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Recent studies confirm that fossil fuel consumption accounts for the majority of greenhouse
gas emissions which have largely contributed to global warming. Therefore, utilisation of
renewable sources is vital today. A step towards increasing the share of renewable energy in
the energy mix is the design of a solar powered vehicle which is discussed in this research.
The basic principle of a solar vehicle is to utilise the energy generated by the solar panel and
stored in the battery. The charged battery acts as a fuel tank and is used to supply electricity
to the drive train and move the vehicle both in the forward or reverse direction.

However, utilisation of solar energy is not free of disadvantages. It is almost impossible to
build a reliable electric power system depending on solar energy alone because of its high
volatile nature. This is because it is difficult to balance generation and consumption of solar
plants. Solar energy generated in certain periods would not be sufficient to cover consumers’
needs while large amounts of electricity generated by solar panel in certain periods will go
to waste. The solution to overcome this problem is to control our consumption and utilisation
of batteries and vehicle-to-grid technology so the excess electricity is not wasted.

In this thesis, a solar powered system was studied for an electric vehicle so as to utilise solar
energy to move the car rather than electricity from the grid. The system predicts solar panels’
generation based on the geographical location and weather forecast. This solar energy is
used to meet the energy demand for passenger vehicles in selected locations, and the system
is forced to purchase electricity from the grid if the solar energy is not sufficient to cover the
demand. The results of the system designed confirms an increase in the utilisation of solar
power, and a decrease of energy use from the grid. The test of the system shows further
increase in the usage of solar power in the future with increase in efficiency of solar panels.
In summary, the system designed decreases the total cost of electricity and increases system
effectiveness of solar panels.
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1. Introduction

Today, it is clear that the current trends in energy consumption especially oil cannot be
sustained for much longer because the scarcity of fuel and minerals is making the future
more uncertain. Consumption of fossil fuels has also highly contributed to global warming,
depletion of the ozone layer and environmental imbalance, which is a huge threat to the
future of humanity. Several other factors like the fast-growing population have raised
concerns about the limited amount of energy resources available to satisfy the demand.

Therefore, a shift to renewable energy sources is necessary.

A shift to renewable energy sources today is supported by government policies emphasizing
the use of green energy, businesses competing for market and household owners saving
energy cost as renewable energy sources are less expensive. On the other side, renewable
energy sources are also hard to control because it is difficult to balance production and
generation in case of unpredictable generation. However, we can control our consumption

and thus balance the generation and consumption.

This research focuses on implementation of solar PV power into an electric vehicle powered
directly through solar PV panels placed on the horizontal surfaces of the car. The solar
vehicle is a step in reducing the consumption of now-renewable sources of energy as they
reduce human dependence on fossil fuels. Solar vehicles are the future of the automobile
industry because they are easy to manufacture, very user friendly, less maintenance is
required in comparison to other conventional vehicles and they are highly feasible. Other
advantages of the solar vehicles include cost effectiveness and very eco-friendly since they
are pollution less. However, the disadvantages of solar vehicles include high initial costs,
small speed range and unsatisfactory rate of energy conversion approximately 17%
(Connors, 2007).

In this research, we are first analysing the travel patterns of passenger vehicles in two
different selected regions and creating a load profile based on the energy demand of the
passenger vehicle per day. Then we are calculating how much energy can be generated by
the solar panels fitted on the electric vehicle in each of the locations. Finally, we are
approximating by how much the energy generated can satisfy the energy demand of
passenger vehicles in the selected region.



1.1 Limitations of the work

Previous studies on integration of solar cells into electric vehicles argue that the car is often
in motion so a smart and advanced system to optimize the energy capture should be
embedded into the car. This is costly and more complex and that accounts to the reason why

most solar panels have been preferably installed in parking lots to charge the electric cars.

Studies also show that approximately 3.8 million Exajoules (EJ) of the total solar irradiance
reaching the earth’s surface is absorbed. Most of the sun rays are scattered, diffracted and
deflected by the earth’s surface. Solar irradiance reaching the earth’s surface hourly is
abundant which is difficult to be harnessed by humans annually. For the case of electric cars,
it is argued that the solar intensity to provide the solar energy required is dependent on the
weather condition but other factors include; the location and time of the day, the angle
between the solar irradiance and Photovoltaic (PV) panels and finally the PV surface area.

The angle at which the solar panels are mounted is a crucial factor to consider for optimum
efficiency. Unfortunately, this study is restricted to a tilt angle of 0° because the surfaces
where the PV module is installed on the vehicle are flat. The performance of the solar PV
module is affected by its orientation and tilt angle. This is due to the fact that PV modules

generate maximum amount of power when they are directly facing the sun.

Another limiting factor of this study is the surface area available on the vehicle for solar PV
installation. The number of solar cells installed affects the amount of power output. It is also
unfortunate because the vehicle cannot be made any bigger to accommodate a larger module.
This is because a large car also requires more power to run but also consumer preference for

big cars and availability of parking space must be questioned.

Finally, two case studies were considered in this survey which are Finland and Tanzania.
The purpose of analyzing results of this research in two different locations is to compare the
solar power output of the PV panel to be installed on the electric vehicle and how much the
energy generated could vary from one area to another. However, the limiting factor for the
case of Tanzania in this study is the difficulty to acquire accurate travel information of
individuals. Therefore, the research was limited to differences in solar irradiation and power
output of the two different locations rather than the differences in energy demand for

travelling by the individuals.



1.2 Objectives

The aim of this work is to analyse how much energy can be generated by a solar PV panel
installed horizontally on the surfaces of an electric vehicle and to what extent the energy
generated by the solar PV can contribute in meeting the energy required to run the vehicle.
For this analysis, solar power production in two different parts of the world with different
weather conditions are compared. This work also aims to find possibilities of increasing the
use of solar energy in the transport sector so as to reduce emissions and the depletion of

non-renewable sources of energy.
In order to accomplish this, some of the issues that will be looked at objectively include:

e Examining the travel patterns of individuals by different modes of transportation and
finding out if the future energy demand for transport could be met by solar production
or if solar power could make a difference in the energy mix for transport in the future.

e Analysing the development of PV modules and expected increase in the efficiency
of the solar cells in the future. This will hence increase the power output of the
modules.

e Questioning the current vehicle design and analyzing whether the size available for
PV installation could be larger in the future.

e Possibility of increasing the energy efficiency in the transportation sector by utilizing
both solar energy and power generated from the grid or alternative sources to meet
the energy demand for transportation in the future.

e Analysing the battery sizing requirements to address the problem of overgeneration
or shortage of generation in different hours of the day by the solar panels as it is
unpredictable.

e Possibility of utilizing vehicle-to-grid technology to supply surplus power produced

by solar PV modules from the vehicle to power our homes.
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1.3 Research methodology

HOMER software that was developed by NREL (National Renewable Energy Laboratory)
was used in this study in the design of the power system. Data is fed into the software and
the results are simulated based on the techno-economic analysis. HOMER considers all the
different constraints and sensitivities in finding the optimal solution for the design of the
system. The economic analysis of the system is based on the life-cycle cost of the system
(LCC) which consists of the initial capital cost, the cost of installation and the operation
costs of the system during its life span. The results of the simulations are meant to satisfy
the given demand using the resources and the technology options available and the best

configuration is thus selected.

In this study, a combination of the following technologies was considered, namely solar PV
system, battery, inverter and grid for back-up to meet the demand. Fig. 1 below illustrates

the design of the system for this study.
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Figure 1: Simulation software layout for the electrical vehicle study
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1.4 Organisation of the thesis

This thesis is made up of six chapters. The system proposed in this research is a solar
powered system for the design of a solar vehicle. A brief overview of the key features of the
proposed methodology have been provided and below is an outline of the topics discussed

in this thesis:

1. Introduction

2. Limitations, research objectives, proposed methods and thesis organization

3. System analysis and description

4. System components

5. Analysis on case studies

6. Simulation results

7. Sensitivity analysis

8. Conclusions

9. References
The material is presented with a view to allow readers at different levels to quickly
understand the reason for embarking on this research, the objective of the research and the
methods that were used to develop the solar powered system of an electric vehicle including
all possible limitations. The system analysis section acquaints the reader with the working
principle of the proposed solar powered vehicle design and provides an insight on the surface
area available for solar PV installation and energy consumption. The system components

section introduces the HOMER software and the input data that was used for calculating and

simulating the results of this study.

The remaining sections that include analysis of the case studies of this research, simulation
results and sensitivity analysis assist the reader to understand how additional data was
collected, analysed and how the results were synthesised. Sensitivity analysis was carried
out to demonstrate the impact of changes in one variable to the outcome of the results and

finally the last section provides a summary and a review on the objectives of the research.
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2. Description of an electric vehicle (EV)

2.1 Theory of operation
For any vehicle to move, energy is required to rotate the wheels. However, there are four
main factors that need to be neutralized to cause this vehicle to move and these are; rolling

resistance, wind resistance, potential energy and kinetic energy.

Wind resistance is due to the air molecules, which need to be scattered to the sides when the
vehicle moves in the forward direction. This accounts for the similarity of the frontal shape
of most vehicles. The density of air is dependent on its temperature and therefore the wind
resistance is different depending on the temperature/weather of the day. The higher the wind
resistance, the higher the energy required to drive the vehicle forward.

Rolling resistance is caused mainly due to the tires of the vehicle deforming on the surface
of the road. The tires and mass of the vehicle do not change and account for a constant
resistance. Furthermore, when the car accelerates, it gains kinetic energy and when the
propulsion stops, the Kinetic energy is lost but released by prolonging the movement of the

vehicle.

It is necessary to understand the energy balance of the vehicle. For instance, in electrical
vehicles, energy used for braking can be regenerated as electrical energy through the
recuperation of the motor and this minimizes energy loss. However, for internal combustion
engines (ICE), to stop the moving vehicle requires the kinetic energy/potential to be
transferred to another form. The vehicle will stop due to the braking which dissipates energy

in form of heat.

Vehicles have auxiliary consumption also known as idle consumption which include the
energy needed to provide heating in the car and energy used for providing power to head
lights, air-conditioner and ventilation. For EV’s, the battery provides energy for the heating
processes while for the internal combustion engines, heating is powered by the loss in

thermal energy by the motor.

Finally, vehicles undergo energy loss in the powertrain. This is energy lost due to the
characteristics of the gear box, ball bearings and the differential drive. This energy loss can
be avoided in electric cars as they do not need a gearbox. The motor can rotate the wheel

directly.
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Main components of an EV

Electric vehicles mainly consist of an electric motor which transforms electrical energy into
mechanical energy causing the vehicle to accelerate. The vehicle usually consists of two
battery packs with different voltage. The battery with higher voltage which is the main
battery is usually placed at the bottom of the vehicle for better balance due to its weight and
it gains energy via alternating current (AC) or direct current (DC) charge. It is often charged
by AC and then transformed into DC by the rectifier, connected to the battery with a higher
voltage. Electric vehicles consist of three electric converters in total. The DC-AC converter
also known as the inverter transforms the DC into AC needed by the electric motor. EV’s
also have a standardized 12 V LV battery (low voltage) which already exists in conventional
vehicles and it functions to provide power to low voltage consumers in the vehicle (electrics
for the dashboard, lights and alarm system). The main battery recharges the LV battery via
DC and this requires another electric converter, the DC-DC converter. The other components
attached to the main battery pack are the climate compressor and heating which receive
energy from the main battery (Benders et al 2014). In Fig.2 below, the most predominant
technology for EV’s and conventional vehicles is illustrated, and this is known as the central

drive powertrain.

Figure 2: Topological view of an electric vehicle (Benders et al 2014).

Developers of EV technology have selected different powertrain topologies. The
disadvantage of this topology in Fig. 2 above, is that the mechanical components are tightly
arranged and this makes it difficult to hold battery packs with large capacities, which results
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to small ranges. Additionally, mechanical losses in this arrangement account for large energy

dissipation. Other configurations are rare and have their setbacks.

2.2 Proposed solar powered vehicle design

Figure 3: Illustration of solar panel fitted vehicle (EVX Ventures. 2016).

Solar module is mounted on the horizontal parts of the car which are the bonnet, roof and
boot. The module is used to generate solar energy and charge the car battery via a charge
controller. The battery is initially fully charged and then its connected to the solar module

hence this ensures the battery is always charged.
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Figure 4: Working principle (Raghavendra. 2013)

First, the solar panel fitted on the electric vehicle collects the sunlight and converts it to
electricity. Then the power tracker receives the power from the solar panel and converts it
to energy suitable for the main battery. The power tracker converts the solar PV voltage to
the system voltage. The energy is then sent to the battery after conversion where it is stored
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and made available for the motor to use to drive the wheels. The motor controller between
the battery and motor regulates the amount of energy flowing to the motor to correspond to
the throttle.

2.3 Area for solar PV installation on the electric vehicle

There are different models of electric vehicles on the market today. This study considered
the Tesla model S specifically and the area available for installing the solar PV panel was
calculated as follows.

Three parts of the vehicle were considered fit to install solar PV panels horizontally and
these were the bonnet, roof and the boot. The calculation of the estimated area of these parts
were made by a web based tool known as WebPlotDigitizer which can be used to extract
numerical data from images. The vector drawing in Fig. 5 below was used to calculate the
dimensions of the parts needed for calculating the area. The parts are not necessarily straight
therefore to be more accurate, the curved surfaces needed to be calculated as well. The
calculated area available for solar PV installation at the bonnet, roof and the boot were
1.9707 m?, 2.065 m? and 0.415 m? respectively. The dimensions of these parts are not readily
available at the Tesla web page hence the values were calculated manually with the help of
the WebPlotDigitizer.

