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Abstract

This thesis desires to study the use of solar resources in a less frequently used location, by
exploring the use of a photovoltaic systems on the roof of a warehouse in Tromsg, Norway.
The research is gathered using a 15 000 m2 warehouse as the location, which has an annual
energy consumption of 2,9 GWh. The solar resources at this location are highly dependent on
season, with periods of polar nights during winter and midnight sun during summer. With this
in mind this study considers solar radiation conditions, area utilization and energy production
for three photovoltaic systems to find the optimal system for harvesting energy under the
mention constraints. The three systems evaluated consists of horizontal modules, 40° tilted
south orientated modules and 40° tilted east-west orientated modules, and their energy

production respectively covers 16%, 16% and 25% of the warehouse consumption.

Being capable of producing the most energy, system design and an economic analysis is
performed for the system with 40° tilted east-west orientated modules. The system consists of
3456 modules with a combined power of 1382 kWp, requires an investment cost of 5 961 000
NOK and breaks even with an electricity price of 0,38 NOK/kWh. In the pursuit of relieving
stress from the grid and decreasing the washhouse’s electricity cost, this study also investigates
the idea of utilizing otherwise unused roofs on neighbour buildings for solar energy production
and transmit the energy to the warehouse with inter-building cables. Two building were
considered, one closer but limited in size, and one larger in size but further away. Results prove
the short inter-building distance to be most profitable when electricity prices are below 0,9
NOK/kWh, due to lower investment costs. For prices above 0,9 NOK/kWh, the extra cost of
the longer distance would be more profitable due to the possibility of a larger production area.
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1 Introduction

1.1 Background

During the last two decades, the Norwegian energy consumption has increased by 14,6%. A
further rise is predicted as the ever- increasing need for decarbonizing our community is aided
by electrification of fossil fuel processes. Equinor’s desire to electrify their gas plant “Melkaya”
in Finnmark within 2027 is one among various examples where electrification of existing
industries in Norway is planned (Klo, 2021). Establishments of energy consuming industries
are also predicted, as Norway offers industries a sustainable production provided by cheap,
renewable energy (Kalkenberg, 2021). Electrification of private households is also predicted to
contribute to the increased power consumption. Since 2016, more than 300 000 additional
electric vehicles are used as private households’ desires to electrify their means of transport
(Energi Norge, 2021). Due to the electrification of our society, the power consumption is
estimated to have a further growth of 20- 30% during the next decade, increasing Norway’s
annual electricity demand by of 30- 50 TWh (Holmefjord & Kringstad, 2019).

Such growth gives an additional pressure to the grid in terms of power transmission capacity,
as experienced at the Norwegian island Senja where power blackouts frequently occur as a
result of power consuming industries overloading the grid. Due to the remote location,
expanding the grid is an expensive measure that proves difficult to implement. A solution to
this, and similar problems, may be to utilize the energy generation from solar resources to
relieving parts of the increased consumption from the grid. In certain parts of the world this
development has successfully been implemented, such as in the Persian Gulf region, where
more than 7 GW of utility scale photovoltaic (PV) systems have been ordered in less than a
decade. The regions commitment to large utility- scale PV systems have resulted in decreased
prices in a global scale, leading way for remaining parts of the world to increase the amount of

locally produced electricity (Chiesa, Apostoleris, & Ghaferi, 2021).



Likely to have been inspired by this development, the Norwegian food chain Coop has invested
in a utility scale system on their main warehouse in Jessheim, Norway, with the objective of
creating an energy positive building, producing more energy than it consumes. The system
consists of 8270 modules that covers an area of 25 000 m? and provides an annual energy
production of 2,85 GWh. The system of east- west orientated modules is presented in Figure 1
(Teknisk Ukeblad, 2021).

Figure 1: East- west orientated PV system with an annual power production of 2,85 GWh installed on the roof of
Coops main warehouse in Jessheim, Norway (Teknisk Ukeblad, 2021).

