distance of 90 km. On Sunday it is assumed that the
EV is home and plugged in all day. The driving pattern is summarized below:

• Weekdays: EV not home: 08­17, distance: 45 km

• Saturday: EV not home: 09­16, distance: 90 km

• Sunday: EV always home

When using this driving pattern the prosumer will drive six days a week resulting
in 315 km per week. This is equivalent to an average driving distance of 45 km
per day, which corresponds to the weighted average driving distance per day in
Denmark [19].

After COVID­19, more people are choosing to work from home once or twice a
week, hence the EV may not be in use all five weekdays. Therefore, it is chosen
to analyze a second driving pattern, where the prosumer works from home every
Wednesday and Friday. This allows for the EV to be connected to the house­grid­
PV system more often. Driving pattern 2 is defined below:

• Monday, Tuesday and Thursday: EV not home: 08­17, distance: 45 km

• Saturday: EV not home: 09­16, distance: 90 km

• Wednesday, Friday and Sunday: EV always home

When using driving pattern 2 the prosumer will drive four days a week resulting in
225 km per week equivalent to an average of 32.1 km per day. This driving pat­
tern represents a similar daily distance to the average European driving distance
per day, which was estimated to 31 km per day [20].

For both driving patterns the assumption of no change in behavior is made for
the prosumer. Hence, these weekly driving patterns are repeated each week for
the whole year of 2020 not considering public holidays, vacations or any changes
that might occur for real prosumers.
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3 System Modeling
The MATLAB­based graphical program Simulink1 was used to create a model that
can simulate the house­grid­PV­EV system. The Simulink model consists of four
major sections; the inputs to the model, the outputs from the model, the model of
the house­grid­PV­EV system and lastly the five controllers, which are described
in the next chapter, Chapter 4. In this chapter, the modeling of the house­grid­PV­
EV systemwill be described, the implementedmodel can be seen in Appendix A.1.

The model of the house­grid­PV­EV system has three inputs; PV production, con­
sumption and EV power, which is used to calculate the outputs; power to grid and
power from grid. The overview of the house­grid­PV­EV model is seen in Figure
3.1.

Figure 3.1: Overview of the house­grid­PV­EV model used for simulating in
Simulink.

The production and consumption data is provided from January 2020 to December
2020, with a resolution of 5­minute intervals, as collected by the smart meter in
the prosumer system. To import the data into the model, it must first be converted
into average power values for the 5­minute intervals. For example, a data point
measuring a consumption of 20 Wh, would be converted to 240 W for use in the
simulation as calculated by Equation 3.1.

Average power value =
20 Wh
5 min

= 240 W (3.1)

These average power values are then imported from Matlab into the Simulink
model using a from­workspace block. PV production (PPV ) provides power to the
system and is therefore given as positive values, whereas consumption (PC) uses
power and is given as negative values. Both the PV production and consumption

1The version used throughout this thesis is the 2023a version
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values cannot be influenced by the controllers, as they are given inputs from MAT­
LAB. The time series for the given PV production data is seen in Figure 3.2 and
the consumption data is seen in Figure 3.3.

Figure 3.2: PV production data for
the modeled system.

Figure 3.3: Consumption data for the
modeled system.

Figure 3.2 shows how the PV production varies throughout the year, following
the expected seasonal changes in sun availability, with higher production during
the summer months. Conversely, the household consumption is seen to be more
steady throughout the year, with random fluctuations arising from the prosumer’s
energy needs. It is also interesting to analyze the power balance in the system
throughout the year, shown in Figure 3.4.

Figure 3.4: The excess power in the system, where positive values indicate an
excess and negative values indicate a deficit.

The power difference between household production and consumption shows that
there is a large excess of PV production fromMarch to October, as indicated by the
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mostly positive values in this time frame, whereas PV production is not sufficient
in covering consumption during the winter where the values are predominantly
negative.

The last input in the model of the house­grid­PV­EV system is the EV, which is
connected to a bi­directional charger. When charging the EV consumes energy
and the power output will be negative, but when discharging the EV adds energy
to the system and the power output will therefore be positive. The power value of
the EV (PEV ) is decided by one of the five controllers, and depends on the time of
day, whether there is excess or deficit power in the system and the state of charge
of the EV.

These three inputs are used to determine whether the system needs to import
power from the grid or export power to the grid. The grid power (Pgrid) is calcu­
lated using Equation 3.2.

Pgrid = PEV + PPV − PC (3.2)

If the power values are positive, power is exported to the grid as there is a surplus
in the system and when the power levels are negative, power is imported from the
grid as there is a deficit in the system.

3.1 Modeling the EV
The electric vehicle, with an energy capacity (Ecap) of 62 kWh, is controlled by one
of the five controllers, and takes the input power, PEV , from the controller. This
power value tells the EV how much to either charge or discharge and is the output
of the EV model given to the house­grid­PV­EV model as shown in Equation 3.2.

The EV subsystem models how the EV interacts with the smart charger. The
three metrics calculated in this subsystem are the power loss, the energy level of
the battery and the overall energy throughput of the battery. To calculate these
metrics the smart charger efficiency is implemented.

3.1.1 Efficiency
The charger used in the system has a power rating (Pmax) of 11 kW, which is
assumed to have the same efficiency curve as a Fronius Symo 10.0­3­M solar
inverter [21]. This is chosen as the inverter technology is well know, and has the
same functionalities as a smart charger, including power control and an adaptable
DC voltage. It is therefore assumed that the inverter efficiency curves for simi­
lar power ratings are sufficient for modeling the smart charger efficiency. Smart
chargers also come in many different sizes and it is therefore relevant to under­
stand the range of excess and deficit power in the system throughout the year.
In all five controllers, the charging intervals lie between the hours of 17 and 6 the
next morning. Therefore, only the power values that lie outside the interval 06­17
are considered in Figure 3.5.
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Figure 3.5: Histogram depicting the excess and deficit power values outside the
time interval 06­17. Positive values indicate a surplus and negative values indicate
a deficit.

The histogram shows that most of the power values lie within the interval [­3000
W:3000 W] and the highest and lowest values are 4140 W and ­4824 W respec­
tively. Since the size of a smart charger influences the price of purchasing the
charger, where smaller chargers cost less, the prosumer could benefit financially
if there are no performance disadvantages of a smaller charger. After modeling
the initial system with the 11 kW smart charger, two additional charger sizes will
be analyzed to compare the differences in performance. These chargers will be
a 3 kW and a 6 kW charger, and the efficiencies are similarly assumed to follow
those of corresponding sized solar inverters, Fronius Symo 3.0­3­M [22] and Fro­
nius Symo 6.0­3­M [23]. For all three smart charger sizes the efficiency of the
smart charger will vary with the input power PEV used to charge or discharge the
EV. The efficiencies for the 3 kW [22] , 6 kW [23] and 10 kW [21] Fronius inverters
can be seen in Table 3.1.

Table 3.1: Inverter efficiencies assumed representative for the three different
charger sizes [22][23][21].

Percentage of
Power

11 kW
Efficiency
[%]

6 kW
Efficiency
[%]

3 kW
Efficiency
[%]

5% 92.5 92.6 85.1
10% 94.9 95.6 91.6
20% 97.1 97.1 95.3
25% 97.3 97.5 96.0
30% 97.5 97.7 96.5
50% 97.9 98.0 97.5
75% 98.0 98.0 97.8
100% 98.0 97.9 98.0

The three efficiency curves are implemented in the Simulink model using the 1­D
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look­up table block. The first data point given in the look­up table is (0.01, 0.01) in
order to create a linear efficiency relation for power values below 5%. The input
to the table is PEV and from this the look­up table finds the equivalent efficiency
which will be the output. The efficiency curves for all three charger sizes are
shown using the absolute power in Figure 3.6 and the normalized power in Figure
3.7.