Length = 4976 mm
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Figure 5: Vector drawing of Tesla model S (Outlines Project. 2017)
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D

Roof area = 2.065 m? boot area = 0.415 m?

Bonnet area = 1.9707 m?

Therefore, the calculated total area available for solar PV installation = 4.5 m?

2.4 Energy consumption of the electric vehicle

The energy consumption of the EV is taken into consideration to calculate how far the
vehicle can move when a certain amount of energy is supplied to the vehicle. Below is some
of the technical data available for the Tesla model S (85) whose area was calculated as

illustrated above.

Table 1: Technical data Tesla model S (85) (“Model S performance,” n.d.)

NEDC range 502 km
Length 4970 mm
Width 2187 mm
Height 1445 mm
Empty weight 2129 kg
Max. Power 310 kW
Max. Torque 600 Nm
Max. Speed 210 km/h
Average consumption 18.1 kWh/100km
Battery type Lithium ion
Battery capacity 85 kWh
Battery voltage 402V

Charging time

AC 230V 1-phase, 14 h
AC 400V 3-phase, 4.5 h
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3. System components

3.1 Input parameters

Any part of a system that generates, delivers, converts or stores energy is known as a
component. In HOMER, 10 types of components can be modelled. These include three
generators of electricity from intermittent renewable resources (PV modules, wind turbines
and hydro turbines), three dispatchable energy sources (generators, the grid and boilers) and
the other two components are converters and electrolysers. These components serve different
purposes in the system. The PV modules are used to convert solar radiation into DC
electricity, hydro turbines use the energy of flowing water and convert to AC or DC

electricity and wind turbines convert wind energy into ac or dc electricity.

The dispatchable energy sources can be controlled by the system as needed and the function
of the generator is to produce AC or DC electricity from the fuel consumed or thermal power
production through waste heat recovery. The boilers produce thermal power from fuel while
the grid delivers AC electricity to the system or receives surplus power from the system. The
other two components, converters and electrolysers convert electricity into another from.
Converters convert electricity from DC to AC or vice versa while electrolysers convert AC
or DC surplus electricity to hydrogen via the process of water electrolysis. Lastly, the
remaining two components are batteries which store DC electricity and hydrogen storage

tanks that store hydrogen from the electrolysers and use it as fuel for the generators.

In this chapter, we describe the components that HOMER used to model the solar powered
system in the design of an electric vehicle with an installed solar PV panel. The specific
components that were used in this study include: the solar PV panel, battery, converter, and
the grid to supply electricity to meet the demand or to receive the surplus electricity produced

by the system.

3.2 Solar resource inputs

Resources apply to anything that come outside the system and are used to generate electricity
as well as the fuel that is used by the system components. This study modelled a system that
consists of a solar PV and the solar resource data for the location of interest was provided
by the NASA database through the internet as HOMER provides this option.
(Stackhouse, 2016)
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Solar Resource Inputs

File Edit Help

@ HOMER uses the solar resource inputs to calculate the P array poveer for each hour of the vear. Enter the latitude, and
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Figure 6: Solar resource inputs

In the solar resource input window in HOMER, the amount of solar radiation striking the
horizontal surface of the earth was obtained from the NASA database. HOMER calculates
the average daily radiation from the clearness index and vice-versa based on the value of the
latitude. The coordinates that were used to obtain the daily radiation data were for Kumpula,
Helsinki with latitude 60°12°16°> N and longitude 24°57°46”> E and for Tanzania with
latitude 6°48” S and longitude 39°17" E.

Clearness index is the measure of how the clear the atmosphere is and HOMER calculates
the monthly average clearness index, Ky which is a dimensionless number ranging from 0
to 1. It indicates the fraction of the solar radiation that strikes the top of the atmosphere and
penetrates through the atmosphere to finally strike the surface of the earth. HOMER

calculates the clearness index using the following equation:
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G (3.1)

where:
G = global average radiation that strikes the horizontal surface of the earth (KWh/m?/day)

G, = the radiation striking a horizontal surface at the top of the earth’s atmosphere also

known as extraterrestrial horizontal radiation (kWh/m?/day)

The values of the clearness index are typically high when the condition is sunny and clear

and very low under cloudy conditions.

Extraterrestrial radiation, G, can be calculated for any month of the year according to a given
latitude. Therefore, if the clearness index and extraterrestrial horizontal radiation are known,
the global radiation on horizontal surface, G can be calculated according to the eg. (3.1)

above.

Extraterrestrial normal radiation which is the radiation at the top of the earth’s atmosphere
striking the surface perpendicular to the sun’s rays is calculated in HOMER using the eq.
(3.2) below:

360n> (3.2)

Gon = Ggc (1 + 0.033 - cos 365

where:
Gs. = 1.367 KW/m? (Solar constant)
G,n= extraterrestrial normal radiation [kW /m?]
n = day of the year (ranging between 1 to 365)

HOMER uses eg. (3.2) above to calculate the extraterrestrial radiation on a surface normal
to the sun’s rays. This study focuses on a horizontal surface and HOMER uses eq. (3.3)

below to calculate the extraterrestrial radiation on a horizontal surface.

G, = G,y cosb, (3.3)



20

6, = zenith angle [ ° |
Zenith angle is also calculated using eq. (3.4) below.

cos8, = cosPcosdcosw + sinPsind (3.4)

@ = Latitude [°]
& = Solar declination [°]
w = Hour angle [°]

Solar declination angle is calculated in HOMER according to eq. (3.5) below:

284 + n) (3.5)

6 = 23.45° sin (360 360

where:
n = day number, January 1 is day 1

Therefore, the daily extraterrestrial radiation per square meter is calculated by integrating
eq. (3.3) above for solar radiation intensity at the top of the earth’s atmosphere from sunrise

to sunset. The integration results to the following eg. (3.6):

24 : Tws (3.6)
G, = = Gon [cos @ cos § sin wg + 180° sin @ sin 6]
G, = daily average extraterrestrial horizontal radiation [ kWh/m?/day]
ws = sunset hour angle [ ° |
Also, the sunset hour angle is calculated as below:
coswg = —tan@tand (3.7)

Finally, HOMER calculates the monthly average extraterrestrial horizontal radiation based

on the daily average extraterrestrial horizontal radiation, H, as follows:
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n=1Go (3.8)
Go,ave = N

where:
Go,ave = Monthly average extraterrestrial horizontal radiation [ kWh/m?/day]

N = Number of days in the month

HOMER calculates the solar PV output based on the amount of solar radiation striking the
PV surface/array. Solar radiation on the earth’s surface is either beam/direct radiation or
diffuse radiation. Beam radiation casts a shadow and is defined as radiation that is not
scattered by the atmosphere while it travels from the sun to the surface of the earth. Diffuse
radiation does not cast a shadow and originates from all parts of the sky as it is changed by

the earth’s atmosphere.

Therefore, the global horizontal radiation on the earth’s surface is the sum of the beam

radiation and the diffuse radiation expressed as follows:

G = Gb + Gd (39)

where:
Gy, = beam radiation (KW/m?)
G4 = diffuse radiation (kW/m?)

HOMER expects an entry on the solar resource input window for the global horizontal
radiation which in this case was obtained from the NASA database and then resolves it into

its beam and diffuse components to find the solar radiation incident on the PV panel/array.

According to Erbs et al. (1982), the diffuse fraction as a function of the clearness index is

calculated as follows.

G 1.0 — 0.09 - Ky for K <0.22
4 = 10.9511 — 0.1604 - Ky + 4.388 - K2 — 16.638 - K3 + 12.336 - K*  for 022 <Ky =0
ave 0.165 for Kr > 0.80

(3.10)
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In every step, HOMER calculates the clearness index from the average global horizontal
radiation then calculates the diffuse radiation. Eq. (3.9) above is used to subtract the diffuse

radiation from the global horizontal radiation so as to obtain the beam radiation.

Finally, to calculate the solar radiation incident on the PV surface/array, HOMER uses the
Hay-Davis-Klucher-Reindl (HDKR) model. In this model, there is an assumption that the
diffuse radiation is composed of three components and these are the isotropic component, a

circumsolar component and a horizon brightening component.

\
\ —Beam
\
R i = o S
//’/ 3 \ “. \.\
/ \ y— Circumsolar N
y o \ '\ Diffuse
/  lsotropic — N\ \ !
/  Diffuse N\ W\
from Sky
|l ~\. ‘ '4/"
n \ ."

% Diffuse from Horizon

TR IR /

Sl :::‘ s S *Ground"
Ground - Reflected

Figure 7: Irradiation components as assumed in the HDKR model (Maatallah et al. 2011)

Isotropic component originates equally from all parts of the sky, circumsolar component
originates from the direction of the sun and the horizon brightening component which
originates from the horizon. The HDKR model calculates the radiation incident on the PV

array using eg. (3.11) below:

1- cosﬁ)

Gr = (G + GaA)Ry + Gg(1 — A;) (@) [1 + fsin (%))] +Gp, ( -

(3.11)
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where:

G = global radiation incident on the PV array
B =slope [°]

pg = ground reflectance (albedo) [ % ]

R, = ratio of beam radiation on the tilted surface to the beam radiation on the horizontal

surface
A; = anisotropy index

f = horizon brightening factor

The three factors R, A; and f are calculated as follows:

cos @ (3.12)
cos 6,

p=

A;, anisotropy index is used to measure the circumsolar diffuse radiation and is given by the
eqg. (3.13) as follows:

Gy (3.13)

Finally, the ‘horizon brightening’ factor, f that is related to cloudiness. This is shown by the
following eq. (3.14):

(3.14)
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3.3 PV inputs

PV Inputs
File Edit Help
Enter at lzast one size and capital cost value in the Costs table. Include all costs associated with the P
[photovaltaic) zpstem, including modules, mounting hardware, and inztallation. Az it eearches for the optimal zyzten,
HOMER conzsiders each PY array capacity in the Sizes to Consider table.

Mote that by default, HOMER zets the slope value equal to the latitude from the Solar R esource Inputs window.

Huold the pointer over an element or click Help for more information.

Costs Sizes to consider
. . - - Cost Curve
Size [KW] | Capital (3] | Replacement ($] | O [$/] Size kW] = £50)
] 480 400 A .95z =20
1.058 § 15
1.270 510
S 1.904 S 5
2116 .
Proparties 3174 0 10 20 20 40 50
Si Al
Output current " AC f» DC 4'232j == Capital E{F{l:-|:|;lslu:En'llent
Litetime [pears) 25 {1} Advanced
Derating factor (%] 80 L} Tracking system |N0 Tracking j
Slope [deqrees) 0oL} v Consider effect of temperature
Azimuth [degrees W of 5] 0 {8 Temperature coeff. of power [%/°C) 03 1)
Ground reflectance (%) 20 £} Maominal operating cell temp. [°C) a5 {1}

Efficiency at std. test conditions [%) A6 {2}
Help | Cancel | ITI

Figure 8: PV inputs window

This window is used to illustrate the selected PV panel for this study with its specifications
such as efficiency, Nominal Operating Cell Temperature and temperature coefficient of
power. Also, the direction and orientation of the PV panel/array are specified using the slope
and azimuth properties. In this study, the orientation of the PV panel which is defined by the
slope is 0 degrees because the panels are fixed horizontally. The direction where the panels
face is specified by the azimuth angle and due south is 0°, due east is —90°, due west is 90°
and due north is 180°.

HOMER performs both technical and economical simulations and it searches for the optimal
system and this window is also used to define the cost curve of the PV panels. The capital
cost or the initial purchase price of the PV panel (1 kW) is specified at $480, replacement
costs at $400 and the annual operating and maintenance costs of the PV panel specified at
$21 (Solar Panels, 2017).
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In the sizes to consider table, the values entered are the PV panel sizes which are calculated
based on the area that is available for PV installation on the electric vehicle and the rated
output per square meter of the panel. The calculated area for PV installation on the Tesla
model S was 4.5 m? and using the selected PV panel, the power output would be
approximately 0.9522 kW. More values entered in the sizes to consider table are values for

sensitivity analysis if we consider a larger area available for PV installation.

In this study, the chosen PV panel is the SunPower SPR-X21-345 (345 W) which is a
monocrystalline silicon with relatively high efficiency. The electrical and mechanical
characteristics of the PV panel are shown in Table 2 below. The efficiency of the panel under
standard test conditions is 21.16% with panel temperature coefficient of power at —0.3%/K.

Under the same conditions, 211.6 Watts can be produced with panel area of 1 m2,

Table 2: Electrical and mechanical characteristics of selected PV panel (Mitchell, 2017).

Description Values
Type Monocrystalline Silicon (72 cells)
STC Power rating 345 W

STC Power per unit area 211.6 W/m?
Peak Efficiency 21.16%
Maximum voltage 57.30 vV
Maximum current 6.02 A
Open circuit voltage 68.2 V
Short circuit current 6.39 A
NOCT 41.5°C
Weight 18.6 kg
Temperature coefficient of voltage -0.164 VIK
Temperature coefficient of power —0.3%/K
Temperature coefficient of current 0.05%/K
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File Edit Help
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Temperature Inputs

' HOMER uses ambient termperature data to calculate the power produced by the P4 aray in each time step. For calculations, HOMER
uzes zoaled data: baszeline data scaled up or down to the scaled annual average value.