1.2 Idea and Purpose

The idea for the subject in this study occurred as author is a former employee at Coop’s
warehouse in Tromsg and became aware of the buildings major impact on the grid during
working hours. This inspired exploring measures for improvements, and the idea was raised of
utilizing the unused area on the roof for electricity generation. In addition, a cooperation with
Coop seemed interesting as the food- chain proves to be a forward-looking company according

to their former investments of utility scale PV systems in Southern Norway.

This study desires to put attention to a less frequent location in terms of solar resources, by
investigating the use of a PV system on the roof of a warehouse owned by Coop in Tromsg,

Norway. Both electricity prices and power consumption are predicted to rise in the region, using
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solar resources to decrease energy cost and relieve the grid is a measure worth investigating.
Despite the achievements in the Persian Gulf may positively affect the profitability for utilizing
solar resources in Tromsg, the latter is exposed to an additional challenge due to highly seasonal
solar availability (Chiesa, et al., 2020). To ensure harvesting the most radiation under the
mentioned constraints, three PV systems are evaluated to find the most suited. Solar radiation
conditions, area utilization and energy production for the systems are investigated, as well as
an economic analysis to determine the most profitable system. The investigation takes place on
a 15 000 m? warehouse which mainly due to temperature regulation, charging of forklifts, and
lightning has an annual energy consumption of 2,9 GWh. This corresponds to the average
electricity demand for 180 household. By supplying parts of the warehouse power consumption
with energy from solar resources the local grid will be significantly relieved (Energifakta
Norge, 2021).

In the pursuit of relieving stress from the grid and decrease Coops electricity cost, this study
also investigates the idea of utilizing otherwise unused roofs on neighbour buildings for solar
energy production and transmit the energy to Coop using inter- building cables. This idea came
up through discussions between Professor Matteo Chiesa and author, as both had the desire for
covering an even greater part of Coops power consumption by solar resources without
interrupting existing land use. By considering the number of empty roofs surrounding the
warehouse with similarities in both orientation and size, the idea seemed feasible. It is likely
that such investigation serves purpose further than this study, as similar situations frequently
occur in industrial fields, providing additional motivation for investigation. To determine which
affect the most, inter- building distance or available roof area, two buildings with differences

in the mentioned properties are considered for installing PV systems.

1.3 Limitations

When calculating the electricity production for the PV systems, the module efficiency is
assumed to be constant, despite eventual temperature- efficiency correlations. Due to objects
such as pipes and fans on the roof, the available area for module installation is assumed to
consist of three columns located with proper distances to the mention objects. Further utilization
of additional areas on the roof or the walls are not considered. Information given by the

warehouse owners suggests that strong winds historically lead to insignificant amounts of snow



on the roof. Therefore, mechanical loads and shadowing caused by snow will not be considered.
Despite prices for the module fundaments are utilized in the economic analysis, this study does
not perform further investigations on the mentioned component. As the warehouse roof is
assumed to handle the weight from the PV system, no further investigations are done regarding

the mechanical impact from the PV system on the warehouse roof.

The exact price for the PV systems is unknown as wholesalers in general offers individual
agreements based on customer relationships. As changes in the discount rate highly affects the
profitability of the project, deviations from the calculated system cost are likely to occur. As
this study does not intend to go into depth in researching future electricity prices, a constant
electricity price predicted by NVE is assumed for all the three decades of project duration,
despite this rate is affected by various factors such as the climate, and both domestic and foreign
politics. Whereas the total electricity cost and various details are provided by Coop, certain
parts are unavailable, such as price rates for grid rent and consumer fees. To present the
complete electricity cost in Table 15, remaining price rates either assumed or collected from
the grid supplier Arva. Note that Coop may have an individual agreement with the grid supplier.