Figure 3.6: Efficiency curve for all three charger sizes for the absolute power.

Figure 3.7: Efficiency curve for all three charger sizes for the normalized power.

3.1.2 Power Loss
As stated in Section 3.1.1, the smart charger is not 100% efficient, but uses an ef­
ficiency curve to determine the efficiency (η). To find the power losses associated
with charging and discharging the EV, the internal power of the EV battery can be
calculated using Equation 3.3 and 3.4. The internal power is the power that the
EV battery either receives or sends out.

• EV charging with efficiency 0 < η < 1

Pint = PEV · η (3.3)
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• EV discharging with efficiency 0 < η < 1

Pint =
PEV

η
(3.4)

The power loss is then calculated by subtracting the internal power from the power
from the controller:

Ploss = PEV − Pint (3.5)

In the simulation it is assumed that heat losses from charging and discharging the
EV battery are negligible and they are therefore not accounted for in the power
loss.

3.1.3 Energy Level
The energy level is the amount of energy stored in the EV’s battery at a given
time. It is modeled by integrating the internal power of the battery over time:

Elevel =

∫ t2

t1

Pint(t)dt (3.6)

The energy level value can be both positive and negative corresponding to charg­
ing and discharging the battery respectively. The energy level is used for calcu­
lating the SOC, which is the percentage of energy available in the battery:

SOC =
Elevel

Ecap

· 100 (3.7)

3.1.4 Energy Throughput
The energy throughput of the EV is a summation of the total energy that passes
through the battery for the whole year. It is modeled in the same way as energy
level, but instead of using power it takes the absolute power values integrated
over time:

Ethroughput =

∫ t2

t1

|Pint(t)|dt (3.8)

Energy throughput can be used to calculate the number of battery cycles the ve­
hicle undergoes in a year, by dividing by two times the capacity of the battery:

Number of battery cycles =
Ethroughput

2 · Ecap

(3.9)

One cycle is considered a full charge and discharge of the battery.

3.1.5 Modeling the Driving Pattern
When the EV is driving the battery discharges, which is modeled as a linear dis­
charge in the period that the vehicle is not home. In reality, the EV will discharge
in the morning, then remain at constant SOC until the afternoon, when the vehicle
returns home, however it is assumed that the average SOC with linear decrease
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in the model is equal to that of the actual SOC in the real life discharge pattern.

The model of the driving pattern outputs the power that the EV uses while driving.
The power is found by dividing the distance the EV drives a given day by the driv­
ing energy efficiency, which is the number of km the vehicle can drive per kWh of
electricity chosen at 5.5 km

kWh [14].

To determine the power value, the total energy required is divided by the number
of hours the car is driving and converted from kW to W to match the units of the
rest of the model.

• Power weekdays

Pdrive,weekdays =

45 km
5.5 km

kWh
· 1000

9 h
= 909 W (3.10)

• Power Saturday

Pdrive,Saturday =

90 km
5.5 km

kWh
· 1000

7 h
= 2338 W (3.11)

This power is then added to PEV in the time periods where the EV is not home as
stated in Section 2.3. When the power is integrated, the energy level is seen to
decrease linearly over time.

The state of charge of the car on December 31, 2019 is unknown and therefore a
start SOC value is chosen for the simulation. This starting power value is chosen
to be equivalent to the energy level after driving a distance of 45 km on a week­
day. This value is calculated to be 160265454 W. An IC­block was used, which at
the simulation time equal to 0 seconds sends the chosen start value into the EV.
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4 Control Algorithms
In this chapter the algorithms used to control the charging pattern of the EV will
be described. The controllers implemented in Simulink can be seen in Appendix
A.2.

4.1 Overview
Five controllers of different complexity levels were designed with the purpose of
controlling the charging and discharging of the EV. The motivation was to deter­
mine how the controller could be improved upon with respect to different param­
eters and then to measure how each controller performs compared to the others.
An overview of the five controllers can be seen in Table 4.1 and are described in
more detail in the following sections.

Table 4.1: Overview of the five controllers.
Controller
Name

Description

Dumb Charge upon arriving home
V1H Charge during low­tariffs
V1HS Charge during low­tariffs or excess PV
V1HSD Charge during low­tariffs or excess PV aiming at reduced degradation
V2H Bi­directional charging

4.2 Controller Dumb
The first case to be investigated is that of an EV owner who plugs in their ve­
hicle when they return home from work. This case is used to demonstrate the
economic implications and consumption pattern that the average EV owner has
without a smart charger.

In this case, the car charges using a conventional uni­directional charger. The
schematic overview of a system utilizing a uni­directional charger can be seen in
Figure 4.1.
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Figure 4.1: Flowchart for the uni­directional controllers used to control the EV in
the simulated model for Dumb and V1H.

The controller is the part of the simulation in which a set of heuristic rules are
used to determine the time and amount the EV should charge. The output of the
controller is the power needed to charge the EV at a given time. Thereby, the
controller makes all the charging decisions for the EV. The controller is set to only
make charging decisions when the EV is at home.

In the controllers if­blocks are used to determine the day of the week, and the
subsequent charging times associated with each day. The repeating­sequence
block is used to send out a periodic scalar, which can be used to simulate a week
in seconds by ranging from 0 seconds to one week of 7 days equal to 604800 sec­
onds. It is also used to simulate a day which ranges from 0 seconds to 24 hours
equal to 86400 seconds. These blocks were used to model the time control in the
controller system. The year 2020 started on a Wednesday, so the simulation start
time is set to Wednesday at 00.

In this scenario, the vehicle will be plugged in and set to charge at 17 on week­
days, Monday to Friday, and at 16 on Saturday. The time control is therefore
defined as:

• Charging (weekdays: 17­24 and Saturday: 16­24)
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In this time period, the EV will charge with excess power production from
the PV and power from the grid.

• EV not home (weekdays: 08­17 and Saturday: 09­16)
In this time period, the EV is not home. Linear discharge due to driving is
modeled in the house­grid­PV­EV model.

This model allows for excess PV production in the late afternoons to be used as
a means of charging the EV. To reach the 11 kW charging power, the remaining
power will be imported from the grid. By using the maximum charging power, it is
expected that the EV will be fully charged in a couple of hours and will therefore
be idle until the next morning, when the EV is disconnected from the charger.

To ensure the simulated model corresponds to the given heuristic controls and
driving pattern, the SOC is plotted for a week in July:

Figure 4.2: The SOC for Dumb in week 29.

The white areas show when the car is home and idle, the light grey areas indicate
when the car is not at home and driving, and the dark grey intervals indicate the
charging window. As seen on Figure 4.2 the car discharges linearly between the
hours of 8 and 17, Monday to Friday and when it returns home it starts charging.
On Saturday it drives twice the distance, which is seen by the larger fall in SOC
and because it charges when it returns home at 16, no charging is needed on
Sunday.

4.3 Controller V1H
As described in Section 2.2 the grid tariffs on electricity were greatly increased in
2023. This encourages people to reduce their electricity consumption during peak
demand hours by shifting consumption to other hours. Therefore, it is beneficial
for EV owners to implement smart charging strategies to shift charging to low tariff
hours.

The uni­directional controller is modeled, using the flowchart in Figure 4.1, to best
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utilize these variable tariffs, to create the smallest economic impact on the pro­
sumer. Therefore, the charging window is shifted to lie during the hours where
the grid tariffs are lowest and the time control is set at follows:

• Charging (all days: 00­06)
In this time period, the EV will charge with excess power production from
the PV and power from the grid.

• EV not home (weekdays: 08­17 and Saturday: 09­16)
In this time period, the EV is not home. Linear discharge due to driving is
modeled in the house­grid­PV­EV model.