Haold the pointer over an element or click Help for more information.

Data source: €@ Enter manthly averages € |mport time series data file
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Figure 9: Temperature inputs window

The temperature inputs window is used to specify the ambient temperature of the year for

the selected region. The average annual temperature recorded in 2015 for Kumpula, Helsinki

in this case is 7.6 °C (FMI, 2017). The effect of temperature was chosen in the PV inputs

window and HOMER calculates the PV cell temperature from the ambient temperature in

each time step and then calculates the power output of the PV array.

PV cell temperature is in most cases the same as the ambient temperature in the night periods

while during the day in full sun, it can exceed the ambient temperature by 30 °C or more.

The cell temperature is calculated as follows:

First, using the equation from Duffie and Beckman (1991) that defines the energy balance

of the PV panel/array.
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TaGT = nCGT + UL(TC - Ta) (315)

where:

T = solar transmittance of any cover over the PV array [ % |
a = solar absorptance of the PV array [ % |

T, = cell temperature of the PV [ °C ]

T, = ambient temperature [ °C ]

Gr = solar radiation striking the PV panel (kW/m?)

U, = Heat transfer coefficient to the surroundings (kW/m?2°C)
n. = PV array electrical conversion efficiency [ % ]

Eqg. (3.15) above shows a balance between solar energy absorbed by the PV array and the
electrical output with heat transfer to the surrounding. Eq. (3.15) is resolved to yield cell

temperature:

T, =T, + Gy (3> (1 - ﬁ) (3.16)

(;—“) is often reported as the nominal operating cell temperature (NOCT) by many
L

manufacturers because is it not easy to measure. NOCT is the cell temperature when the
ambient temperature is 20 °C, incident radiation of 0.8 kwW/m?and no load is operating (This

means n = 0). Eq. (3.16) yields the following eq. (3.17) when these values are substituted.

a Tc,NOCT — 1a,NOCT (3.17)

UL GT,NOCT

where:
T.noct = Nominal Operating Cell Temperature [ °C ]

Tanocr = Ambient temperature at which the NOCT has been defined [ 20 °C ]
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Grnocr = Solar radiation at which the NOCT has been defined [ 0.8 kW /m?]

;—“ is assumed to be constant and eq. (3.16) is substituted into the eq. (3.17) and yields the
L

following eq. (3.18):

TeNnocT — Ta,NOCT) ( Uc) (3.18)

TC = Ta + GT( G
T,NOCT

HOMER considers the suggestion made by Duffie and Beckman (1991) that value of
Ta = 0.9

Also, HOMER assumes the PV array operates at the maximum power point. This would be
the same if the PV array is controlled by a maximum power point tracker. Therefore,
HOMER assumes the maximum power point efficiency to be equal to the cell efficiency
always.

Ne = Ty (3.19)

where:
Nmp = Efficiency of the PV array when it’s at maximum power point [ % |
Replacing 7. with 7,,,, in eq. (3.18) to yield:

(3.20)

G n
T, = To + (Tenocr = Tanocr) (GT'NZCT) (1-22)

But the efficiency of the PV array at its maximum power point, 7,,,;, is dependent on the cell
temperature, T, and HOMER assumes a linear variation between the efficiency and

temperature according to the eq. (3.21) below:

Nmp = nmp,STC[l + ay (Tc - TC,STC)] (3.21)

where:

T, st¢ = cell temperature at STC [ 25 °C ]
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Nmp,stc = Maximum power point efficiency at STC [ % ]
a,, = temperature coefficient of power [ %/°C ]

Usually the temperature coefficient of power has a negative value and this implies that when
the cell temperature increases, the efficiency of the PV array decreases. Efficiency equation
3.21 is then substituted into the cell temperature equation 3.20 to yield the following eq.
(3.22):

G Nmp.sre(1— a,Te (3.22)
Ta + (TC,NOCT - Ta,NOCT) (GT NZCT> [1 __mp STC( — 14 CSTC)]

G a
1+ (Tenocr — Tanocr) (GT NTC")CT> ( pn;ng,STc)

T, =

All the temperatures in eq. (3.22) above must be expressed in Kelvin and this is the equation
used by HOMER in each time step to calculate the cell temperature.

Finally, the PV array power output is then calculated by HOMER as follows in eq. (3.23):

(3.23)

Gr

Poy = Ypy fpy <G ) [1+ Ap (Te = Tesrc)]

T,STC
where:

Py, = Power output of the PV array [ KW |

T, = cell temperature of the PV [°C ]

T, stc = cell temperature of the PV at STC [ 25 °C ]
Gr = solar radiation striking the PV array [ kW/m? ]
Gr src = Incident radiation at STC [ 1 kW/m? ]

fpy = Derating factor of the PV [ % |

a, = temperature coefficient of power [ %/°C ]

Ypy = PV Power output at STC [ kW |
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3.5 Battery inputs

Battery inputs window is used to specify the type of battery and its related costs as HOMER
will search for the optimal system. In this study, the battery was modelled according to the
existing battery used in Tesla model S (85) with a nominal voltage of 402 V (Roper, 2016).
The energy consumption per day for passenger vehicles in Finland is calculated in this study
as 5.48 kWh based on the energy consumption of the Tesla model S and travelled kilometres
(National Travel Survey), this variable is used to calculate the required size of the battery
bank. Other factors considered in the calculation of the battery size include: Days of
autonomy (2 days), depth of discharge (40%) and the effect of ambient temperature on the
battery bank. Unlike solar PV modules, the capacity and life of the batteries are affected by
temperature. The minimum recorded temperature in Kumpula, Helsinki in 2015 was
—-15.5 °C and this was used as the expected lowest temperature the batteries would be
exposed to. Temperature affects the battery capacity according to the multiplier effect shown

in Table 3 below:

Table 3: Temperature Multiplier (Retrieved from btekenergy.com)

Fahrenheit (°F) Celsius (°C) Multiplier
80 26.0 1.00
70 21.2 1.04
60 15.6 1.11
50 10.0 1.19
40 4.4 1.30
30 -11 1.40
20 -6.7 1.59

The size of the battery bank is a crucial factor in this system design because if the battery
bank is oversized, there is a risk that the battery will not be able to be fully charged and if
the battery size is too small, the loads will not be run for the intended period. In this study,

the battery capacity was calculated manually using the following formula:
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Battery size (Ah)
_ Total daily use (Wh) x days of autonomy x multiplier ef fect

depth of discharge x system voltage

Battery Inputs
File Edit Help
Chooze a battery type and enter at least one guantity and capital cost value in the Costs table. [nchude all costs aszociated
with the battery bank. such as mounting hardware, installation, and labor. As it searches for the optimal spstem, HOMER
conziders each quantity in the Sizes to Consider table,

Hold the pointer over an element or click Help for more information.

Battery tvpe | Tesla battery 3 j Details.... Mew. .. Delete
Battery properties

Manufacturer. Tesla MNaominal voltage: 402 %

“Website: tezla.com Mominal capacity: 108 Ah (434 K'WwWh)

Lifetime throughput: B8, 160 kMh
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5 . X Cost Curve

Quantity | Capital [$] | Replacement [$] | O&M [$49r] Batteries
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Figure 10: Battery inputs

HOMER models a single battery based on the amount of DC electricity that can be stored at
a fixed round-trip energy efficiency with limits as to how fast it can be charged or discharged,
amount of energy that can cycle through before replacement is required and how deep it can
be discharged without causing damage. Throughout the lifetime of the battery, its properties
are assumed to be constant and unaffected by external factors such as temperature. Figure
10 shows the calculated nominal capacity of the battery and the cost curve based on rough

estimates of the capital and replacement costs of the Tesla battery in the market today.

The key physical properties of the battery according to HOMER are the nominal voltage,
lifetime curve, capacity curve, round-trip efficiency and minimum state of charge. The
lifetime curve demonstrates the number of discharge-charge cycles that the battery can
withstand versus the cycle depth and the capacity curve demonstrates the discharge capacity
in ampere hours versus discharge current in amperes. Usually, the capacity decreases when
the discharge current increases. Figure 11 below illustrates the details of the battery used in

this study. The battery capacity was calculated so as the system can operate efficiently.
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Battery Details

The properties of this battery appear below. Once a battery is created you cannot edit its properties. To change a battery's properties. create a copy [click
Mew in the Battery Inputs window] and modify the properties of the copy.
Huold the pointer over an element name or click Help for more information.
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Figure 11: Capacity curve and lifetime curve of the modelled battery.

3.6 Inverter / converter inputs

File Edit

X

Help

Converter Inputs

A converter iz required for spstems in which DC components serve an AC load or vice-werza. & converter can be an
inverter [DC to AC), rectifier [AC to DC), or both.

Enter at leazt one zize and capital cost walue in the Cosgtz table. Include all coztz aszociated with the conwerter, such as
hardware and labor. Az it searches for the optimal zystem, HOMER conziders each conwerter capacity in the Sizes to
Conzider table. Mate that all references to converter zize or capacity refer ta inwerter capacity.

Hald the painter awver an element or click Help for more information.
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Figure 12: Inverter inputs
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The system designed in this study contains both AC and DC components therefore a
converter is required. The converter input window as shown in Figure 12 also defines the
cost curve of the converter and the size. HOMER searches for the optimal system as it
calculates the costs of each converter size entered. In the sizes to consider table, the converter
sizes entered are similar to the PV size in this study. This is so as to ensure that the inverter
is not small to convert all the DC electricity supplied from the battery to AC electricity for
load consumption. Although it is also possible to consider inverters of a larger size which
would mean an increase on the costs of the system. The expected lifetime and efficiency of

the inverter as seen in Figure 12 are 15 years and 97% respectively.

3.7 Load inputs

In the load inputs window, the daily profile is simulated by HOMER based on the values
entered for the baseline data. Baseline data was obtained from the load profile created based
on the energy consumption of passenger vehicles for each hour of the day. HOMER then
uses the same daily profile throughout the year. Random variability was added to the load
data so that each day is unique. This is because real load data usually has a component of
randomness and not every day can be the same. Therefore, the 10% random variability can

only affect the shape of the load profile but not its magnitude.

Primary Load Inputs
File Edit Help
Choose a load type [AC or DC). enter 24 hourly values in the load table, and enter a scaled annual average. Each of the 24 walues in the load table is the
average electric demand for a zingle hour of the dap. HOMER replicates thiz profile throughout the year unleszs wou define different load profiles for different

months or day types. For calculations, HOMER uses scaled data: baseline data scaled up or down o the scaled annual average walue.

Haold the pointer over an element or click Help far more information.
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Figure 13: Primary load inputs
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3.8 Grid inputs

Grid Inputs
File Edit Help
Click Add to add az maty rates as necessary. Select a rate and click on the diagram to indicate when each rate applies.
Hold the pointer over an element or click Help for more information.
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Figure 14: Grid inputs window

This window offers the option where the cost structure of power from the grid is defined.
The variables include the power price which is the cost of power acquisition from the grid,
the sellback rate which is the price that is paid by the utility when power is sold to the grid
and the demand rate which is the fee charged on a monthly basis by the utility on the peak

demand for each month.

The power price for the case of Helsinki, Finland were calculated based on average power
prices offered by HELEN production company. The prices of purchasing power from the
grid generally include the energy cost, transmission costs and taxes (Motiva, 2016) whereas
the prices of selling power back to the grid are usually calculated based on the Nordpool spot
prices in that specific year. (Nord Pool, 2017).

This study considered an average buying power price from HELEN which is approximately
10.713 cents/kWh equivalent to 0.113 $/kWh for each month whereas the 2016 monthly
average Nordpool spot prices in Finland were considered in the sellback rates for each month
of the year. HELEN calculates the purchase price of power as the sum of the energy cost,

transmission costs and taxes.
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4., Case study 1: Helsinki, Finland
4.1 Solar energy potential

In mitigation of climate change, the shift to renewables is very crucial and Finland is one of
the few countries within the EU that has hardly taken any direct subsidies into the use of
solar energy. The irradiation in Finland is the same as that of North Germany which is
currently one of the leading markets for photovoltaics in the world, mainly due to its
conducive policies that support solar energy projects. As described in an article by Teresa
Haukkala, “In the 1970s and 1980s was an initial boom in solar energy, but the experiments

were too radical at the time and it “did not take off” (Haukkala, 2015)

Finland has implemented several policies to support the renewable energy sector by
promoting energy efficiency and renewable energy production. The amount of annual solar
radiation in Finland is about the same as compared to Central Europe but most of the
radiation is generated in the southern part of Finland. This is approximately 1170 kWh/m?

per year during the months of May to August. (VTT, 2012)

Most of the radiation in Finland is diffuse radiation as compared to direct radiation especially
in the southern part of the country where half of the radiation is diffuse radiation. Diffuse
radiation generally implies that the radiation has made it down to the earth surface but the
molecules and particles in the atmosphere have contributed to the scattering of sunlight.
Statistically, northern Europe has recorded lower solar irradiation as compared to central or
southern Europe. (Motiva, 2014)

Figure 15 below illustrates the amounts of radiation in horizontally and optimally inclined
surfaces in Finland as announced by the Finnish Meteorological Institute in June 2014 and
the results were Helsinki (Southern Finland) about 980 kWh/m? and in Sodankyl (Northern
Finland) about 790 kWh/m? (Motiva, 2014). The case study in this research is Kumpula,
Helsinki which is located at latitude 60°12°16°> N and longitude 24°57°46°’ E. The average
monthly high temperature in the region is recorded in the summer approximately 17.4 °C
whereas the average monthly low temperature is recorded in the winter and is approximately

—1.3 °C which results to an average yearly temperature of about 8.1 °C.
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Figure 15: Global irradiation and solar electricity potential in Finland/Suomi (Joint Research
Centre, 2012)

Figure above shows that radiation in the southern part of Finland is more powerful than the
northern part. The data in the photo is given in kWh/m? and the same colour is also used to
represent the solar electricity potential (kWh/kWp).
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4.2 Travel survey in Finland

The objective of this study is to identify how many miles on average are covered by
passenger vehicles per day so as to estimate how much energy is required to meet the
demand. The research proposes utilisation of solar energy which will be supplied by the solar
PV panel installed on the electric vehicle. Therefore, it is important to study the travel
patterns of individuals so as to acquire this information. This study examines the travel
behaviour of passenger cars in Finland by analysing data from the National Travel Survey.
Because travel habits often change over time, the National Travel Survey carries out the
passenger transport survey at repeated intervals so as to obtain accurate data needed for
transport related research. The data includes research on the daily travel patterns of Finnish
people. The Finnish National Travel Survey data on number of trips, trip purpose, duration
of the trip, departure time of the trip, date on which the trip was carried out, destination and

origin of the trip, gender and age of the driver when the trip was carried out were examined.