1.4 Structure of Thesis

Chapter 2 describes the theoretical background used as a fundament in this thesis, starting with
presenting the location in which this study focuses it attention. Further, solar cells, radiation
conditions on- site, a various of PV system components and the prices of electricity are among
the aspects to be presented. Chapter 3 shows the methodology used to process datasets and
analyse information in this thesis, and the results which these approaches have led to, including
presentation of the most suitable PV system to use on the warehouse roof, design of the
respective system as well as analysis of the economic impact of the system. Chapter 4 intends
to compare the results gained in this thesis with their respective theoretical aspects through
discussions. In chapter 5, a summary of the thesis is described as well as conclusion based on
former results and discussions. To end with, chapter 6 presents further work that is likely to

improve the approach and results of this thesis.



2 Theoretical Background

2.1 Location

As shown in Figure 2 A, the warehouse described in this study is in Tromsg, Norway and is
owned by Coop Norge. Goods are delivered to Tromsg from Coops main warehouse in
Jessheim, Norway, and subsequently unloaded, sorted with electrical forklifts and shipped onto
trucks to Coops grocery stores in Northern Norway. To ensure the goods is kept at a constant
temperature while sorting, the warehouse has three temperature zones that providing freezing,
cooling, and room temperatures with respective temperatures of —20°C, 4°C, and 10°C. The
warehouse has an approximate area of 15 000 m?, where over half is regulated to maintain
temperatures from 4°C and below. As shown in Figure 2 B, the roof covers all the buildings
area and has a flat construction. Due to temperature regulating, charging of forklifts, and
lightning, the warehouse has a yearly electricity consumption of 2,9 GWh.
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Figure 2 A: Map of Norway, showing the location of Tromsg. The warehouse owned by Coop Norge is located on
the west side of the island (Google Maps).

B: Close-up picture of the warehouse investigated in this study. The warehouse is in Tromsg, Norway, and has a
roof area of 15 000 m?, including fans and other objects (Google Maps)



2.2 Solar Cells

2.2.1 The Photovoltaic Effect in Solar Cells

By utilizing radiation made from sunlight, solar photovoltaic cells (solar cells) generate
electricity. This process is called “the photovoltaic effect” and is shown in Figure 3 (U.S Energy
Information, Administration, 2021). When the energy carrying photons in solar radiation hits a
solar cell, some of them are absorbed and contributes to the generation of electricity. The
component that absorbs photons inside a solar cell is called a semiconductor. The
semiconductors have different properties due to differences in their material doping and are
often called n- and p doped. By joining the semiconductors, a p-n junction is made in the area
between. Due to energy carrying photons from the sun, normally fixed electrons in the p- doped
semiconductors tend to get excited and move to the n- doped semiconductor, creating an electric
field in the junction. Before the excitement, an electron in the p- doped semiconductor is in “the
valence band” state, with a low energy level. During the excitement from incoming photons,
the electron energy level increases. With sufficient energy level increase, the electron moves
through the bandgap and reaches “the conduction band” state, in the n- doped semiconductor.
The amount of energy required to excite the electron from the valence band to the conduction
band is determined by the bandgap. Electrons in the conduction band are called “free electrons”
and can create currents with directions decided by the electrical field in the p-n junction. The
current of free electrons can then be utilized in electricity production. (Hanania, Stenhouse, &
Donev, 2015)
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n-type Material

p-n Junction
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T Electron

Flow
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Figure 3: Photovoltaic effect in solar cells created by photons from sunlight. The figure shows the two
semiconductors with different properties, and the junction formed between (Energy Education Team, 2015).



2.2.2 Efficiency of the Solar Cell

The efficiency of a solar cell tells how much of the incoming energy from a photon that is
generated to electricity. To determine this efficiency, the solar cell is tested by the manufacturer
under standard test conditions (STC). To fulfil these conditions, the cell must be tested with an
irradiance of 1000 W/m? and a cell temperature of 25°C. Both irradiance and cell
temperature tends to deviate from STC values, leading to a different efficiency than stated by
the manufacturer (Chandrasiri & Attygalle, 2017).