This change in charging time can be visualized by plotting the SOC of the EV for
a week in July:

Figure 4.3: The SOC for V1H in week 29.

The urgent charging time has shifted so that the vehicle first charges at midnight
as seen by the idle SOC when the vehicle returns home from work.

4.4 Controller V1HS
For a prosumer to increase their self­consumption, it is necessary to utilize the
available excess PV power to charge the EV. As explained in Section 2.2, PV
produced power can be sold to the grid at spot price, but when purchasing elec­
tricity one must also pay for the grid tariffs and VAT. It could therefore benefit the
prosumer to use as much of the excess power from the PV as possible to charge
the EV, thus saving the extra costs of tariffs and VAT when buying from the grid.

In this scenario, the controller is modified to include charging from PV produc­
tion throughout the week when the car arrives home, with the remaining power
being charged to the vehicle during urgent charging time between 00 and 06. The
uni­directional diagram is therefore modified to include PV charging and the new
flowchart is seen in Figure 4.4.
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Figure 4.4: Flowchart for the uni­directional controllers used to control the EV in
the simulated model for V1HS and V1HSD.

To allow for the car to charge using PV on Sundays, the urgent charging time
during the night between Saturday and Sunday is removed, and an urgent charg­
ing time is added the night between Sunday and Monday to ensure the battery is
charged Monday morning. The time control is defined as follows:

• Urgent charging (weekdays: 00­06 and Saturday: 00­06)
In this time period, the EV will charge with excess power production from
the PV and power from the grid.

• PV charging (When EV is home)
In this time period, the EV will charge using excess power from PV produc­
tion.

• EV not home (weekdays: 08­17 and Saturday: 09­16)
In this time period, the EV is not home. Linear discharge due to driving is
modeled in the house­grid­PV­EV model.

This controller is designed to increase self­consumption of solar power in the sys­
tem. The time control of the model can be seen using the state of charge, as seen
in Figure 4.5.
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Figure 4.5: The SOC for V1HS in week 29.

The use of PV charging can be seen by the immediate charging when the EV re­
turns home from work, whereas urgent charging is first used at midnight to ensure
the battery is charged before work the next morning. The addition of PV charg­
ing Sunday is also seen, as the vehicle is able to fully charge using excess PV
production between Saturday afternoon and Sunday evening.

4.5 Controller V1HSD
EV batteries are expensive to both buy and change, and it is therefore impor­
tant for EV owners to keep their battery healthy in order to prolong the battery’s
lifetime. There are two parameters that are important for battery health, battery
cycles [24] and average SOC [14]. The number of battery cycles is determined
using the energy throughput as described in Section 3.1.4. As the total energy
throughput is largely dependent on how far the EV drives, the number of battery
cycles cannot be influenced by a change in charging time.

However, the average SOC can be decreased by moving the charging time closer
to the driving time. High SOC values have been linked to a faster calendar aging,
and therefore lower average SOC values are desirable [14].

The controller for V1HSD, is constructed simply by changing the urgent charg­
ing time to 04­06 from the V1HS controller, as it was seen that the vehicle does
not require more than two hours to charge. The controller can be modeled using
the schematic in Figure 4.4 with the following time control:

• Urgent charging (weekdays: 04­06 and Saturday: 04­06)
In this time period, the EV will charge with excess power production from
the PV and power from the grid.

• PV charging (When EV is home)
In this time period, the EV will charge using excess power from PV produc­
tion.

• EV not home (weekdays: 08­17 and Saturday: 09­16)

19



In this time period, the EV is not home. Linear discharge due to driving is
modeled in the house­grid­PV­EV model.

This change in urgent charging time can be seen by the shortened urgent charging
window in Figure 4.6.

Figure 4.6: The SOC for V1HSD in week 29.

Figure 4.6 shows the car is charged at 85% SOC for a much shorter amount of
time than in the previous controllers, thus hopefully lowering the average SOC
and extending the calendar life of the EV’s battery.

4.6 Controller V2H
In this scenario, the uni­directional charger is replacedwith a bi­directional charger,
thus allowing the EV to discharge into the household. This allows the EV an ad­
ditional function as a battery, that allows for both charging and discharging when
the vehicle is home and connected to the household. The EV will be used as
a vehicle­to­home rather than a vehicle­to­grid, as it will only discharge to the
household, covering consumption. By utilizing vehicle­to­home connections, it is
possible to cover private consumption during peak hours, when the strain on the
electricity grid is largest and prices often are highest. This has the potential to be
economically beneficial for the prosumer, as the peak hour tariffs can be avoided.

For this scenario the schematic overview has changed to include the possibility of
discharge. This can be seen in Figure 4.7.
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Figure 4.7: Flowchart for bi­directional controllers used to control the EV in the
simulated model.

Discharge occurs when PV production cannot cover household consumption dur­
ing the evening hours with high and peak tariffs. The time control for this controller
is as follows:

• Urgent charging (weekdays: 00­06 and Saturday: 00­06)
In this time period, the EV will charge with excess power production from
the PV and power from the grid.

• PV charging (When EV is home)
In this time period, the EV will charge using excess power from PV produc­
tion.

• Discharge time (all days: 17­24)
In this time period, the EV will discharge to the household covering con­
sumption.

• EV not home (weekdays: 08­17 and Saturday: 09­16)
In this time period, the EV is not home. Linear discharge due to driving is
modeled in the house­grid­PV­EV model.

To visualize the time control, with the added discharge statement, the state of
charge for a week in July was plotted in Figure 4.8.
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Figure 4.8: The SOC for V2H in week 29.

The plot illustrates how the EV discharges in the evenings to cover household
consumption when the PV production is no longer sufficient. As the SOC is plotted
for July, the EV first charges with PV power and then discharges power back into
the system, decreasing the SOC of the car. It is seen that discharge is required all
days of the week, and only acts until 24, after which the car enters urgent charging
time and the remaining power is taken from the grid.
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5 Results and Discussion
In this chapter, the important results acquired from running various simulations
on the five controllers will be presented. These results will be compared and
discussed to understand the influence an electric vehicle can have on a prosumers
interaction with the electricity grid.

5.1 Comparison of Algorithms
The results obtained from simulating the five controllers in driving pattern 1 with
an 11 kW charger will be analyzed and compared in this section to evaluate the
potential of each controller.

5.1.1 Technical Performance
The overall technical performance of the controllers can be assessed with respect
to different metrics measured in the simulation. To best assess the behavior of the
EV and ensure that the battery charges and discharges as expected the yearly
SOC for case V2H is plotted in Figure 5.1.

Figure 5.1: The SOC for V2H in 2020.

The plot shows that there are no values that exceed a SOC of 85% or fall below
a SOC of 35% as expected by the parameters chosen in Section 2.1. The plot
illustrates that the SOC does not fall below 40%, which gives leeway to the pro­
sumer if consumption were to increase, as the EV has additional energy available
to discharge further if necessary. It is also seen that far less discharge is required
during the summer months, with smaller fluctuations, likely due to a larger amount
of PV production being able to cover more of the household consumption. The
weekly driving pattern is also illustrated as the weekly minimum SOC values are
approximately 72% and Saturday’s longer driving distance is represented by the
spikes in SOC which are around 58% in the summer months.
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To visualize how much discharge varies in V2H, the energy from the battery to
the household is plotted in Figure 5.2.

Figure 5.2: Monthly energy discharged from the EV to the household for V2H.

The figure shows that more discharge is required from the EV to the household
during the winter, with a maximum usage of 72 kWh in January. The discharge
required for the summer months is significantly lower, with the household needing
between 8 kWh and 15 kWh of electricity from the EV. These results are concur­
rent with the tendencies seen in the yearly SOC in Figure 5.1 and as previously
mentioned are likely a result of increased PV production in the summer months.