Table 4: Data Explanation (Source: Finnish National Travel Survey. 2010-2011)

Short
DATA explanation Longer Explanation
PERSONID id Individual 1D for each person
Individual ID for certain person’s each trip. Day’s first
trip‘s 1d i1s 1, second trip’s id is 2 etc. These should be
in chronological order. “Missing” numbers mean that
the “missing” trip was made using other mode than car
TRIPID id as driver.
Date on which this person’s trips were studied = when
TDATE "dd.mm. yyyy" |trip was made
time of departure hhmm (survey day = 04:00 to 03:59
DEP TIME "hhmm" next day)
DURATION = duration of trip (domestic travel), in
minutes
DURATION "min" (respondent’s estimate, not measured or calculated)
distance driven during the trip (domestic travel), in km
LENGTH "km" (respondent’s estimate, not measured or calculated)
PURPOSE see code in table below
Expansion factor for observation (to expand
observations to the whole 6 year and older population
EXP FACT factor of Finland)
TRIP_OTYPE |see code description/type of origin place-see code in table below
description/type of destination place-see code in table
TRIP DTYPE |see code below
AGE number age in years on the day the trips were made
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The data was provided by the Finnish Travel survey from randomly selected drivers between
01.06.2010 and 31.05.2011. A number of differences between purpose of the trips and length

of the trips are highlighted in this analysis but the objective is to find out if there are any

limitations to this study based on the time of the day the driving is occurring and the length

of the trips travelled by each driver. The results of the analysis are crucial in creating a load

profile for simulation with HOMER software.

Table 5:

Trip purpose (Source: Finnish National Travel Survey. 2010-2011).

NTS 2010-2011 ENG (PURPOSE) HLT 2010-2011 FIN
1 Trip to/from work (Trip between home | tydomatka (itse maksettu kodin ja
and work, which traveller pays for | tyopaikan vélinen matka)
himself)
2 Business trip on company time (work | tydajalla tehty ty6asiamatka
related and paid for by employer) (ty6nantajan maksama tyohon liittyva
matka)
3 Business trip during free time (paid for by | vapaa-ajalla tehty tybasiamatka
employer, but trip takes place during free | (tyénantajan maksama)
time)
4 Grocery shopping (buying daily goods) paivittdistavaroiden osto
5 Other shopping trip muu ostosmatka
6 Managing personal business (errands) asiointimatka
7 Transporting another person (taking | toisen henkilon kyyditseminen/
someone somewhere, picking someone | vieminen/nouto/saattaminen
up, to accompany someone)
8 Trip to/from school or other educational | opiskelu/koulumatka/ lapsen oma matka
institution or child's trip to day care paivahoitopaikkaan
9 Trip to/from summer cottage mokkimatka
10 Visiting  friends, acquaintances or | vierailu  ystavien, tuttavien  tai
relatives sukulaisten luokse
11 Exercise, outdoor activities, going for a | liikunta, ulkoilu, koirien ulkoilutus
walk, walking a dog
12 Going to a cultural event, sports event, | matka kulttuuri-tai urheilutapahtumaan,
entertainment, social evening, restaurant | huvitilaisuuteen, illanviettoon,
ravintolaan
13 Trip related to hobbies and other free time | harrastuksiin ja vapaa-ajan toimintaan
activities (such as cultural hobbies, free | liittyva matka (esim.
time studying, activities in associations | kulttuuriharrastukset, vapaa-ajan
etc.) opiskelu, luottamustehtavat,
yhdistystoiminta )
14 Driving around  without  specific | huviajelu
destination
15 Tourism, vacation matkailu, lomamatka
16 Other leisure trip muu vapaa-ajan matka
—1 | no mention/refuses to answer ei mainintaa/kieltaytyy vastaamasta
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4.2.1 Analysis on different modes of transportation

The National Travel Survey conducted a study for the purpose of collecting basic
information about the Finnish people mobility. The survey could also be used to assess the
overall picture of the travel habits of the Finns. The results of the survey are demonstrated
below showing the average trip counts and travel distances for different modes of

transportation in Finland.

Table 6: Finn’s domestic trip count and modal split for specified time period

(Source: Finnish National Travel Survey. 2010-2011)

Trip count (trips/person/day)

1998-1999 2004-2005 2010-2011
Walking 0.66 0.62 0.61
Cycling 0.31 0.27 0.24
Other non-motorized 0.01 0.01 0.01
non-motorized, total 0.97 0.90 0.86
Car driver 1.11 1.24 1.25
Car passenger 0.43 0.43 0.44
Car, total 1.54 1.67 1.69
Other private motorized 0.09 0.08 0.11
Bus, coach 0.15 0.14 0.14
Train 0.03 0.03 0.03
Metro, tram 0.03 0.03 0.03
Taxi 0.03 0.02 0.03
Aeroplane 0.001 0.002 0.003
Ferry and other public 0.002 0.002 0.004
Public transport, public 0.24 0.22 0.24
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Table 7: Finn’s total travel distance and modal split

(Source: Finnish National Travel Survey. 2010-2011)

Total travel distance (km/person/day)

1998-1999 2004-2005 2010-2011
Walking 1.05 1.10 0.99
Cycling 0.90 0.81 0.73
Other non-motorized 0.06 0.08 0.07
non-motorized, total 2.01 1.99 1.79
Car driver 19.00 21.52 20.80
Car passenger 9.97 10.46 9.10
Car, total 28.97 31.98 29.89
Other private motorized 1.64 1.80 1.84
Bus, coach 3.36 2.94 2.96
Train 1.87 1.76 2.71
Metro, tram 0.25 0.24 0.23
Taxi 0.51 0.26 0.34
Aeroplane 0.46 0.74 1.50
Ferry and other public 0.09 0.12 0.29
Public transport, total 6.54 6.07 8.04

According to Table 7 above, the calculated average distance travelled by individuals with
cars considering the different time periods is 30.28 km. Also, the average consumption of
the selected electric vehicle in this study, Tesla model S is approximately 18.1 kwWh/100km
as seen in Table 1. Therefore, the energy that would be required to cover the 30.28 km that
is travelled on average per person per day in Finland would be approximately 5.48 kWh.
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4.2.2 Analysis on a summer day

Despite the fact that the average distance that is considered in this study is 30.28 km travelled
by passenger vehicles per day in Finland. Data from the National Travel Survey shows that
certain drivers could travel more or less than 30.28 km within one day and thus the energy
demand to move the vehicles cannot be assumed constant on a daily basis for each driver.

HOMER simulation requires that we choose a specific load profile based on the energy
consumption on each hour of the day. The software allows the possibility to choose different
daily profiles for each month of the year. It is also possible to specify different load profiles
for weekends and weekdays if it so happens individuals travel less on weekdays compared

to weekends or vice versa.

In this study, the behaviour of selected group of drivers in different seasons of the year in
Finland was analysed to find out if people travel less with private cars in the summer as
compared to the winter, spring or fall. Sample data was provided by the Finnish National

Travel Survey and the results of a selected summer day are illustrated below.

Table 8: Distances covered by randomly selected drivers on 02.06.2010 (summer day)

Driver ID Distance covered (km)
2104 4.8
2108 8
2121 21
2126 160
2128 2
2130 20
2132 18.3
2137 10
2139 26
2151 110
2152 10.8
2153 610
2157 114
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Table 8 above illustrates the trips travelled by different car drivers on a summer day
Wednesday 02.06.2010. Based on the analysis, it should be noted that different drivers travel
for different purposes and this has an influence on the miles travelled within that specific
day. Unfortunately, the data from the National Travel Survey was collected for different
drivers on each day of the year so it is impossible to find out in this study how many miles
a specific driver travelled within a week or month. This could be helpful in creating the load
profile. Therefore, the obtained data was used to find out if there are any constraints to this
study and to generate an approximated load profile based on the characteristics of most

drivers in Finland.

The average distance travelled by passenger vehicles in Finland was reported at 30.28 km
per day. In comparison with Table 8 above, it is clearly seen that some drivers travel less
than 30.28 km whereas others travel more or extremely high distances within one day. 9 of
the 13 drivers that responded to the survey on this day travelled less than the average
recorded distance in Finland 30.28 km. However, four other drivers with ID number 2126,
2151, 2153 and 2157 recorded huge distances travelled on this day. Especially 2153 who
travelled 610 kilometres which would require a huge consumption of energy in one day.

The purpose of the trip contributes hugely to the travelled distance as it can be noted that
driver 2153 who travelled 610 kilometres was heading home from the summer cottage. The
trips of the drivers who recorded shorter distances are mainly work trips, grocery shopping,
managing personal business, exercise or outdoor activities, social evening or restaurant and
finally visiting friends. However, it should be noted that not all individuals have their work
places close enough or their friends living nearby. For instance, from the sampled data, driver
2126 travelled a total of 160 kilometres to and from work. This study will attempt to find
out the limitations of utilising solar PV energy on the electric vehicle while taking into

account the changes in energy demand on different days of the year.
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4.2.3 Analysis on a winter day

Table 9: Data recorded on 20.12.2010 (Winter day)

Driver ID Distance covered (km)
15207 31
15208 16
15209 11
15215 65
15219 33.3
15228 20
15230 3
15245 5
15249 54
15251 8
15252 12
15253 29
15255 50
15258 60
15261 32
15263 7

Results on this winter day were analysed to see if there will be a deviation from the summer
results. The analysis was meant to find out if people travel less or more on private cars
depending on the season. The results show no deviation as most of the individuals perform
similar activities like going to work, shopping and visiting friends no matter the season.
Table 9 above also shows that some drivers travelled more and others less than the reported

average 30.28 km in Finland for passenger cars.

A solution needs to be found when designing the electric vehicle with installed solar roof at
the top to meet the energy demand of different drivers. Those who travel for long distances

would necessary need a large battery size in the vehicle to store the excess energy and use it
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when needed or charging the battery during the stopovers. However, there is a possibility
that each driver on a certain day might travel for a long distance because most of these
activities are seasonal like visiting relatives living in another city or going to the summer
cottage. There should be considerations for all these possibilities when designing the EV and
what components should be installed so as to meet the demand.

4.2.4 Analysis on car distances travelled in one day
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Figure 16: Recorded number of drivers Vs car distances travelled in one average day

The survey was attempted by 5188 individuals. The data was recorded for different car
drivers on different days for a period of one year. The results in Figure 16 show that the
majority of the drivers travelled less than 10 km in one day. Also, 51% car drivers travelled
less than 30 km which is the reported average distance travelled by passenger vehicles in
Finland per day.

There is a huge number of people who travelled long distances within the day the data was

recorded as illustrated in Figure 16 above. This indicates the need for huge energy
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consumption required to run the car on that particular day. The good news is that the statistics
show that more than 50% of the drivers do not travel long distances (less than 30 km) which
means the energy demand to run vehicles for most of the population is not too much and

could hence be provided by solar PV generation.

4.2.5 Analysis on number of car trips taken in one day

As noted, the purpose of the trip contributed highly to the travel patterns of different drivers
in the recorded period. The data was analysed for the same period from 01.06.2010 to
31.05.2011 and the results show that the majority of the drivers undertake 2 trips in a day.
In today’s world, we serve different purposes on different days of the week. For instance,
one might not go shopping or visiting friends on each day of the week which relates to the
results seen in Figure 16 above. The small number of trips prevail than the high number of
trips taken in one day. However, it also depends on the day the drivers recorded their
journeys as it is the case some people could travel more on weekends as compared to

weekdays and vice versa.
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Figure 17: Recorded number of drivers VVs number of car trips taken in one day
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4.2.6 Analysis on number of car trips taken on different days of the week

This is also crucial in creating the load profile for simulation of the results in HOMER
software. A comparison between weekdays and weekends on the number of trips taken by
the different drivers throughout the year was analysed and the results are shown in Figure
18 below.
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Figure 18: Recorded number of car trips on different days of the week

The results indicate that most of the trips are carried out during the weekdays as compared
to the weekend. The least number of trips were recorded on Sunday. Realistically, it makes
sense as it is the day of the week most individuals prefer to relax. Based on these results, the
load profile for energy consumption by vehicles in Finland was created with less energy
consumption on weekends as compared to the weekdays in this study.