The efficiency of a solar cell is reduced with temperature due to changes in bandgap
characteristics. To excite an electron to a higher energy state in order to make electricity, a
particular amount of energy is required. The required energy is related to the bandgap energy
of the solar cell, as mentioned in section 2.2.1. Absorbed photons with energy levels exceeding
the bandgap energy will only contribute to increasing the cell temperature, rather than electricity
production. Unfortunately, increasing the cell temperature leads to a decrease in the bandgap
energy. This creates an efficiency drop, where a higher number of photons will have energy
levels exceeding the bandgap energy level, contributing to heating and decreases the bandgap
further. (Afework, YYelland, & Donev, 2018) This correlation is shown in Equation (1), where
the efficiency of a solar cell is given as n.. Here n,.¢, Brer, Tg, and T respectively gives the
reference efficiency, the temperature coefficient, the cell temperature, and the reference
temperature. From Equation (1) it is proved that a decrease in the cell temperature Tc will make
the efficiency rise. This is likely to occur in Tromsg, due to ambient temperatures below the
STC value for most of the year (Chandrasiri & Attygalle, 2017).

N¢ = Npef[1 — Brer(Te — Trer)] 1)

2.2.3 The Solar Cell as an Electrical Component

As an electrical component, an unilluminated solar cell has similarities with a diode, as it
requires sufficient voltage to lead current, and only allows the passing currents to move in a
positive direction. When exposed to illumination, the solar cell could be represented by the
equivalent called the “one- diode model”, shown in Figure 4. In this equivalent, a photoelectric
current is provided by a current source (I,,), With a diode and a shunt resistance (Rp) in
parallel. The shunt resistance represents the voltage drop occurring due to leakage of charges

when moving from the semiconductor to the contacts. The resistance due to components is



represented by the series resistance (Rg). The load voltage and load current (V) and (I) is
determined by the size of both the current source and the resistances. To utilize the most of
power of an illuminated solar cell, it is preferred to have a large shunt resistance and a small
series resistance (Nordahl, 2012).

A S
Iph ) D! Rsh V

Figure 4: One- diode model representing the equivalent of a solar cell exposed to illumination. The load voltage and
load current V and | is determined by the size of the current source and the resistances, respectively represented
by In, Rgn, @and R;. (Tayyan, 2015)

When the current through a solar cell is zero, the circuit in Figure 4 is considered open. In this
situation, the highest voltage one can obtain over a solar cell occur, called the open circuit
voltage (V,.). As this voltage is inversely proportional with temperature, it is partially settled
by the ambient temperature of the solar cell. When the voltage across a solar cell is zero, the
cell is considered short circuited. In this situation, the highest possible circuit one can obtain in
a solar cell occurs, called the short circuit current (I5.). Optical properties of the solar cell such
as reflection and absorption affect the short circuit current, in addition to the cell area and the

power of the incoming solar radiation (Honsberg & Bowden, Short- circuit current , 2022).

A solar cell has a point where its reaches maximum efficiency and following produces the
highest amount of power. This point is called the Maximum Power Point (MPP) and is
continuously affected by the ambient weather conditions such as temperature and irradiation.

To ensure maximum production it is desired to combine the output voltage and current in a such



way that MPP is always achieved, as presented in Figure 5. The MPP occurs when the current
is located at I,,p, and the voltage is located at V),p, and to achieve such conditions, maximum
power point tracking (MPPT) is used. MPPT uses algorithms to utilize the best combination of
current and voltage for reaching MPP (Faranda & Leva, 2008).
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Figure 5: Current- voltage (IV) curve (red) and power- voltage (PV) curve (blue) for a solar cell. I, and V,,
respectively represents the short circuit current and the open circuit voltage for the cell. ;,,, and I, respectively
gives the ideal voltage and current to be combined for reaching maximum power point (MPP). P, represents the
maximum power output for the PV cell (Honsberg & Bowden, IV Curve, 2022).