After delving into the parameters specific to controller V2H and ensuring that the
simulation was run correctly for all five controllers (See Appendix A.3), it is of in­
terest to compare the results of all five controllers. One of the important results
from the model is the amount of energy that flows to and from the grid. This is
seen in Figure 5.3.
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Figure 5.3: Yearly energy flows to and from the grid for the five controllers.

It is seen that the export of PV power is slightly higher than the necessary import
of energy from the grid to the EV and household in all cases. Hence, on a yearly
basis the total PV production has the potential to cover both EV and household
consumption. The interaction with the grid in both directions decreases for the last
three cases compared to the first two, which results in an expected increase in self­
consumption. As more PV production is used to charge the EV, the percentage
of PV production used locally increases, which increases self­consumption as
illustrated in Figure 5.4.
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Figure 5.4: Yearly self­consumption ratios for the five different controllers. The
numbers in the light green bar indicate the self­consumption.

It is seen that the self­consumption of the household increases from 19.0% to
33.2% as seen between V1H and V2H. V1H has the lowest self­consumption as
solar power is only used to cover household consumption, and not to charge the
EV. V2H is seen to have the highest level of self­consumption, which is slightly
higher than V1HS and V1HSD. V2H’s additional discharge allows for more sun to
be used to charge the EV from a lower SOC, slightly increasing the overall self­
consumption.

A similar metric used to measure the amount of consumption covered by PV pro­
duction is the overall self­sufficiency of the system [25], which is shown for the
five cases in Figure 5.5.
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Figure 5.5: Yearly self­sufficiency ratios for the five different controllers. The num­
bers in the green bar indicate the self­sufficiency.

By allowing the EV to charge with PV production, the yearly self­sufficiency in­
creased by 15.6 percentage points from V1H to V1HS. This increase is attributed
to the EV charging in the afternoons, when it returns home from work and on
Sundays and has a big positive impact on the overall system. However, the self­
sufficiency is seen to decrease when discharge is introduced in V2H, despite the
overall increase in PV usage. This is a result of the subsequent increase in over­
all grid consumption from 3360 kWh in V1HSD to 3842 kWh in V2H. Higher grid
consumption is a negative consequence of discharging into the system. The key
results from the simulated system with each controller are summarized in Table
5.1.
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Table 5.1: Yearly technical performance data for the five controllers.
Dumb V1H V1HS V1HSD V2H

Household consumption [kWh] 2296 2296 2296 2296 2296
of which from PV [kWh] 1185 1185 1185 1185 1185
of which from grid [kWh] 1111 1111 1111 1111 693
of which from EV [kWh] 0 0 0 0 417

EV consumption [kWh] 3064 3056 3099 3099 4034
of which from PV [kWh] 227 0 850 850 885
of which from grid [kWh] 2837 3056 2249 2249 3149

Total consumption [kWh] 5360 5351 5394 5394 6329
Self­consumption [%] 22.6 19.0 32.6 32.6 33.2
Self­sufficiency [%] 26.3 22.1 37.7 37.7 32.7
Total energy loss [kWh] 61 61 104 104 626
Total energy to grid [kWh] 4829 5056 4207 4207 4171
Total energy from grid [kWh] 3948 4166 3360 3360 3842
Total energy throughput [kWh] 5997 5989 5989 5989 7825
Number of battery cycles 48 48 48 48 63
Average SOC [%] 82.4 78.4 76.5 74.9 75.2

The controllers can be analyzed based on the total energy loss in the system, as
this is an indicator of the overall efficiency of the system. The total energy loss
is seen to be lowest in the first two cases, where the EV always charges at a
maximum power of 11 kW and thus at higher efficiencies. When excess PV pro­
duction is used to charge the EV in V1HS, the energy loss increases, due to the
lower charging power from the PV, which have an associated lower efficiency as
seen in Section 3.1.1. The total energy loss increased by 500% between V1HSD
and V2H. This is likely due to the low energy consumption of the household that
require discharge at low power values, as well as, the subsequent losses associ­
ated with having energy flow to and from the battery.

The performance of the different controllers can also be evaluated based on the
potential impact they have on the electric vehicles battery health. As mentioned,
this can be assessed by looking at the number of cycles and the average state of
charge. The first four cases are seen to have the same number of cycles, however
the SOC decreases between each of the cases. Therefore, the battery health is
improved when the charging time is shifted from 17 to 24 and again when PV is
introduced into the system, as the urgent charging time between Saturday and
Sunday is removed, thus reducing the time the cars battery is idle at full charge.
The average SOC decreased further by approximately 1.6 percentage points as
a result of shifting the urgent charging time from 24 in V1HS to 04 in V1HSD. This
shows that charging the EV as close to the driving time as possible, had the de­
sired positive effect on battery health.
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Table 5.1 also shows that the number of cycles increased from 48 cycles in the
first four cases to 63 cycles in V2H. This increase of 15 cycles is relatively in­
significant, as the EV acted as a battery in V2H. The increase in overall number
of cycles is quite small compared to most conventional home battery systems,
that cycles once a day, equivalent to approximately 350 cycles per year [26]. The
average SOC in V2H has decreased in comparison to the first three cases and
increased by 0.3 percentage points from V1HSD. A lower average SOC is desir­
able, so V1HSD performs slightly better with regard to this metric.

5.1.2 Economics
In this section, the controllers will be measured based on their economic perfor­
mance for the prosumer. The yearly earnings and payments were calculated for
each of the five controllers, where the payments were divided between the house
and the EV and the earnings were determined based on the sale of PV, as seen
in Figure 5.6.

Figure 5.6: Yearly earnings from PV production and yearly payments for house­
hold and EV consumption.

It is seen that Dumb is the most expensive controller to have implemented, due to
its charging of the EV during peak tariff hours. The remaining four cases charge
during low tariff hours and are seen to have much lower overall costs for charging
the EV. When PV is introduced the charging cost is reduced even further as the
EV requires less energy from the grid. The lowest EV charging cost is seen in
V1HSD, which is due to the variable spot price being lower between 4 and 6. In
V2H the price of electricity to the household is seen to be reduced as discharge
has been implemented. Energy flows through the EV in peak hours, reducing the
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cost associated with the household. The EV charging costs increased to cover
the household consumption, however since charging occurs at low tariff prices,
the total cost to the prosumer decreases.

The reduction in cost for household consumption is associated with an avoided
cost for the prosumer. The avoided cost of electricity is how much the prosumer
would have spent on importing energy from the grid to cover consumption be­
tween the hours of 17 and 24, if the EV did not discharge. It was seen that the
prosumer would be required to pay 1015 DKK. The avoided cost does not consider
the additional charging cost to the EV for the energy discharged in the system and
is therefore not the total savings acquired due to discharge.

The yearly economic values for each case can be seen in Table 5.2.

Table 5.2: Yearly economic data for the five controllers.
Dumb V1H V1HS V1HSD V2H

Total payment [DKK] 8661 4400 3723 3580 3382
Of which to house [DKK] 1946 1946 1946 1946 931
Of which to EV [DKK] 6715 2454 1777 1634 2451

Sale of PV [DKK] 3236 3387 2933 2933 2923
Total electricity bill [DKK] 5425 1012 790 647 458

The table shows that each controller performs better than the previous one, with
the highest total electricity bill in Dumb and lowest in V2H. However, the largest
savings on the total electricity bill occur between Dumb and V1H, where shifting
the charging time from peak tariff hours to low tariff hours results in an estimated
savings of 4413 DKK per year. Therefore, there is potential for all EV owners to
save money by simply changing the charging time from when the EV arrives home
to 00 when tariff prices are lowest.