As illustrated in Figure 18, there are very small variations on the number of car trips carried
out during the weekdays. Therefore, | assumed the same load profile for all the weekdays.
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4.2.7 Analysis on departure time of all the trips recorded by the different drivers

Analysis on departure time of different drivers was also carried out in order to find out what
time of the day most drivers prefer to start their trips or are obliged to travel. For instance,
the time to go to work. This will help to estimate the time which is less busy and whether
the conditions are suitable for the solar PV panel to generate energy and store in the battery

for later use. The results of this analysis are shown below.
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Figure 19: Departure time of all the trips Vs number of trips carried out in that time period

The results that were expected to support this study were a busy morning and a busy evening
with more trips covered during that time. A less busy afternoon period with better solar
radiation was hoped for so as to support solar generation from the roof of the vehicles while
they are parked. There is also a good possibility to generate solar energy to charge the battery

while the cars are moving however movement of the car around buildings and trees creates
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shadows which changes production then. On the positive side, wind plays a good role while
the vehicle is moving because it cools the PV panel and reduces the cell temperature which

is inversely proportional to the PV output.

The results in Figure 19 were analysed from different drivers on different days of the week
with some drivers travelling as little as one trip while others covered over 17 trips in one
day. This means the energy consumption of some drivers is high while others consume less
energy in one day. Figure 19 shows fewer car trips travelled by the drivers in the morning
as compared to the evening. The trip count starts to rise after 3 pm to 6 pm as it is expected
this is the busy time when most workers return home from work. The trips carried out during
the evening and night time (6 pm-6 am) is also seen from Figure 19 to be quite high. The
question however is if this was the first trip of the drivers departing at that time or extra trips
on that same day for other activities. It would be positive for this study if the first trip of the
day was carried out late in the evening as this would mean ample time during the morning

and afternoon hours for solar generation by the PV panel.

Additionally, the study is supported if fewer trips are carried out during each day by each
driver to allow solar concentration on the roof of the vehicle as illustrated in Figure 19 above.
Below is a short analysis to indicate the n'" trip of the drivers who departed in the evening

hours. Time analysed is from 6 pm to midnight.
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Figure 20: Trip order from 6pm to midnight for the recorded drivers
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Figure 19 shows that 3337 car trips were travelled from 6pm to 6am. Most of the trips that
were analysed during this time approximately 92% of the trips were carried out between 6
pm and midnight. This implies the remaining 278 trips were carried out in the early morning
hours between 0000 and 0600 am.

The results in Figure 20 illustrate that out of the 3059 trips that were carried out between
6 pm and midnight by the different drivers on each particular day, the majority of the drivers
recorded the trip was their 4" trip of the day. This means they had travelled during the day
for instance to work and the evening trip was to serve other purposes. Very few drivers who
travelled between 6 pm and 6 am recorded that was their 1% trip of the day. Approximately
2% of the drivers travelled after 6 pm as their first trip throughout the time frame from
01.06.2010 to 31.05.2011 when the survey was carried out. Therefore, it is necessary to
analyse the contributing factors that make drivers travel at certain times of the day and this

mainly includes the purpose of the trip.

4.2.8 Analysis on purpose of the trip
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Figure 21: Purpose of the trips covered from 01.06.2010 to 31.05.2011
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As seen in Figure 21, most of the trips recorded by the drivers were trips to or from work
while grocery shopping is also seen as a crucial factor. Other trips that showed a lot of
coverage included social evening or cultural event trips, transporting another person,
personal business trips and other shopping trips. The purpose of the trip accounts for the
departure time of the driver therefore it is crucial in determining the travel pattern of the
individual. In this study, this information was analysed with the aim of creating a load profile
for HOMER simulation.

Below is an analysis on the share of activities within each hour of the day

90% |

i
80%
70%
60%
50%
40%
30%
20%
10%
0%
s

$$$$§’§$$$$§$

100%

s

Share of the activities (%)

E
£

9
X,
%

B Trip to/from work

m Business trip, free time

m Other shopping trip

m Transporting another person
Summer cottage

B Exercise, walk ,outdoor activities

m Hobbies

B Tourism,vacation

= No mention, refuses to answer

m Business trip, company time
Grocery shopping

m Personal business

m School, child's day care

m Visiting friend, relatives

m Social evening, cultural event ,restaurant
Driving around
Other Leisure trip

Figure 22: Share of activities within each hour of the day from 01.06.2010 to 31.05.2011
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1

Figure 22 illustrates most the trips to or from work were carried out mainly in the morning

hours and evening hours. Very few trips to/from work were recorded in the afternoon hours.

Grocery shopping as the second most carried out trips are seen to be mainly carried out

throughout the day but mainly in the afternoon and evening as compared to the morning

hours. The other trips that are worth considering include the trips for social evening, cultural

event or restaurant. These trips can be seen to cover mainly the evening hours. This

information was used in this study to come up with a simple load profile of how vehicles

consume energy in each hour depending on the characteristics of the movements of the

drivers.
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4.3 Creating a load profile

Based on the results of the departure time vs the number of trips and the share of the activities
in each hour of the day for the case of Finland as shown in Figures 22 and 23 respectively.
The load profile for this study was created based on the assumption of what kind of activities

are most likely to occur in a certain hour of the day.

The results clearly show the period when less driving trips are likely to occur and these are
the working hours between 9 am and 3 pm whereas more driving trips often occur during
the early morning hours between 6 am and 9 am when individuals are travelling to work and
later in the evening between 3 pm and 7 pm when travelling back home from work.
According to the results of the survey, it was also considered that less driving trips are carried
out in the late hours at night between 7 pm and 11 pm for social purposes and entertainment.
Hours between 11 pm and 6 am are much less busy although the results of the survey show
that there are still car trips occurring at this time. Therefore, the energy demand to run the
vehicles during this time was considered to be much less as compared to the other times of

the day.

The load profile for this study was created based on energy demand for passenger vehicles
per day in Finland which is equivalent to the amount of energy needed to cover 30.28 km
per day as reported by the National Travel Survey. The mode of the electric vehicle
considered in this study is the Tesla model S with a known energy consumption of 18.1
kWh/100km. Therefore, based on calculations the Tesla Model S would require at least 5.48
kWh to cover the 30.28 km per day. This daily energy demand for Finland was distributed
within the 24 hours of the day with certain hours consuming more energy than others
depending on the activities assumed to be happening at that hour as illustrated from the travel

survey results.

The survey was also used to find out seasonal variations in travel distances but this was
difficult to analyse as different drivers were recorded on each different day. This meant it
would be inaccurate to assume people travel less or more in the summer as compared to the
winter. Therefore, a constant seasonal profile was assumed in this study. This means equal
car distances were covered on each month of the year and the energy consumption/demand
for each month was assumed to be the same. Only the daily profile shows variations as it

was easier to create using the results from the survey.
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4.3.1 Daily profile design
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Figure 24: Daily energy profile created showing energy consumption of the EV in one day

Figure 24 illustrates the daily energy profile created for HOMER simulation according to
the results of the travel survey in Finland. It is possible to create load profiles for different
months and for weekdays and weekends in HOMER however in this study, one load profile
was entered and used throughout the year. The load data entered represents the energy that
will be required to run the electric vehicle for each hour of the day. Also in almost every
case, electric loads do have some random variability and in this study, a day-to-day random
variability of 10% was added to indicate that the load profile is not the same every day. It is
impossible for any driver to behave in a similar way on different days of the year and the
randomness plays a role to ensure the study is more realistic. This does not affect the results
of the study.
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HOMER software also adds some randomness to the values entered for hourly noise and
daily noise. Finally, HOMER will simulate values for each hour of the year based on the

24-hourly values entered for the daily load profile in Figure 24 above.
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Figure 25: 10% random variability on the load profile

Adding randomness to the data only changes its shape but not its magnitude. This was done
in this study so as to make every day unique. The only change is the peak load value is higher
but the mean has stayed the same. This is because for each value entered for each hour,
HOMER multiplies the value by a random value drawn from a normal distribution with a
mean of 1 and a standard deviation of 10% for this case. A sample of the results for the first

five days in January are illustrated in Figure 25 above.

4.4 Case study 2: Tanzania
4.4.1 Solar energy potential

Tanzania is the largest country in East Africa in terms of size and population and it is located
between latitude 1° and 12° and extending longitude 29° to 41° East. The country is blessed
with abundant resources such as natural gas, coal, hydro, wind and solar. For comparison
purposes, a second case study was added to this research so as to analyse the differences in

the results and to find out where the solution is most feasible. Tanzania is close to the equator
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and hence better solar radiation throughout the year as compared to Finland. The annual
average insolation is approximately on the range between 18002400 kWh/m?. Tanzania is

also located in the ‘‘solar belt’” world region which is a region with high levels of solar

energy resource with approximately 2800—3500 hours of sunshine per year (7.5-9.7 hrs/day
on average) and global radiation between 4-7 kWh/m?/day (Johanne,2011; MEM 2013;
Energio-Verda, 2014).

Malindi

Mombasa
1L

Global
Horizontal
Irradiation
2700
2600
2500
2400
2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
o 1100
1000
200
800
700
600
500
KWh/m?

Kigoma
g0 Tabora
A

Kazuramimba
< N

-
1

W' ¢ Tanga
alemie \ J {

» -l N 20 S N~ Zanzibay
ania

\, Mpanda

/ Tanz

Salaam

Sumba
»

¥ Mtwara

= Mocimboa
da Praia

Mzuzu

Figure 26: Global horizontal irradiation in Tanzania (The KUKU Trust, 2013)

4.4.2 Load profile, Tanzania

A similar load profile to Finland was used for HOMER simulation because it was difficult
to acquire accurate travel information for the case of Tanzania. However, the solar resource
input data in the software was altered in order to represent the accurate solar radiation in
Tanzania. Therefore, the comparison was made based on the solar output power of the two

locations while maintaining the energy demand the same in both cases.
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Figure 27: Similar load profile for Tanzania for HOMER simulation

Highest energy consumption within the 24 hours according to the load profile occurs in the
morning hours between 6 am and 9 am and in the evening hours between 3 pm and 7 pm.
These are the hours according to the survey when most individuals are travelling to or from
work and they are the busiest hours hence demanding more energy consumption. Between
9 am and 3 pm, it is rather quite as most of the individuals are at work and the cars are parked
during this time and it is the perfect time for the solar PV panel to accumulate energy and
store it in the battery. Social activities are often carried out in the evening for example
hobbies, visiting friends or relatives or going to a restaurant and this is seen in Figure 27
between 7 pm and 11 pm. Energy demand at this time is not so high and finally late at night
between 11 pm and 6 am there are less activities and the vehicles are usually parked.
However, during this time, the vehicle is not able to accumulate solar energy as the sun has
already set. This study has identified some drivers carrying out trips during these late-night

hours and this means the vehicle will be able to utilise the energy stored in the battery.
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5. Simulation results

5.1 Simulation setup

HOMER software was used for modelling the electric car installed with a solar PV panel.
The program allows a flexible system design with a library of components that can be
inserted into the system. These components include energy storage options, load options,
converters and electricity generators. HOMER can model both grid-connected and off-grid
power systems, but the objective of this research is to find possibilities in which the energy
demand for the electric vehicle is met by the power generated by the installed solar PV panel.
Therefore, the model in this study was designed in such a way that the DC power produced
from the PV panel is converted into AC power by the inverter and then fed to the AC load.
Excess power is transferred to the battery bank and is utilized by the load in cases of
deficiency when there is not enough power generated by the solar PV source. Below is an

illustration of the system architecture simulated in this study.
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Figure 28: System design
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5.2 Case study 1: Helsinki, Finland
5.2.1 Global horizontal radiation

Results for clearness index and the daily radiation were calculated by HOMER based on
NASA’s surface solar energy data. This information is obtained directly from the internet
from the NASA database which provides monthly average solar radiation data for
everywhere on earth. The results according to HOMER calculations are seen in Figure 29

below.

Solar Resource Inputs
File Edit Help
@ HOMER uzes the zolar resource inputz to calculate the P4 array power far each hour of the year. Enter the latitude, and
either an average daily radiation value or an average clearness index for each maonth. HOMER uzes the latitude walue to

calculate the average daily radistion from the clearness index and vice-verza.

Hold the pointer over an element or click Help far more informatian.
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Figure 29: Solar resource input window

Finland experiences four weather seasons unlike Tanzania and the solar radiation during the
winter months as seen in Figure 29 is very low due to less sunshine and the radiation is

higher in the summer months. The solar power output curve is expected to behave the same
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with more solar output in the summer months as compared to the winter. This paper aims to
find out how much solar power can be generated in Finland from a solar PV panel installed

on the passenger car and whether this will be sufficient to meet the energy demand.

5.2.2 Effect of temperature

The effect of temperature on the PV panel was considered in this study and HOMER uses
the ambient temperature data to calculate the cell temperature in each time step. The increase
in cell temperature of the PV reflects negatively on the electrical power productivity. This is
because when the temperature increases, the current increases but the voltage decreases
significantly leading to reduced power and efficiency. As a result, heat can severely reduce
the power production of the solar panel. Several ways can be adopted in order to keep the
solar cells cool however for this study in particular, wind plays a great role in cooling the
solar panel especially when the vehicle is moving. It should be noted that the vehicle will be
able to generate solar energy when parked and also in motion as the sun rays will be striking

the solar PV panel.