2.3 Modules and Strings

A single solar cell produces a voltage of about 0,5 V at the MPP. As higher voltages are more
suited for power transport in cables, it is desirable to increase the voltage to higher levels.
Kirchhoff’s voltage law claims that the sum of voltages in a closed circuit must be zero. Using
this as a base, solar cells are connected in series to increase the output voltage. Solar cells in
such setups are called a module and are manufactured in many versions. A 400 W module
commonly consist of 104 cells, able to provide MPP voltages of 50- 70 V. In addition to
increasing the voltage to higher levels, a module offers mechanical protection for the solar cells
inside. As solar cells and the electrical connections between them are sensitive to moisture, dust
and mechanical damage, the module encapsule makes the fragile components able to operate
without being damaged by the surroundings. A cross section of a module is shown in Figure 6,
and contains of toughened glass on the top, that gives mechanical protection for the solar cells,

followed by an anti- reflective coating ensure to minimise reflection loss. Front and back



electrical contacts are used for current transport. The module core contains of N- type and P-

type silicon semiconductors with a junction between them, followed by a back sheet.
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Figure 6: Cross section of a module, presenting the containing layers used for both electricity generation and
mechanical protection (Svarc, 2020).

By connecting modules in series, a string is formed. The voltage across a string is the sum of
all the individual module voltages whereas the current in such a setup will be equal throughout
the circuit and limited to the module providing the lowest amount. This creates limitations for
all modules in a string in cases of shadowing. (Asheim, 2017) (Honsberg & Bowden, Module
Structure, 2020)

2.4 String Calculation

To determine the maximum string size, the highest open circuit voltage (Vo maqx) from the
module must be derived. The V,. provided from the manufacturer is measured with standard
test conditions, but as this value is inversely proportional with the temperature, the actual V.
in low temperatures may exceed the manufacturer’s estimates. This deviation must be
considered when designing a PV system in Tromsg, as the locations low ambient temperatures
can create voltage peaks causing damage to system components. In addition, voltages exceeding
the inverter input voltage range will be cut off, leading to production losses. To protect system
components and ensure maximal power production during the voltage peaks caused by the V.

increase in low temperatures, Voc may 1S Calculated with Equation (2) Here, V,., Tky,., and
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Terc respectively represents the open circuit voltage, the open circuit voltage temperature
coefficient, and the standard test condition temperature, all provided by the module
manufacturer. T,,;,, represents the minimum ambient temperature expected for the location.

(Honsberg & Bowden, Open- circuit voltage , 2022) .

(Tmin—T ) TRyoc
Vocmax = Voc (1 + TR ) ()

To acquire the maximum open circuit voltage for a module, the maximum string size
(Nstring,max) 18 derived using Equation (3) Here, Vipyertermax 1S the inverter maximum input
voltage, and Vycmax 1S the maximum open circuit voltage for a module, derived by Equation
(2). The maximum number of modules in a string is set to avoid exceeding voltage levels for

the system components, as this could cause both production losses and damage.

Vinverter,max
nstring,max - Vocmax (3)

To determine the minimum string size, the lowest maximum power point voltage ( Vipp min )
is derived with Equation (4). Here, Vyp, Tky,c, and Terc respectively represents the maximum
power point voltage, the maximum power point temperature coefficient, and the standard test
condition temperature, all provided by the module manufacturer. T,,,,, represent the maximum
ambient temperature for the location, and T,,, represent the adjustment of temperature due to

the installation method.

(Tmax+Tadda—Tstc) Tkap) (4)
100

Vuppmin = Vupp (1 +
To acquire the lowest MPP voltage for a module, the minimum string size (T¢ring,min) 1S
derived using Equation (5). Here, Viverter min 1S the inverter minimum input voltage and

Vippmin 1S the lowest MPP voltage for a module, derived in Equation (4). Approach for the

calculations is collected from (Mayfield Renewables , 2018).