It is also interesting to see that switching from a uni­directional charger to a bi­
directional charger has minimal impact on the overall electricity bill, with the pro­
sumer saving 189 DKK per year. Therefore, for a bi­directional charger to be
more economically viable than an uni­directional charger over a 10 year expected
lifetime [27], the bi­directional charger must only cost 1890 DKK more than a uni­
directional charger.
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5.2 Impact of Alternative Driving Pattern
As mentioned in Section 2.3 an alternative driving pattern is investigated. This
driving pattern is chosen to better represent prosumers who occasionally work
from home or decide to walk or bike to work in nice weather. Prosumers using
driving pattern 2 therefore drive 90 km less per week than those using driving
pattern 1.

5.2.1 Technical Performance
The overall technical performance of the controllers in driving pattern 2 will be
measured in comparison to the performance in driving pattern 1. The biggest
difference between the two driving patterns is the reduced driving distance of 90
km per week and the vehicle being home an additional two days with potential
for increased use of excess PV power. Since the two days during the week were
chosen so that almost every other day is driving, the EV is able to use excess PV
the following day instead of power from the grid. The weekly SOC for all cases
using this driving pattern can be seen in Appendix A.4. The energy supplied to
the EV from PV production, as well as from the grid, is shown in Figure 5.7.

Figure 5.7: Yearly energy supply to the EV from the grid and PV production for
the five controllers in driving pattern 1 and 2.

All five cases show a decrease in energy from the grid due to fewer kilometers
driven in driving pattern 2. In Dumb the PV usage is seen to decrease slightly,
due to less driving days with potential for using PV when the vehicle returns home.
However, the last three cases are seen to increase their total PV consumption in
driving pattern 2, due to the increased number of days the EV is home and can
utilize PV.

This change in PV usage is likely to have a positive effect on both self­consumption
as seen in Figure 5.8 and self­sufficiency as seen in Figure 5.9.
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Figure 5.8: Yearly self­consumption ratios for the five controllers in driving pattern
1 and 2.

Figure 5.9: Yearly self­sufficiency ratios for the five controllers in driving pattern 1
and 2.

Dumb is seen to have a slightly lower self­consumption, while in V1H the self­
consumption remains the same as expected since no PV is utilized for EV charging
in either driving pattern. However, the self­sufficiency is seen to increase slightly
in both these cases, due to the reduced EV consumption.

In the three remaining cases both self­consumption and self­sufficiency are seen
to increase drastically from driving pattern 1 to driving pattern 2, as expected.
The self­consumption is increased by 6.4 percentage points in V1HS and V1HSD,
while the self­sufficiency increased by 15.9 percentage points, allowing the pro­
sumer to be over 50% self­sufficient in driving pattern 2. V2H has a higher in­
crease in self­consumption at 7.9 percentage points, due to discharge, which al­
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lows the EV to usemore of the total PV production. The increase in self­sufficiency
is lower than in V1HS and V1SHD, at 14.1 percentage points, as the EV has a
higher energy loss in V2H and requires more energy import from the grid.

The increased use of PV in driving pattern 2 has had a negative impact on the
energy loss. This is due to the smart charger being less efficient at lower power
values and PV production often being provided at power values below 3 kW, and
thus an efficiency of below 97.3%, compared to 98.0% at 11 kW as seen in Section
3.1.1. Thus, the more energy provided by PV production, the higher the energy
loss. However, the absolute energy loss is not seen to increase in driving pattern
2 due to the decrease in total EV consumption (See Appendix A.4). Therefore, the
energy loss relative to the total EV consumption is calculated for the two driving
patterns and shown in Table 5.3

Table 5.3: Percentage energy loss relative to total EV consumption for the five
controllers in driving pattern 1 and 2.

Dumb V1H V1HS V1HSD V2H
Driving Pattern 1
Percentage Energy Loss
of EV Consumption [%]

2 2 3 3 16

Driving Pattern 2
Percentage Energy Loss
of EV Consumption [%]

2 2 5 5 20

The table shows that in Dumb and V1H, the relative energy loss is not changed,
due to these controllers continued use of 11 kW to charge the EV. However, the
last three cases utilize more sunlight for charging in driving pattern 2 and there­
fore have a slightly increased relative energy loss associated with them. V2H has
the highest consumption of PV production, as seen in Figure 5.7, which is also
reflected in the increased energy loss of 4 percentage points between the two
driving patterns. The higher energy loss has a negative effect on the efficiency of
the system compared to driving pattern 1.

The performance of driving pattern 2 can also be evaluated based on its effect
on the EV’s battery health. Here, the number of cycles can be consider. The
number of days the vehicle drives is reduced from six days in driving pattern 1
to four days in driving pattern 2, and so it is expected that the energy throughput
of the battery will be reduced, and hence the number of cycles as well. These
results are seen in Table 5.4.
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Table 5.4: Yearly battery performance data for the five controllers in driving pattern
2.

Dumb V1H V1HS V1HSD V2H
Total energy throughput [kWh] 4279 4271 4271 4271 6107
Number of battery cycles 35 34 34 34 49
Average SOC [%] 83.1 80.3 76.1 75.4 74

It is seen that the yearly number of battery cycles decreases by 14 cycles for all
five cases from driving pattern 1 to driving pattern 2.

Table 5.4 also shows the average SOC, which is the other factor affecting bat­
tery health. Similar to number of cycles, it is desirable to have lower values. In
Dumb, V1H and V1HSD the average SOC is seen to increase with 0.7, 1.8 and
0.5 percentage points, respectively. In Dumb and V1H this increase is attributed
to the vehicle charging either when it returns home or the night after driving, so the
EV will be home for an additional day with a fully charged battery. In driving pat­
tern 1, for V1HSD, the vehicle charges using PV production when it returns home
and then right before driving, but in driving pattern 2 it also charges using PV
production during the following day, resulting in the vehicle having a higher SOC
before urgent charging commences before the next driving day. V1HS experi­
ences a decrease in average SOC by 0.4 percentage points, whereas V2H sees
a 1.3 percentage point decrease, which is beneficial for the prosumer. These
decreases are a result of not charging the night between driving days and non
driving days, resulting in a lower SOC until PV charging the following day and grid
charging at night, which is beneficial for the battery health.

5.2.2 Economics
For prosumers it is often more profitable to use the energy they produce them­
selves instead of selling it. This is due to the price difference between selling PV
energy at only the spot price and purchasing energy at the combined spot, tariff
and VAT price, as described in Section 2.2. This is also reflected in the economics
of driving pattern 2, shown in Figure 5.10.
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Figure 5.10: Yearly earnings from PV production and payments for household and
EV consumption for driving pattern 1 and 2.

The figure illustrates that the overall payment for household consumption is unaf­
fected by the change in driving pattern, whereas the payment for EV consumption
is seen to decrease in driving pattern 2 for all five cases, due to the decreased
weekly driving distance. The sale of PV is also seen to decrease in the last three
cases, however marginally less than the reduction in payment for EV consump­
tion. The yearly economic values for driving pattern 2 can be seen in Table 5.5,
to further understand the economic implications of changing the driving pattern.

Table 5.5: Yearly economic data for the five controllers in driving pattern 2.
Dumb V1H V1HS V1HSD V2H

Total Payment [DKK] 6501 3676 2670 2644 2247
of which to household [DKK] 1946 1946 1946 1946 931
of which to EV [DKK] 4555 1730 724 698 1316

Sale of PV [DKK] 3283 3387 2605 2604 2528
Total electricity bill [DKK] 3219 289 66 41 ­282

The difference between the decrease in sale of PV and payment for EV consump­
tion is seen clearly when compared in case V2H. In V2H the earnings made from
the sale of PV decreased with 396 DKK from driving pattern 1 to driving pattern 2,
due to the increase in PV used to charge the EV. However, the payments to the
grid to charge the EV where reduced by 1135 DKK, significantly higher than the
loss in earnings. This illustrates the effect grid tariffs and VAT have on the pur­
chase price of electricity and the economic benefits to the prosumer that works
from home twice a week.