Ambient Temperature (°C), Kumpula, Helsinki
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Figure 30: Average recorded temperature Kumpula, Helsinki (2015)
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Highest average monthly temperature in the region is recorded in the summer period
approximately 17.4 °C whereas the lowest one is recorded in the winter about —1.3 °C as

seen in Figure 30.

5.2.3 PV power
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Figure 31: HOMER simulation of PV power in Finland (1 kW system)

Unfortunately, it is highly impossible for solar to provide sufficient energy in the winter in
Finland because during the winter the sun is not out that much and not strong enough either
and also the snow condition in that period. During the summer, the temperatures are quite
higher as compared to the winter.

This study focuses on hourly energy production and hourly consumption so as to find out
whether the demand is met at all times or to provide other alternatives of meeting the energy
demand when the solar PV output is low as seen in Figure 31. The solution towards meeting
energy deficiency at certain hours of the day involves utilising the car battery as the energy
storage option to store energy when the production is much higher than the demand. This
excess energy is then utilised when demand is higher than the energy generated by the solar
PV panels. The other option is to connect the system to the grid to charge the battery when

the conditions of generating solar energy are much worse especially in the winter months.
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5.2.4 Electricity production

Since, the rated output for the selected PV panel and the area for solar PV installation on the
Tesla model S are known, the calculated output of the solar PV panel is thus 0.9522 kW.
This PV size was input in HOMER in order to calculate the PV production in Finland based

on the solar irradiation data that was earlier calculated by the software. Results are shown

below.
Simulation Results
System Architecture: 1 kW Grid 0.952 kKW Inverter Total NPC: $ 51,599
0.952 kw/ PV 0.952 k'w/ Rectifier Levelized COE: $ 2.029/k\wWh
1 Tesla battery 3 Operating Cost: $ 835/yr

Cost Summary | Cash Flow Electrical I PV | Battery | Converter | Gid | Emissions | Houry Data |

Production | Kwhiy | % | _ Consumption | kwhiyr | % | _ OQuantty | kwhipr | % |

i i 775 34} AC primary load 1,989 91} Excess electricity B6.3 2.8?}
1533 66 Grid sales 208 9| Unmet electric load  0.00000362 0.00|
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Figure 32: Monthly average electricity production, Finland

The National Travel Survey reported the energy demand for passenger vehicles in Finland
5.48 kWh/day and this implies the energy demand for a whole year (365 days) would be
2000.2 kWh. However, it is seen in Figure 32 that the annual primary load consumption is
1989 kWh/year. The reason it appears to be less is because the day-to-day random variability
of 10% added to the baseline data changed the scaled annual average from 5.48 kWh/day to
5.45 kWh/day and HOMER uses the scaled annual average for simulating results. Figure 32

also illustrates the PV production for the entire year is 775 kWh and it is clear that this is not
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sufficient to meet the energy demand by the load (electric car) but it is quite significant as it
reduces the essential need for charges.

The situation is seen to be much better in the summer months as most of the solar power is
produced then but the PV production at certain hours during this period is also not sufficient
enough to fully meet the demand. Therefore, in order to meet the demand, HOMER
considers purchasing electricity from the grid. Also, Figure 32, shows monthly average
electric production but it is important to focus on the hourly levels so as to know the energy
produced during each hour of the year and whether it is sufficient to meet the demand during

that hour according to the results.
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Figure 33: PV power production Vs. AC Primary load served (1 kW system)

The annual load consumption was scaled at 5.45 kWh/day and the results in Figure 33 show
that during certain hours of the year, there was shortage of energy produced to meet the
demand and during certain hours of the year, there was excess energy produced. The AC
load was served by power from the grid in the period when there was a shortage of energy
produced. Also, the excess energy produced especially in the middle of the year was stored
in the battery.

Excess electricity stored in the battery is then utilised by the load during the times when

there is a shortage and if the battery still remains with more power, this paper considers the
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possibility of vehicle-to-grid technology (V2G). This technology offers the possibility of
returning electricity to the grid and it is still under exploration. It has been proposed in the
future development that electric vehicles could be used to buffer renewable power sources
such as wind energy. For example, during windy periods, the excess energy produced would
be stored and during high load periods, it would be sent back to the grid.
(Papavasiliou, 2009)

5.2.5 Hourly electricity production vs consumption

For accurate conclusions to this research, it is crucial to analyse the energy produced and
energy consumed at hourly basis. The analysis below is for selected days during the month
of January where there was shortage of energy produced and the month of June where there
was sufficient energy produced to cover the demand.

Analysis of results on 01-January and 01-June respectively in Finland.
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Figure 34: Hourly analysis on 01-January



64

0.7
0.6
0.5
0.4

0.3

Energy (kW)

0.2

0.1

1\

01:00
02:00
03:00
04:00
06:00
07:00
08:00
09:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

00:00
05:00

=PV Power (kW) AC. Primary load served (kW)

Figure 35: Hourly analysis on 01-June

On the 1% of January, the energy generated by the solar PV during the 24 hours of the day
was 0.0202 kW and this was not sufficient to meet the demand during that period. In Finland,
January is a winter month and the PV output is too low and Figure 34 above shows shortage
of energy produced in all hours of the day. Therefore, in this case, energy stored in the battery
will be utilised or energy will be purchased from the grid to charge the battery and meet the

demand.

The situation is quite different on the 01-June which is a summer month. The energy
generated by the solar PV during this period was 6.2019 kW and this was sufficient to meet
the demand on that day. Figure 35 above shows there is excess energy produced during the
hours between 5 am and 6 am and 10 am and 4 pm but also there is shortage of PV power
produced between 5 pm and 4 am to meet the demand. In this case, excess energy produced
is stored in the battery and utilised later in times of shortage. Also, energy can be purchased
from the grid to meet the demand during shortage or energy can be sold to the grid if there

is excess.
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5.2.6 Excess electricity
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Figure 36: Surplus electricity production

Excess electricity simulated in HOMER is surplus energy that should be dumped because it
cannot be utilised to charge the batteries or serve the load. This occurs when the battery is
not able to absorb all the energy produced by the renewable source or by the generator when
its minimum output exceeds the load. In this study, the excess electricity is produced from

the solar PV panels to meet the demand.

Excess electricity is produced from the solar PV panels when there is more sunshine
especially in the summer months. In this case, the load demand has been met while the
battery state of charge is 100% hence the excess energy must be dumped and wasted by the
system. It can also be seen from Figure 32 that more energy was purchased from the grid
than the amount required to meet the load demand because some of the energy is lost in the
system through battery losses and inverter losses as the equipment are not 100% efficient.
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Table 10: Simulation results for Kumpula, Helsinki

Load PV  output | Grid Energy sold | Net

demand (kWh) purchase (kWh) purchases

(kwh) (kwh) (kwh)
Jan 168.95 8.56 161 0 161
Feb 152.06 24.86 133 4 129
Mar 168.95 61.10 141 20 121
Apr 163.05 94.72 111 29 82
May 168.95 129.22 89 38 51
Jun 163.05 128.74 83 35 49
Jul 168.95 126.17 92 34 58
Aug 168.95 96.53 117 24 93
Sep 163.05 60.28 137 19 118
Oct 168.95 29.37 152 5 147
Nov 163.05 10.11 153 0 152
Dec 168.95 4.98 163 0 163
Annual 1989.25 774.64 1533 208 1326

Table 10 shows the annual PV output is 774.64 kWh which cannot fully meet the load

demand. Therefore, the system is forced to purchase energy from the grid. PV power output

is higher between May and July and the system purchases less power from the grid during

this period. Energy is purchased from the grid to meet the demand during certain hours when

the PV production is less. However, the system also sells more power to the grid during this

period because there are certain hours when the PV production is higher than the demand

and the battery cannot absorb it all since its fully charged.

Additionally, the load demand varies in different months of the year because some months
have 28 days, 30 days or 31 days. HOMER scales the daily load demand at 5.45 kwh and
the results for monthly load demand are illustrated in table 10 above.
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5.3 Case study 2: Tanzania

In order to make comparisons with another country besides Finland in this study, Tanzania
which is located at latitude 6°48” and longitude 39°17" was used as another case study.
Tanzania has higher temperatures and solar radiation as compared to Finland because it is
located close to the equator, therefore the PV power production is expected to be much
higher and fit for the objective of this study. The annual average temperature is
approximately 30.7 °C with the highest temperature at 32.4 °C and lowest temperature at
28.9 °C.
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Figure 37: Ambient recorded temperature in Tanzania

5.3.1 Global horizontal radiation

Radiation and clearness index data was calculated by HOMER and the annual average
radiation in Tanzania is approximately 4.984 kWh/m?/day. Unlike Finland where the
radiation is high in the summer months and low during the winter, Tanzania is a sunny

country throughout the year and the radiation does not vary that much in different months.
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Solar Resource Inputs

File Edit Help
@ HOMER uzes the solar rezource inputs to calculate the PV array power for each hour of the pear. Enter the latitude, and
either an average daily radiation value or an average clearness index for each month. HOMER uses the latitude value to
calculate the average daily radiation fram the clearness index and vice-versa.
Hold the pointer over an element or click Help for more information.
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Figure 38: Global horizontal radiation and clearness index in Tanzania

PV output power in Tanzania is expected to be higher than Finland and below are the results
of the HOMER simulation.
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Figure 39: Average PV output comparison between Finland and Tanzania (1 kW system)
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5.3.2 Electricity production

The same system was simulated in HOMER with the same load profile as in Finland, the
same PV inputs for the solar panel but the only changes were the temperature inputs, grid
inputs and solar resource inputs. In this scenario, the effect of temperature was also
considered and radiation values obtained from the NASA database. The differences in the

solar PV output can be seen in Figure 40 with Tanzania consisting of better PV power output
power throughout the year.

This would imply the same electric vehicle with an area of only 4.5 m? to install solar panels
would produce more PV power to meet the energy demand in Tanzania as compared to
Finland. HOMER calculated only 34% of the annual energy demand would be met by solar
PV in Finland whereas the results in Tanzania indicate approximately 54% of the energy
demand would be provided by the solar PV panels.

Simulation Results

Syztem Architecture: 1 kW Grid 0,952 kW [nverter Total MPC: 4 51,553
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Grid purchases 1123 4B Grid sales 345 16 Urmet electic load  0.00000333 0.00
Tatal 2442 100 Total 2334 100 Capacity shortage 0.00 0.oo
Guantity Walue
Renewable fraction 0638
Monthly Average Electric Production
0.30 BV
= Grid
0.25
_ 020
E
=015
g
L
0.10
0.05
0.00
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mow Dec
=ML Report | HTHML Repart | Help Cloze

Figure 40: Monthly average electricity production, Tanzania
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Taking into consideration the real production months, for the case of Tanzania, there is no
huge variations on solar PV produced in different months of the year. However, for the case
of Finland, the solar PV power was mainly produced during the summer and this is what
mostly accounted towards meeting the load demand. Therefore, solar PV plays a great role
towards reducing energy need from the grid to run the vehicle in Finland mainly in the

summer whereas in Tanzania throughout the year.

5.3.3 PV power output
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Figure 41: HOMER simulation of PV power in Tanzania (1 kW system)

The solar potential of Tanzania is estimated to be equivalent to that of Spain and the country
has developed a lot of interest in generating electricity from renewable energy sources as the
prices are coming down (World Bank, 2017). However, there is need for clear information
regarding seasonal and daily availability of the resources and their potential geographic

concentration.

As mentioned, Tanzania lies at the ‘solar belt” and most parts of the country have abundant
solar resources throughout the year but with key point occurring in July. The recorded lowest
annual average is 4.2 kWh/m?/day and the highest annual average is 6.7 kwh/m?/day. Figure
42 proves Tanzania is naturally suitable for application of solar energy as a source of energy

services supply as the solar PV output power does not vary much in different months of the
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year as compared to Finland. There is also a much higher possibility to produce excess
electricity from solar energy which will be stored in the battery and could be utilised for

vehicle to grid technology. Therefore, a battery with higher capacity is necessary in this case.

Since this study focuses on hourly energy production and hourly consumption so as to find
out whether the demand is met at all times or to provide other alternatives of meeting the
energy demand when the solar PV output is low. As much as Tanzania enjoys sunshine
throughout the year, a short analysis was carried out to find out if electricity produced is less
than the demand during certain hours of the year.

5.3.4 Hourly analysis on electricity production vs. consumption

The analysis below is for a selected day during the month of November which recorded the
highest PV output power and the month of July with the lowest recorded value for PV output.
This hourly analysis was carried out so as to guide in making accurate conclusions on the
size of the battery required and other factors such as when the energy produced by solar PV
is insufficient and the grid needs to play part to meet the demand or charge the battery.

Analysis of results on 05-July and 05-November respectively.
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Figure 42: Hourly analysis on energy consumed and produced on 05-July
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Figure 43: Hourly analysis on energy consumed and produced on 05-November

Total energy generated by solar PV on 05-July was 3.2095 kW whereas the energy demand
during that period was 5.52785 kW. In Tanzania, July is the month which recorded less
average temperature compared to the rest of the year and Figure 43 above shows shortage of
energy produced in some hours of the selected day. Therefore, as much as Tanzania enjoys
better solar radiation hence more PV power output as compared to Finland, it cannot be
concluded that the PV output is sufficient to meet the energy demand. PV power helps to
reduce the amount of energy needed from the grid to support the electric vehicle. The
situation is quite different in November which recorded higher PV output. However, the total
energy generated by solar PV on the selected day for analysis (05-Nov) was 2.8369 kW
whereas the energy demand during that day was higher at 5.33414 kW. Figure 44 above
shows there is excess energy produced during the hours between 10 am and 3 pm but also

there is shortage of PV power produced during the rest of the hours to meet the demand.