Vinvertermin
nstring,min Ty ] (5)
MPPmin
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2.5 Degradation and Lifetime of Modules

During the years, the module power output is reduced as the modules experience degradation.
The level of module degradation variates with location, as it is accelerated by environmental
factors such as thermal stress and moisture. Modules in Tromsg are likely to be positively
affected by the low temperatures of the location, resulting in a decreased degradation rate. To
give accurate predictions for power production during the lifetime of a PV system, degradation
of modules must be included. Module manufacturers typically offers both product- and power
production warranties of 20- 25 years, ensuring a power production of typically 80- 90% of the
power produced in year 1, leading to an annual degradation rate of 0,3- 0,8%. A module
continues to produce electricity despite both expired warranties and degradation. The lifetime
of a module therefore depends on the decided level for acceptable energy production. (Mow,
2018) (Honsberg & Bowden, Degradation and Failure Modes, 2022)

2.6 Solar Radiation in Tromsg

Solar radiation hitting a surface at the earth occur in the forms of direct and diffuse radiation.
Solar radiation that is exposed to scattering before hitting the earth’s surface, is called diffuse

radiation.

This scattering may originate from dust, clouds, or other particles that can refract the light
beams radiated from the sun. The part of the radiation that directly hits the surface without
refractions are called direct solar radiation. This type of radiation is highly concentrated with
energy and is preferable in terms of energy production by modules. Global radiation contains
both diffuse and direct solar radiation and is therefore commonly used to describe the total
radiation hitting a surface (Li, Lou, & Lam, 2015).

Solar radiation intensity on a horizontal surface decrease with higher latitudes in the northern
hemisphere. In places with high latitudes, solar rays will have a lower angle compared to
latitudes near equator, leading to a larger spread for the solar rays, and therefore a lower solar
radiation intensity (Climate Science Investigations, 2012). The earth’s axis of rotations, shown
in Figure 7, has a tilt of 23,5°. For places located in high latitudes, this causes an increase in
solar radiation during the summer months, and a decrease in solar radiation during the winter

months. Due to the 23,5° tilt in the earth’s axis of rotation, Tromsg’s high latitude causes
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midnight sun from May 18" to July 25". In this period, solar cells potentially can produce
electricity throughout the hole day and night. Tromsg polar nights starts at November 26" and
ends on January 17", During this time, the solar radiation suitable for electricity generation are
neglectable, as presented in Figure 8 (Delphin, 2018).
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Figure 7: Earth’s axis of rotation. For places located in high latitudes, this causes midnights sun during the summer
and polar nights during the winter (Hocken, 2021).
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Figure 8: Solar paths for Tromsg during a year, collected from PVsyst.
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2.6.1 Solar Radiation on a Tilted, South Orientated Module

The solar radiation intensity on a module is affected by the angle between the module and the
solar rays, as the power density of the solar radiation will be at a maximum when the rays are
perpendicular to the module surface. Solar radiation on a horizontal module is related to the
solar radiation on a corresponding, tilted module with Equation (6). Here, S;;;.q and
Shorizontal T€SPectively is the solar radiation intensity on a tilted and a horizontal module. The
angle a and @ respectively represents the solar elevation angle and the tilt angle between the
module and the horizontal (Honsberg & Bowden, Solar Radiation on a Tilted Surface, 2021).

Shorizontal* Sin (a+0) (6)
sin

Stilted =

2.6.2 Solar Radiation on a Tilted, East- West Orientated Module

By fixing a module in the northern hemisphere with southwards orientation, the solar radiation
potential is usually fully utilized. Giving the module an east- west orientation, the solar radiation
strikes with a less ideal angle, resulting in a 15% power decrease compared to south orientated
modules. Despite a lower noon peak, east- west orientated modules have higher radiation
exposure during morning and afternoon compared to the south orientated modules, as presented
in Figure 9 (Rodriguez, 2021).
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Figure 9: Comparison of energy production from east- west- and south orientated modules. X- axis and y- axis
respectively represents time and energy production. Despite a lower midday production, east- west orientated
modules offer a higher production in the morning, and afternoon hours, compared to south orientated modules (The
University of Sheffield , 2021).