The economic implications of changing the driving pattern are best illustrated by
the percentage change in the total electricity bill as seen in Table 5.6.
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Table 5.6: Percentage change in total electricity bill between driving pattern 1 and
2.

Dumb V1H V1HS V1HSD V2H
Total electricity bill change [%] ­40.7 ­71.4 ­91.6 ­93.7 ­161.6

Dumb has the smallest improvement in total electricity bill with a 40% reduction,
while V1H has a 71% reduction, both due to the decreased overall charging needs.
V1HS and V1HSD have a 92%and 94%decrease in the total electricity bill respec­
tively, due to the increased use in PV production to charge the EV. The biggest
economic improvement between driving pattern 1 and 2 is seen in V2H, where
the total electricity bill is reduced by 162%. This has resulted in the total price for
energy consumption of the household and EV being covered by the sale of PV
production from the household and yields a profit of 282 DKK.
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5.3 Sensitivity Analysis on Charger Size
In this section a sensitivity analysis on the size of the smart charger will be per­
formed. The motivation behind this analysis is based on the findings in Section
3.1.1, where the power differences were seen to lie far below 11 kW and there­
fore a smaller charger may perform equally well in the different cases. As smaller
chargers are often cheaper to purchase, it is of interest to determine whether an
11 kW charger is necessary or a 3 kW or 6 kW charger is just as proficient.

5.3.1 Technical Performance
The technical performance of the controllers will first be evaluated by comparing
the self­consumption of the system for driving pattern 1 with different charger sizes
for each of the five controllers as seen in Figure 5.11.

Figure 5.11: Yearly self­consumption rations for the three charger sizes in all five
controllers.

The 3 kW smart charger is insufficient for fully charging the battery in V1HSD, due
to the small charging window of only 2 hours, see the yearly SOC in Appendix A.5.
Therefore no values for self­consumption are present in the figure for this case and
charger size. The results show that a smaller charger size has very little effect on
the self­consumption of the system, but is seen to improve it in Dumb. A smaller
charger is seen to perform equally well regarding the self­consumption metric.

Another aspect of interest is the overall self­sufficiency of the household for dif­
ferent charger sizes, shown in Figure 5.12.
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Figure 5.12: Yearly self­sufficiency rations for the three charger sizes in all five
controllers.

The self­sufficiency is also seen to only vary slightly for the three charger sizes in
the first four cases. However, in V2H the overall necessary power from the grid is
seen to decrease as the charger size decreases, thus increasing the overall self­
sufficiency of the household. It is therefore chosen to further analyze the effect
charger sizes has on the discharge scenario V2H.

The results for V2H for the three charger sizes are summarized in Table 5.7.
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Table 5.7: Yearly technical performance data for the 11 kW, 6 kW and 3 kW charg­
ers for V2H in driving pattern 1.

11 kW Charger 6 kW Charger 3 kW Charger
Household Consumption [kWh] 2295 2295 2295

of which from PV [kW] 1185 1185 1185
of which from Grid [kWh] 693 643 642
of which from EV [kWh] 417 468 469

EV Consumption [kWh] 4034 3844 3642
of which from PV [kWh] 885 878 862
of which from Grid [kWh] 3149 2966 2780

Total Consumption [kWh] 6329 6139 5938
Self­consumption [%] 33.2 33.1 32.8
Self­sufficiency [%] 32.7 33.6 34.5
Total Energy Loss [kWh] 626 385 181
Total Energy to Grid [kWh] 4171 4178 4194
Total Energy from Grid [kWh] 3842 3609 3422
Total Energy Throughput [kWh] 7825 7495 7115
Number of Battery Cycles 63 60 57
Average SOC [%] 75.2 75.3 74.9

One of the metrics that is seen to differ for the three charger sizes is the total
energy loss in the system. It is seen to be largest for a charger size of 11 kW and
be reduced by 38% to the 6 kW charger and by 71% to the 3 kW charger. This is
due to the efficiencies being higher at lower absolute power levels for the smaller
chargers as seen in Figure 3.6. As the majority of the discharge capabilities occur
at very low power levels the smaller chargers become more advantageous for the
overall loss in the system. This is also reflected by the energy converted from the
EV to the household increasing for the smaller chargers.

Another metric of interest is the number of battery cycles and average SOC mea­
sured in the three scenarios. The number of battery cycles are seen to be reduced
from 63 for the 11 kW charger to 57 in the 3 kW charger. There is only seen a
change in battery cycles in V2H, as this is due to the EV discharging more effi­
ciently with the 3 kW charger. In the other four cases the number of cycles remains
constant at 48 (see Appendix A.6). Thus, reducing the number of cycles for the
3 kW charger makes V2H more competitive with the remaining four cases with
regard to this metric, as a lower number of battery cycles is preferred. The aver­
age SOC varies slightly for the three charger sizes with the highest being for the 6
kW charger, 0.1 percentage points higher than the 11 kW charger and the lowest
being for the 3 kW charger, 0.3 percentage points lower than the 11 kW charger.

A similar analysis is done for driving pattern 2 where it is concluded that the ten­
dencies between charger sizes are similar to those found for driving pattern 1. For
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a detailed results summary see Appendix A.6.

5.3.2 Economics
In this section the economic differences resulting from the different charger sizes
will be analyzed. The results can be seen in Table 5.8.

Table 5.8: Total electricity bill for the three charger sizes for the five controllers.
11 kW Charger 6 kW Charger 3 kW Charger

Dumb [DKK] 5425 5627 5637
V1H [DKK] 1012 947 843
V1HS [DKK] 790 755 699
V1HSD [DKK] 647 678 ­
V2H [DKK] 458 207 ­2

The total electricity bill is seen to vary slightly between cases, with the tendency
for the total price to decrease with charger size in V1H, V1HS and V2H. The best
economic output is for the 3 kW charger in V2H, with a change of 460 DKK per
year from the 11 kW charger, creating a surplus of 2 DKK each year. Because
of the 460 DKK increase the prosumer will be able to cover both household con­
sumption and the charging of the EV and still have a surplus of 2 DKK. It is also
noted that smaller chargers are less expensive, so by choosing a 3 kW charger
the prosumer is expected to gain an additional saving in comparison to, if the 11
kW charger was purchased.

The avoided cost, shown in Appendix A.13, was also seen to increase for each of
the charger sizes, as the smaller chargers allowed for smaller consumption power
values to be covered. Using the 11 kW smart charger the avoided cost was 1015
DKK which increased to 1095 DKK when using a 3 kW smart charger.

Driving pattern 2 yields similar economic results, where the total electricity bill is
seen to increase from a profit of 282 DKK for the 11 kW charger to a profit of 674
DKK for the 3 kW charger in V2H. For a detailed results summary see Appendix
A.7.
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6 Conclusion
6.1 Summary
This bachelor thesis investigated how a prosumer’s system can benefit from dif­
ferent smart charging strategies. Each strategy was developed using heuristic
controls, determined by different motivations from either a technical or economic
perspective. The five cases also built on the previous scenarios to some degree
and are as follows:

• Dumb: Charging from 17­24.

• V1H: Charging from 24­06 when tariffs are low.

• V1HS: Charging from 24­06 or when there is excess PV.

• V1HSD: Charging from 04­06 or when there is excess PV aiming at reduced
battery degradation.

• V2H: Charging from 24­06 or when there is excess PV and discharging from
17­24 to cover household consumption.