In Tanzania, the sun rises earliest at approximately 5:50 am and sets latest at around
18:30 pm so the length of the day is approximately 12 hours depending on the time of the
year. Finland has short days during the winter period with the sun rising as late as 9:25 am
and setting as early as 3:11 pm so the day is only approximately 6.5 hours long whereas
during the summer particularly in the midsummer (June 20™) is the longest day of the year
in Finland. The sun rises at around 03:50 am and sets at 10:50 pm and this means 19

consecutive hours of sunlight. The analysis carried out below illustrates the length of PV
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power production during the day both in Finland and Tanzania. The results show extended
PV power production for longer hours in one day in Finland because of presence of sunshine
for a longer time in the summer as compared to Tanzania which is restricted to only 12 hours

of sunshine in one day throughout the year.
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Figure 44: Comparison of solar PV power output in Finland and Tanzania on 01-June
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The annual load consumption was scaled at 5.45 kWh/day as in Finland and the results in
Figure 46 shows a much more stable PV output throughout the year. This is because
Tanzania does not have four weather seasons like Finland where the PV output drops
massively during the winter. The results also show more excess electricity produced than
what is required by the load in most times of the year and therefore a large battery size has

to be taken into consideration to store the excess solar energy.

5.3.5 Excess electricity
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Figure 46: Surplus electrical production wasted by the system

The amount of excess electricity produced in this case is only 1.54 kWh/yr as seen in figure
41 which is less compared to the results in Finland that illustrated 66.3 kWh/yr of excess
electricity produced. It is crucial to realise that the system was modelled whilst connected to
the grid and the excess electricity is not produced from the 0.952 kW PV as it has been
established already that the solar PV is small and cannot produce enough electricity to meet
the demand fully. Sensitivity analysis is carried out on different sizes of solar PV and the

results are seen in the next chapter.
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Table 11: Simulation results for Tanzania.

Load PV output | Grid Energy sold | Net
demand (kwh) purchase (kWh) purchases
(kwh) (kWh) (kWh)
Jan 168.95 112.91 97 33 63
Feb 152.06 107.98 81 30 51
Mar 168.95 112.65 100 32 67
Apr 163.05 100.37 94 21 73
May 168.95 98.30 100 24 76
Jun 163.05 95.89 99 22 77
Jul 168.95 101.99 96 20 77
Aug 168.95 109.70 99 24 75
Sep 163.05 116.66 89 32 57
Oct 168.95 125.64 93 37 55
Nov 163.05 117.37 89 37 52
Dec 168.95 114.12 94 32 61
Annual 1989.25 1313.58 1129 345 784

The PV power output in Tanzania do not vary much in different times of the year as
compared to Finland. The results in Table 11 clearly illustrate that energy demand could not

be provided fully by solar PV production and the grid has to play part.

Elon Musk, the CEO of Tesla initially offered the idea of offering a solar roof as an option
on the Tesla model 3 but he has recently abandoned the idea and claimed that his team have
confirmed it is impossible. The main argument is that the solar roofs cannot generate enough
power to run the vehicle. The test was done on solar cells installed on the Prius Prime’s roof
which only managed to generate enough power to add about 2 miles of range during the day
and this is highly dependent where you are in the world and where you park your car taking

into the consideration the effect of shading (Lambert, 2017).
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5.4 Battery dimensions

An integrated solar PV system is expected to have an impact on the size of the car battery.
This is because the PV panel installed on the electric vehicle produces energy, so less energy
will be consumed from the battery and less energy must be stored before the trip (this energy
can be from grid or from own PV system). However, the impact of the integrated solar PV
system will depend on the size of the PV panel and the solar conditions in the observed
country/region. The bigger the panel, higher insolation and more energy will be generated
during the trip to cover the energy demand which means less energy needs to be stored in

the battery.

When an integrated solar PV system is utilised, energy is generated by the solar PV which
is used to charge the car battery, therefore the need for grid electricity is reduced. This
implies less energy will be consumed from the battery and less energy must be stored in the
battery before the trip. Therefore, there is no possibility to utilise a smaller battery because
energy generated by the PV will be stored in the battery. The impact on the battery
dimensions will depend on the different solar conditions in different countries/regions.
Based on this study, Tanzania experiences better solar radiation as compared to Finland
throughout the year. This means a similar car with the same features would generate more
solar energy in Tanzania than in Finland especially in the winter hence a larger battery could
be utilised so as to store any surplus energy produced. In the summer, in Finland, it is also
possible for solar PV to generate surplus energy as compared to the demand and a bigger

battery would be needed for storage.

Currently, the Sion which is the first electric car capable of recharging its batteries from the
sun exists and it is equipped with 330 integrated solar cells that recharge the battery through
solar energy. It is a lightweight design and the exterior is made up of rust-proof
polycarbonate to protect the solar cells from environmental influence. Under good
conditions, the solar cells can generate enough energy to cover 30 kilometers per day. The
battery has a range of 250 km and besides generating energy, the Sion is capable of providing
energy and serving as a mobile power station through bidirectional charging.
(Sonomotors.com, 2017). Therefore, the sensitivity analysis below is carried out to show
that changes in technology on solar cell efficiency and trends on transportation could

question Elon Musk’s argument.



77

5.5 Sensitivity analysis

This sub-section aims to analyse changes in the results of this study by considering the
current and future trends in the globe. For instance, improvement of technology has projected
a further increase in the efficiency of the solar cells, changes in consumer preferences as
people prefer to travel by other means of transport rather than owning a personal car, car
sharing techniques which cut the distances travelled per individual hence reducing the future
energy demand and changes in car design which could favour larger space for solar PV
installation. All these factors are currently discussed widely, and a sensitivity analysis below
was carried out in this study to indicate the influence of these changes to the results of this

research paper.
1) Increasing solar PV size to meet 100% load demand by solar PV power

In the PV inputs window in HOMER, different sizes of the solar PV were entered in order
to find out at what point the PV generation would satisfy the load demand fully without
depending on the grid. The sizes of the PV entered in the sizes to consider table are illustrated

below:

Table 12: PV size area for HOMER simulation

PV size area (m?) PV power (kW)
4.5 0.95

) 1.06

10 2.12

20 4.23

100 21.16

150 31.74

200 42.32

PV size area in Table 12 illustrates the size of the solar PV panel to be installed on the electric

vehicle for generation of solar energy. Realistically, some of the sizes that were considered
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are too large and cannot be available from the vehicle for panel installation. However, this
analysis was carried out to find out at what point the vehicle sustain itself by depending only

on energy generated by the solar PV panel to meet the energy demand.

The simulation results for the case of Finland showed that in order to meet the load demand
fully by solar PV panels throughout the year, the PV panel size required is approximately
150 m? while for the case of Tanzania, the PV panel size required is much less at 10 m?. It
should be noted that the PV panel is only installed once when the vehicle is manufactured,
and the PV panel will generate huge surplus energy in the summer as compared to the winter
in Finland. This means that a smaller PV area could be fit to meet the energy demand during
the summer and it is unrealistic to manufacture a vehicle which can be utilised seasonally.
However, the aim of this study is to show how solar PV power can contribute in reducing
the energy use from the grid to the electric vehicle. Below are the results of these simulations.

In both cases, the primary load consumption is the same at 1989 kWh/yr.

Simulation Results
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Figure 47: Simulation results for increased PV size, Finland
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Figure 48: Simulation results for increased PV size for Tanzania

2) Increasing efficiency of the solar PV panel to increase output
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Figure 49: Trends in the future expected solar cell efficiencies (Fraunhofer, 2016).
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Studies indicate an improvement in the solar cell efficiencies in the future as shown in Figure
51. Some solar cell manufacturers have already reached that target. Improvement in the
efficiency of the solar cells implies an increase in the solar PV output which supports the
objective of this research paper. Figure 52 illustrates the changes in the PV output in the
same system when the efficiency of the solar PV panel was doubled.

1.6
14
1.2

—=21.16%

0.8
42.32%

0.6

PV Power (kW)

0.4

0.2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 50: PV output simulated results when efficiency is doubled in Finland

The results show that the PV power output increases by twice the initial amount when the
efficiency of the panel was doubled. The solar cell efficiency development trend currently is
progressing fast as solar energy has been encouraged by many policies and institutions.

Improvement of the PV efficiency in the future to approximately 42.32% would imply
greater PV share than the grid when supplying energy to the load. The area for PV
installation in the electric vehicle considered in this simulation is 4.5 m? however the
efficiency of the panel is doubled which doubled the PV output as well. The results were

simulated by HOMER as illustrated in Figure 53 below.
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Simulation Results
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Figure 51: Effect of increased solar PV efficiency, Finland

The results show an increase in the PV share of power production from 34% when the panel
efficiency was 21.16% to 55% share of power production when the panel efficiency was
doubled. The study becomes more relevant if more energy is produced from the solar panels
to charge the battery and serve the full load demand. However, increase in the PV output
will also imply decrease in the battery size of the electric vehicle. Decreasing the size of the
battery will decrease the weight of the vehicle and hence less power would be required for
propulsion.
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Simulation Results
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Figure 52: Effect of increased solar PV efficiency, Tanzania

The results show a huge possibility of achieving 100% solar PV production in Tanzania with
expected increase on the efficiency of the solar PV panel installed in the electric vehicle.
The efficiency of the panel used in the results in Figure 54 was doubled to 42.32% however

the area of the PV panel remained the same.

This is an interesting result because the trends show a future increase in the solar cell
efficiency. Therefore, there is a huge possibility for vehicles to solely depend on solar energy
in the future. It should also be noted from the results that excess electricity is sold to the grid
hence, application of vehicle to grid technology. The battery size is a critical factor because
utilising a smaller battery would imply the excess energy is wasted.

3) Reducing the load consumption

Another contributing factor is the demand for passenger to travel by vehicles in the future.
Sensitivity analysis was carried out to indicate changes in the results if individuals will travel
less by private vehicles in the future. Many factors could attribute to this happening, for

instance development of services in many different areas would cause people to travel short
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distances for shopping or to work. Currently, the Finnish travel survey reported the distance
travelled by passenger vehicles in one day as 30.28 km. Below are the results of the
simulation if it would be assumed people in Finland will travel half the distance by private
vehicles as compared to the present situation. The energy consumption of the vehicle taken
into consideration is the Tesla model S consuming approximately 18.1 kWh per 100km.

The possibility to travel less by cars in the future exists in Finland as the country has set a
national target to increase number of trips made by bicycles or foot to at least 30% by 2030.
This will be made possible by improving the cycling infrastructure. (European Cyclists
Federation, 2016)

Simulation Results
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Figure 53: Simulation results for reduced load consumption, Finland

Figure 55 illustrates the outcome of reducing the load consumption by half as compared to
the current energy consumption of passenger vehicles in Finland. The PV output is still the
same as the size of the solar panels and the efficiency were not altered in this simulation.
The results show an improvement in the PV share to the electric production required to meet
the demand. The solar PV contributed 55% of the energy produced to meet the load as
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compared to only 34% previously when the load was not halved. Therefore, changes in the
load demand in the future has a significant impact on the relevance of this study. Finland is
also not a very sunny country so these results will have a greater impact when you consider

a region close to the equator. Simulation results shown below.

Simulation Results
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Figure 54: Simulation results for reduced load consumption, Tanzania

Reduction in load consumption has a very significant effect to the application of this study
in Tanzania as the solar panel installed on the electric vehicle can supply energy to the load
fully. Without considering increase in efficiency of the panel in the future or size of the panel
installed on the vehicle, the results prove that the 4.5 m? available for panel installation on
the vehicle and the current efficiency of the panel are just sufficient enough to meet the
reduced energy demand projected in the future. Also, surplus energy is produced and sold to
the grid.

For a developing country like Tanzania, improvement in public transport in the future would
highly reduce individual preference to travel by own car. The infrastructure still needs

massive improvement in order to study the trends and fully come to conclusions. The results
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illustrated in Figure 56 show a clear possibility of passenger vehicles utilising solar energy

in the future.

The relevance of the research will be reached by a far greater extent if you consider a decline
in distances travelled by vehicles in the future and also an improvement in the efficiency of
the solar PV panels which is expected. Sensitivity analysis was carried out in this study to
show the impact in Finland if people travel less than they do now and an improvement of
the solar PV panels in the future. Realistically, the vehicle sizes are not expected to increase
so as to accommodate more PV panels because a bigger car is more difficult to handle and
even requires more power for propulsion. Results of the simulation by HOMER when the
efficiency of the solar PV panel is doubled to 42.32% and people travelling half the distances
they do now at least 15.14 km per day are seen below.

Simulation Results
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Figure 55: Effect of increased PV efficiency and reduced energy demand in the future,

Finland
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This is a major improvement towards meeting the energy demand of the vehicles by solar
power. Figure 57 shows 74% of the energy required by the vehicles will be provided by solar
PV and 26% will be purchased from the grid. This a huge step towards operating green cars

in the future and ensuring the environment is kept safe.

5.6 Vehicle-to-grid technology (V2G)

As illustrated, the results of this research have indicated possibilities of surplus power
production during certain hours of the day which would then be wasted by the system if the
load demand has been met and the batteries are fully charged. Vehicle-to-grid technology is
the solution to this problem as it enables an electric vehicle to connect and sell power to the

utility grid.