All five cases were assessed on both technical performance and economics, us­
ing a techno­economic approach.

The controllers were first evaluated in comparison to one another, with the simu­
lations performed for driving pattern 1 and an 11 kW smart charger. V1HSD was
found to perform technically well with a high self­consumption and self­sufficiency,
at 32.6% and 32.7% respectively. V1HSD also has the lowest average SOC of
the five controllers at 74.9%. From the uni­directional case V1HSD to the bi­
directional case V2H, the self­consumption was seen to increase by 0.6 percent­
age points, while the self­sufficiency decreased by 5 percentage points, due to
the increased import of energy from the grid.

The economic perspective yields different results for the controllers. The biggest
change in the total electricity bill is seen in the shift from Dumb to V1H, where
smart charging is implemented with a subsequent price reduction of 4400 DKK.
This shows the significant benefits of utilizing a smart charger to regulate charging
at lower tariff prices. The most profitable case is seen to be V2H, where the yearly
cost is 458 DKK. This is an additional savings of 189 DKK from the cheapest uni­
directional case V1HSD. Therefore, for the bi­directional charger to be profitable
for a prosumer over a 10 year period it can only cost 1890 DKK more than a uni­
directional charger.

To understand the impact of prosumer behavior a second driving pattern was cre­
ated, in which the prosumer drives two days less, with a saved distance of 90
km per week. This allowed the EV to utilize more PV power for charging. Dumb
and V1H do not consider PV and always charge at maximum charging power so
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their overall performance was relatively unaffected by the change in driving pat­
tern. However, in the last three cases the self­consumption and self­sufficiency
increased significantly. In V2H the self­consumption increased by 7.9 percentage
points and self­sufficiency increased by 14.1 percentage points from driving pat­
tern 1. The average SOC also decreased slightly improving battery health in this
scenario. This increase in performance is also seen in the economic outcomes
for driving pattern 2. The total electricity bill was seen to decrease significantly for
all five cases and earned the prosumer a profit of 282 DKK in case V2H. This is
significant, as it implies that the prosumer is able to cover the cost of all household
and EV consumption with the money earned from selling excess PV power.

Lastly, a sensitivity analysis on the size of the smart charger was performed. This
analysis was motivated by the majority of energy differences in PV production
and household consumption lying between ­3 kW and 3 kW, and the lower cost
of smaller chargers. A 6 kW and 3 kW charger were chosen for the investigation.
The charger size had the biggest impact in V2H, due to much of the discharge into
the household occurring at low power values. The controller performance was im­
proved as the smart charger decreased in size. The energy loss from the 11 kW
charger was seen to decrease by 38% to the 6 kW charger and by 71% to the 3
kW charger. This decrease in energy loss is also reflected in the economic values
for the V2H case. The total electricity bill was seen to decrease as the charger
size decreased, with a total savings of 460 DKK per year when choosing a 3 kW
charger over an 11 kW charger. The 3 kW charger also yielded a profit of 2 DKK,
allowing for prosumers who drive six days a week to cover all consumption costs
with the sale of PV.

6.2 Perspectives for Future Research
Based on the results obtained in this thesis, further investigations into several top­
ics could be of interest to better understand how electric vehicles can be used in
the future.

Alternative charging strategies could be explored. The charging strategies in this
thesis were based on a set of heuristic rules. However, as 24­hour ahead elec­
tricity prices are published daily, it could be interesting to develop an optimization
algorithm that could be used to determine when it is best to charge and discharge
the EV. This would likely increase the economic performance as decisions would
be based on the total electricity price and not just grid tariffs.

Another study could be done into the effects of average SOC and number of bat­
tery cycles has on battery health and the implications it has for the results found
in this thesis and the future of bi­directional charging.

Furthermore, the results found in this investigation can be expanded to a larger
scale by looking at the use of vehicle to grid applications in communities. When
used in vehicle­to­grid applications, electric vehicles have the potential to be used
as energy storage to regulate fluctuations in the energy grid as more renewable
energy sources are coupled to the energy mix.
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A Appendix
A.1 Simulink model of the physical system

Figure A.1: The modeled physical system in Simulink.

A.2 Simulink models for the five cases

Figure A.2: The model of the controller for case Dumb
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Figure A.3: The model of the controller for case V1H

Figure A.4: The model of the controller for case V1HS

Figure A.5: The model of the controller for case V1HSD
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Figure A.6: The model of the controller for case V2H

A.3 Yearly SOC for control algorithms

Figure A.7: Yearly SOC for case Dumb using driving pattern 1.
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Figure A.8: Yearly SOC for case V1H using driving pattern 1.

Figure A.9: Yearly SOC for case V1HS using driving pattern 1.

Figure A.10: Yearly SOC for case V1HSD using driving pattern 1.
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A.4 SOC for Week 29 for control algorithm using
driving pattern 2

Figure A.11: SOC for case Dumb using a charger size of 3 kWh for driving pattern
1 in week 29.

Figure A.12: SOC for case V1H using a charger size of 3 kWh for driving pattern
1 in week 29.
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Figure A.13: SOC for case V1HS using a charger size of 3 kWh for driving pattern
1 in week 29.

Figure A.14: SOC for case V1HSD using a charger size of 3 kWh for driving
pattern 1 in week 29.

Figure A.15: SOC for case V2H using a charger size of 3 kWh for driving pattern
1 in week 29.
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A.5 Yearly SOC for case V1HSD using charger size
3 kWh

Figure A.16: Yearly SOC for case V1HSD using a charger size of 3 kWh for driving
pattern 1.

Figure A.17: Yearly SOC for case V1HSD using a charger size of 3 kWh for driving
pattern 2.
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A.6 Yearly performance values for all cases

Table A.1: Yearly performance data for the five controllers in driving pattern 1 with
an 11 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Household Consumption [kWh] 2296 2296 2296 2296 2296

of which from PV [kWh] 1185 1185 1185 1185 1185
of which from Grid [kWh] 1111 1111 1111 1111 693
of which from EV [kWh] 0 0 0 0 417

EV Consumption [kWh] 3064 3056 3099 3099 4034
of which from PV [kWh] 227 0 850 850 885
of which from grid [kWh] 2837 3056 2249 2249 3149

Total Consumption [kWh] 5360 5351 5394 5394 6329
Self­consumption [%] 22.6 19 32.6 32.6 33.2
Self­sufficiency [%] 26.3 22.1 37.7 37.7 32.7
Total Energy loss [kwh] 61 61 104 104 626
Total energy to grid [kWh] 4829 5056 4207 4207 4171
Total energy from grid [kWh] 3948 4166 3360 3360 3842
Total Energy Throughput [kWh] 5997 5989 5989 5989 7825
Number of battery cycles 48 48 48 48 63
Average SOC [%] 82.4 78.4 76.5 74.9 75.2
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Table A.2: Yearly performance data for the five controllers in driving pattern 1 with
a 6 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Household Consumption [kWh] 2296 2296 2296 2296 2296

of which from PV [kWh] 1185 1185 1185 1185 1185
of which from Grid [kWh] 1111 1111 1111 1111 643
of which from EV [kWh] 0 0 0 0 468

EV Consumption [kWh] 3067 3059 3076 3076 3844
of which from PV [kWh] 336 0 846 846 878
of which from grid [kWh] 2732 3059 2230 2230 2966

Total Consumption [kWh] 5363 5354 5372 5372 6139
Self­consumption [%] 24.4 19 32.5 32.5 33
Self­sufficiency [%] 28.4 22.1 37.8 37.8 33.6
Total Energy loss [kwh] 64 64 82 82 385
Total energy to grid [kWh] 4720 5056 4210 4210 4178
Total energy from grid [kWh] 3842 4169 3340 3340 3609
Total Energy Throughput [kWh] 5997 5989 5989 5989 7495
Number of battery cycles 48 48 48 48 60
Average SOC [%] 82.2 78.2 76.4 74.5 75.3