This technology is supported by the travel patterns of most individuals because on average,
95% of the time, the vehicles are parked and this allows the batteries to be used as a V2G
supply. It should be noted that the vehicles cannot supply power to the grid while in motion.
V2G technology supports the use of electric vehicles as distributed storage devices and this
implies a large battery size is required to be fitted on the EV to store the surplus energy
produced by the system. The stored energy is then used to either power homes or fed in the

electrical system during periods of peak demand therefore it’s a two-way flow system.

V2G Unit

Grid
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Battery
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Control Unit
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Figure 56: lllustration of V2G technology (Cenex, 2017)

The use of this technology supports the objective of this study of increasing the use of
localised renewables, but also other advantages include reducing the electricity costs by
providing regulation services, management of the peak load and demand response. V2G is
crucial in cases of emergencies as it acts as a back-up and most important it is useful in load

levelling in balancing loads between periods of high and low demand (technavio, 2015).
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Based on the simulation results of this paper, the system did not produce surplus power when
the car roof area was only 4.5 m? because it is too small to generate enough power to meet
the demand. During certain hours of the day when the PV output exceeded the load demand,
power stored in the battery was first utilised to drive the car and the excess was stored in the
battery and utilised when the demand was higher than the PV output. Since V2G technology
is bi-directional, the system purchased power from the utility grid to meet the load demand

when the PV power output was less.

However, according to the results of the sensitivity analysis that was carried out,
improvements in the efficiency of the PV modules in the future and expected fall in demand
for private vehicles show a significant amount of surplus power produced that could be
utilised in the V2G technology. This was most noticeable on the results of Tanzania as
compared to Finland because of the differences in weather conditions and PV power output
of the two locations. Below is a calculated illustration of surplus power produced if the

system was applied in Tanzania and the PV module efficiency increased to 42.32%

Table 13: Simulation results indicating surplus energy produced for V2G technology

Load demand | PV output | Grid purchase | Energy sold to
(kWh) (kWh) (kwWh) utility grid
(kWh)

Jan 168.95 228.21 0 37

Feb 152.06 218.23 0 39

Mar 168.95 227.59 0 30

Apr 163.05 202.52 0 5

May 168.95 198.32 0 7

Jun 163.05 193.43 0 7

Jul 168.95 205.76 0 0

Aug 168.95 22151 0 5

Sep 163.05 235.80 0 44

Oct 168.95 253.82 0 55

Nov 163.05 237.26 0 43

Dec 168.95 230.53 0 38

Annual 1989.25 2652.96 0 309
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6. Conclusion

The purpose of this thesis is to study a solar powered system on an electric vehicle to
generate solar energy that would be used to meet the energy demand to run the vehicle. Also,
to raise the effectiveness of the system by utilising the surplus energy produced for
vehicle-to-grid technology as this decreases the total electricity cost. Solar vehicles solve
many problems related to the environment as they are pollution free in operation and
contribute to less dependence on fossil fuels. To reach this aim the main components of such

a system are defined and the limiting factors are analysed in this research.

The results of this study are quite interesting as previous studies hardly support the idea of a
vehicle run by solar energy. Many concerns have been raised on the area available for solar
PV installation on the vehicle, the efficiency of the solar panels, and the cost of the system.
The results of this thesis show a huge contribution of solar energy towards meeting the
energy consumption required by the passenger vehicles in Finland and Tanzania.
Additionally, a sensitivity test with proposed changes in the future on the efficiency of the
solar panels and reduced energy demand of passenger vehicles showed that it decreases the

usage of grid power for electric vehicles enormously.

The most important areas for further study are the improvement of the solar panels power
generation preciseness and battery sizing requirements. Since, the solar panels are installed
horizontally on the surfaces of the vehicle, the power output is less as there are some periods
when the panel is not facing the sunlight directly (shading). The battery capacity is also a
very crucial factor to consider in this study as it supplies the stored energy to the system and
controls the system from power wastage. The battery is the heaviest component of the
electric vehicle and oversizing it increases the weight and the power needed to run the car

while a smaller battery size would lead to loss of surplus power due to lack of storage space.

In summary, the defined system reaches all the defined aims and the process of its creation
is successful. The results vary depending on the location due to differences in solar
irradiation and travel patterns of individuals. Further developments in the future in
technology and awareness in the use of green energy will bring more relevance to the study
and solve the problems we are encountering today. There are still some uncertainties to be
answered but these results serve to help in the decision-making process in the design

optimisation of solar powered vehicle
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Appendix 1

Finnish National Travel Survey (NTS) 2010-2011

TRIP_OTYPE / TRIP_DTYPE - DESCRIPTION OF THE TYPE OF ORIGIN OR

DESTINATION

NR | Selite Description

1 Koti tai asunto, jossa henkilt on kirjoilla | Home or apartment, where the person

is registered

2 Kakkosasunto Second home

3 Oma tyGpaikka My job

4 Toinen oma tyopaikka My second job

5 Oma koulu tai pdivahoitopaikka My school or day-care center

6 Oma opiskelupaikka My study

7 Oma/suvun vapaa-ajan asunto (esim. | Own / family holiday home (for
kesamokki) example, a summer cottage)

8 Muu vapaa-ajan asunto (ei vuokrattavat | Other leisure home (not rental cottages)
mokit)

9 | Ympérivuorokautiseen asumiseen | Around the clock for living in a
tarkoitettu asuinhuoneisto tai | residential or residential building,
asuinrakennus, yleensa vierailupaikka (ei | usually visit the place (not a private or
oma tai suvun hallinnassa oleva) family controlled)

10 | Majoitusliikerakennus-tai-huoneisto ( | Accommodation Office Building or
hotellit, ~ vuokrattavat  loma-asunnot, | Apartment (hotels, rental apartments,
vuokrattavat mokit, loma-ja lepokodit) rental homes, vacation and retirement

homes)

11 | Asuntolarakennus tai-huoneisto Dormitory, boarding house, residential

hotel or apartment

12 | Huoltolaitos (vanhainkoti, lastenkoti, | Maintenance  Department  (nursing
koulukoti, vammaisten hoitolaitos, muu | home, orphanage, home school, care
huoltolaitos) center for people with disabilities, other

maintenance facility)

13 | Myymaléahalli (yksikerroksiset hallimaista | Shop garage (one-storey hall like space
tilaa sisdltdvat myymaldrakennukset, | contains trade buildings, such as Lidl,
esim. Lidl, monet huonekalumyymalat) many furniture stores)

14 | Liike-tai tavaratalo (esim. 2 kerroksiset | Business or department (eg, 2-storey
Prismat, Citymarketit, joissa muitakin | Prismas, City Markets, where other
liiketiloja) business premises)

15 | Kauppakeskus Shopping mall

16 | Muu myyméléarakennus | Other office building (kiosk buildings,
(kioskirakennukset, huolto-asemat) service stations)

17 | Ravintola (liikehuoneisto tai rakennus) Restaurant (typical commercial

building)

18 | Muun rakennuksen yhteydessé sijaitseva | Another commercial room located in
liikehuoneisto (esim. monet kampaamot, | connection of other commercial space
kioskit, elintarvikekaupat, muut | (for example, many of the salons,
pikkukaupat) kiosks, grocery stores, other small

shops)




19 | Opetusrakennus  (muu  kuin  oma | Educational establishment (other than
koulu/opiskelupaikka) my own school)

20 | Toimistorakennus tai-huoneisto (esim. | Office building or apartment (eg
yritysten toimistot, KELAnN toimisto, | corporate offices, the Social Insurance
poliisiasema) Institution of office, a police station)

21 | Liikenteen rakennus ja alue (asemat, | Traffic building and the area (stations,
pysakit, lentokentat, satamat, | bus stops, airports, harbors, marinas,
pienvenesatamat, pysékointitalot, muut | small, car-parks, other traffic areas)
liikenne-alueet)

22 | Yhdyskuntatekniikan huoltoalueet | Municipal Engineering Service Areas
(kaatopaikka, lumenkaatopaikka, | (dump, dump snow, sand pits, other
hiekkakuopat, muut maa-ainesten | ground water areas, construction sites)
ottoalueet, rakennustydmaat)

23 | Terveydenhuollon tila tai rakennus | Health care facility or building
(sairaala, terveyskeskus, | (hospital, health center, health care and
terveydenhuollon erityislaitokset ym.) other specialized institutions)

24 | Sosiaalitoimen huoneisto tai rakennus | Social care facility (day-care center,
(paivakoti, muut luokittelemattomat) and other unclassified)

25 | Vankila Prison

26 | Teatteri-tai konserttitila (teatteri-, | Theater or concert room (theater, film,
elokuva-,ooppera-,konsertti-tai opera, concert or conference room)
kongressitila)

27 | Kirjasto-,museo-, tai ndyttelytila (kirjasto, | Library, museum, or exhibit space
arkisto, museo, taidegalleria, | (library, archive, museum, art gallery,
nayttelyhalli) exhibition hall)

28 | Seura- tai kerhotila Club room

29 | Uskonnollisten yhteisdjen tila (esim. | Building of religious communities (eg,
kirkot, kappelit, seurakuntatalo) churches, chapels, parish)

30 | Hautausmaa Cemetery

31 | Urheilu- ja  kuntoilurakennus tai- | Sports and fitness building or
huoneisto (jaahalli, uimahalli, tennis-, | apartment (ice hockey arena, indoor
squash-ja sulkapallohalli, monitoimihalli) | swimming pool, tennis, squash and

badminton hall, a multi-purpose hall)

32 | Liikuntakenttd, myos golfkentat, liikunta- | Field sports, including golf courses,
alue, merkitty uimaranta sports area, beach

33 | Taajaman viheralue, puisto, koirapuisto, | Conurbation green space, a park, a dog
leikKipuisto park, playground

34 | Peltoalue, viljelm4, laidun Arable Area, plantation, pasture

35 | Mets4, varvikko, nummi, kosteikko, suo, | Forest, brushwood, heath, wetland,
luonnonniitty, rantahietikko, dyynialueet, | swamp, meadow, natural, sandy beach,
kalliomaat, kivikot, kangasmaat dunes, rocky countries, Pebbles,

moorland

36 | Vesisto (jarvet, joet, meri) Water system (lakes, rivers, sea)

37 | Teollisuusrakennus tai-halli (voimalaitos, | Industrial building or garage (power

teollisuushalli, huoltorakennus,

pienteollisuusrakennus)

plant, industrial building, maintenance
building, light industrial building)




38 | Varastorakennus tai-halli (teollisuuden ja | Storage building or garage (industry
kaupan sek& muut varastorakennukset, ei | and trade, and other storage buildings,
kuitenkaan  asuntojen  varastot  tai | housing stocks, or stocks of farms)
maatilojen varastot)

39 | Paloasema, véestdnsuoja, muut palo-tai | Fire station, shelter, or other fire-rescue
pelastustoimen tilat facilities

40 | Maatalousrakennus  (esim.  navetat, | Agricultural building (eg, barns,
maneesi, kanala, viljakuivaamo, | manege, a chicken farm, grain drying,
séilytysvarasto, kasvihuone, turkistarha, | storage, warehouse, greenhouse, fur
maa-metsa-ja kalatalouden rakennukset) | farms, agricultural buildings, forestry

buildings, fisheries buildings)

41 | Kasarmi (armeija) Barracks (Army)

42 | Muu rakennus/tila Other building / space

43 | Muu rakentamaton alue Other undeveloped area

44 | Tori, markkinapaikka, aukio Market, marketplace, square

99

Ei tietoa

No information




Appendix 2 Electricity spot prices in Finland 2016

Average monthly Elspot prices

EUR/MWh $/kWh
Jan 37.83 0.040
Feb 26.09 0.028
Mar 27.09 0.029
Apr 27.25 0.029
May 28.06 0.030
Jun 35.41 0.037
Jul 30.97 0.033
Aug 31.38 0.033
Sep 32.52 0.034
Oct 37.54 0.040
Nov 41.02 0.043
Dec 34.00 0.036




Appendix 3

Electricity prices in Tanzania

JEDWALI NA. 1: BEI ZA UMEME ZILIZOIDHINISHWA

Kina ya Bei/ Tozo Zilizopendekezwa Zillxo::i:khwa M ab:;mko
2016
Tozo ya kutoa Huduma TZS/Mwezi - - -
55 Bg;'y;sﬁi:;‘ha;i T25/kWh 100 100 100 0.0%
(zi.‘ji’;aa’;issza%) TZ5/kWh 350 350 350 0.0%
Tozo ya kutoa Huduma TZS/Mwezi 5,520 - - -100.0%
Tl Bei ya Nishati TZS/kWh 298 295 292 2.0%
Bei ya Mahitaji ya Juu | TZS/kVA/Mwezi - - -
Tozo ya kutoa Huduma TZS/Mwezi 14,233 14,233 14,233
T2 Bei ya Nishati TZS/kWh 200 198 195 2.3%
Bei ya Mahitaji ya Juu | TZS/kVA/Mwezi 15,004 15,004 15,004
Tozo ya kutoa Huduma TZS/Mwezi 16,769 16,769 16,769
T3-MV Bei ya Nishati TZS/kWh 159 157 157 -1.5%
Bei ya Mahitaji ya Juu | TZS/kVA/Mwezi 13,200 13,200 13,200
Tozo ya kutoa Huduma TZS/Mwezi -
T3-HV Bei ya Nishati TZS/kWh 156 154 152 2.4%
Bei ya Mahitaji ya Juu | TZS/kVA/Mwezi 16,550 16,550 16,550