Table A.3: Yearly performance data for the five controllers in driving pattern 1 with
a 3 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Household Consumption [kWh] 2296 2296 2296 ­ 2296

Of which from PV [kWh] 1185 1185 1185 ­ 1185
of which from Grid [kWh] 1111 1111 1111 ­ 642
of which from EV [kWh] 0 0 0 ­ 469

EV Consumption [kWh] 3064 3056 3069 ­ 3642
of which from PV [kWh] 414 0 842 ­ 862
of which from grid [kWh] 2650 3056 2227 ­ 2780

Total Consumption [kWh] 5360 5351 5364 ­ 5938
Self­consumption [%] 25.6 19 32.5 ­ 32.8
Self­sufficiency [%] 29.8 22.1 37.8 ­ 34.5
Total Energy loss [kwh] 61 61 74 ­ 181
Total energy to grid [kWh] 4646 5056 4214 ­ 4194
Total energy from grid [kWh] 3765 4166 3338 ­ 3422
Total Energy Throughput [kWh] 5997 5989 5989 ­ 7115
Number of battery cycles 48 48 48 ­ 57
Average SOC [%] 81.7 77.7 76.1 ­ 74.9

53



Table A.4: Yearly performance data for the five controllers in driving pattern 2 with
an 11 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Household Consumption [kWh] 2296 2296 2296 2296 2296

of which from PV [kWh] 1185 1185 1185 1185 1185
of which from Grid [kWh] 1111 1111 1111 1111 693
of which from EV [kWh] 0 0 0 0 417

EV Consumption [kWh] 2188 2179 2242 2242 3180
of which from PV [kWh] 166 0 1247 1248 1380
of which from grid [kWh] 2021 2179 995 994 1800

Total Consumption [kWh] 4483 4475 4537 4538 5475
Self­consumption [%] 21.7 19 39 39 41.1
Self­sufficiency [%] 30.1 26.5 53.6 53.6 46.8
Total Energy loss [kwh] 44 44 106 107 631
Total energy to grid [kWh] 4890 5056 3809 3808 3676
Total energy from grid [kWh] 3132 3290 2106 2105 2493
Total Energy Throughput [kWh] 4279 4271 4271 4271 6107
Number of battery cycles 35 34 34 34 49
Average SOC [%] 83.1 80.3 76.1 75.4 74

Table A.5: Yearly performance data for the five controllers in driving pattern 2 with
a 6 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Household Consumption [kWh] 2296 2296 2296 2296 2296

of which from PV [kWh] 1185 1185 1185 1185 1185
of which from Grid [kWh] 1111 1111 1111 1111 643
of which from EV [kWh] 0 0 0 0 468

EV Consumption [kWh] 2190 2181 2207 2207 2976
of which from PV [kWh] 241 0 1231 1233 1351
of which from grid [kWh] 1949 2181 976 974 1625

Total Consumption [kWh] 4485 4477 4502 4503 5271
Self­consumption [%] 22.8 19 38.7 38.7 40.6
Self­sufficiency [%] 31.8 26.5 53.7 53.7 48.1
Total Energy loss [kwh] 46 46 71 72 375
Total energy to grid [kWh] 4815 5056 3825 3823 3706
Total energy from grid [kWh] 3059 3292 2086 2085 2268
Total Energy Throughput [kWh] 4279 4271 4271 4271 5777
Number of battery cycles 35 34 34 34 47
Average SOC [%] 83 80.1 76.2 75.1 74.3
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Table A.6: Yearly performance data for the five controllers in driving pattern 2 with
a 3 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Household Consumption [kWh] 2296 2296 2296 ­ 2296

of which from PV [kWh] 1185 1185 1185 ­ 1185
of which from Grid [kWh] 1111 1111 1111 ­ 642
of which from EV [kWh] 0 0 0 ­ 469

EV Consumption [kWh] 2187 2179 2198 ­ 2772
of which from PV [kWh] 291 0 1224 ­ 1307
of which from grid [kWh] 1896 2179 973 ­ 1466

Total Consumption [kWh] 4483 4475 4493 ­ 5068
Self­consumption [%] 23.6 19 38.6 ­ 39.9
Self­sufficiency [%] 32.9 26.5 53.6 ­ 49.2
Total Energy loss [kwh] 44 44 63 ­ 170
Total energy to grid [kWh] 4769 5056 3832 ­ 3749
Total energy from grid [kWh] 3011 3290 2084 ­ 2107
Total Energy Throughput [kWh] 4279 4271 4271 ­ 5397
Number of battery cycles 35 34 34 ­ 44
Average SOC [%] 82.6 79.7 76 ­ 74.3

A.7 Yearly economic values for all cases

Table A.7: Yearly economic data for the five controllers in driving pattern 1 with
an 11 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Total Payment [DKK] 8661 4400 3723 3580 3382

of which to house [DKK] 1946 1946 1946 1946 931
of which to EV [DKK] 6715 2454 1777 1634 2451

Sale of PV [DKK] 3236 3387 2933 2933 2923
Total electricity bill [DKK] 5425 1012 790 647 458
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Table A.8: Yearly economic data for the five controllers in driving pattern 1 with a
6 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Total Payment [DKK] 8781 4334 3687 3610 3130

of which to house [DKK] 1946 1946 1946 1946 853
of which to EV [DKK] 6835 2388 1741 1664 2277

Sale of PV [DKK] 3154 3387 2932 2932 2923
Total electricity bill [DKK] 5627 947 755 678 207

Table A.9: Yearly economic data for the five controllers in driving pattern 1 with a
3 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Total Payment [DKK] 8725 4230 3633 ­ 2926

of which to house [DKK] 1951 1946 1946 ­ 851
of which to EV [DKK] 6774 2284 1687 ­ 2076

Sale of PV [DKK] 3088 3387 2934 ­ 2928
Total electricity bill [DKK] 5637 843 699 ­ ­2

Table A.10: Yearly economic data for the five controllers in driving pattern 2 with
an 11 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Total Payment [DKK] 6501 3676 2670 2644 2247

of which to house [DKK] 1946 1946 1946 1946 931
of which to EV [DKK] 4555 1730 724 698 1316

Sale of PV [DKK] 3283 3387 2605 2604 2528
Total electricity bill [DKK] 3219 289 66 41 ­282

Table A.11: Yearly economic data for the five controllers in driving pattern 2 with
a 6 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Total Payment [DKK] 6675 3627 2650 2655 2029

of which to house [DKK] 1946 1946 1946 1946 853
of which to EV [DKK] 4729 1681 704 709 1176

Sale of PV [DKK] 3228 3387 2613 2612 2541
Total electricity bill [DKK] 3447 240 37 43 ­512
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Table A.12: Yearly economic data for the five controllers in driving pattern 2 with
a 3 kW charger.
Case Dumb V1H V1HS V1HSD V2H
Total Payment [DKK] 6679 3552 2637 ­ 1895

of which to house [DKK] 1950 1946 1946 ­ 851
of which to EV [DKK] 4729 1606 691 ­ 1044

Sale of PV [DKK] 3188 3387 2618 ­ 2569
Total electricity bill [DKK] 3491 165 19 ­ ­674

Table A.13: Yearly avoided cost for V2H for all smart charger sizes in both driving
patterns.

Case V2H
Driving
pattern 1
11 kW

Driving
pattern 1
6 kW

Driving
pattern 1
3 kW

Driving
pattern 2
11 kW

Driving
pattern 2
6 kW

Driving
pattern 2
3kW

Avoided Cost
[DKK]

1015 1093 1095 1015 1093 1095
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