2.7 |ldeal Surface Tilt

Due to conditions mentioned in section 2.6.1, a module receives the most energy when
obtaining a perpendicular angle with the solar rays. As fixed modules do not have the ability to
adjust for the constantly changing solar radiation angle, the mean ideal surface tilt is calculated
to utilize most of the radiation during a given part of the year. The ideal tilt for summer months
in the northern hemisphere is found with Equation (7) and depends on the geographical latitude
(Rensselaer Polytechnic Institute, 2006).

Ideal tilt = (Latitude * 0,9) — 23,5° (7)
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2.8 Shadowing Between Modules

As shown in Figure 10, shadowing between modules depends on the module height difference,
the module row spacing, and the solar elevation angle. Equation (8) calculates the height
difference by considering both the module width and the module tilt angle 6. Equation (9)
calculates the required module row spacing to avoid shadowing between modules, as shown in
Figure 10, by considering the module height difference and the minimum solar elevation angle
a. The row width is calculated with Equation (10), and represents the total space occupied by

one tilted module with proper module row spacing to avoid shadowing (Diehl, 2020)

. .
Module Row Spacing Height Difference

Row Width

Figure 10: Distances to consider for avoiding shadowing between modules. The solar elevation angle is represented
by a, and the module tilt is represented by 8 (Diehl, 2020).

Height Dif ference = Module Width = sin(0) (8)

Module row spacing = Heighi aD:(‘ ; ;Tence ©)
Row width = Module row spacing + [cos(6) * Module Width] (10)
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2.9 The PV System

2.9.1 The Inverter

For the grid tied system investigated in this study, the inverter transforms the incoming DC
power from the modules into outgoing AC power with frequencies usable for supplying the
grid. Additionally, the inverter ensures optimal power output by maximum power point tracking
(MPPT) (Chiesa, Simpson, & Stefancich, 2016). Among the several types of inverters, this
study focusses on the central inverter and the three-phase multi string inverter. The central
inverter can handle high amounts of power and is therefore frequently used in large utility scale
plants. Due to the large capacity, only a few central inverters are needed in a PV system, leading
to a lower cost compared to other inverters. Despite the high capacity of a central inverter, the
string voltage in these systems usually do not exceed 1000 V due to limitations within the
electrical components. Therefore, to fully utilize the capacity of the central inverter, strings are
connected in parallel by using string combiners. This type of connection increases the current,
and the power in the circuit, without exceeding the maximum system voltage. Such setup entails
limitations for the central inverters in terms of energy optimization, as they normally have one

or a few MPPTSs to optimize the power production from many modules.

The multi string inverter handles a lower amount of power compared to the central inverter, and
a higher number is needed to cover the same amount of power. In situations when several
inverters are used, proper communication systems must be used to ensure sufficient energy
production for the PV system. Multi string inverters are suited with multiple string inputs, and
often several MPPTs. Due to a relatively low number of modules per MPPT, such inverter
offers high energy optimization from PV system as fewer modules are affected in cases of
shadowing. Generally, central inverters are recommended to use in PV system with a power of
over 10 MW and string inverters are recommenced for 1-10 MW (Misbrener, 2018).

The inverter loading ratio (ILR) describes the relation between the peak DC power from the
modules and the nominal AC power from the inverter. PV systems are commonly designed to
have undersized inverters, leading to a ILR greater than 1. This is preferred since modules
produce below its nominal power most of the hours during a day. During these times, an
undersized inverter will harvest a greater amount of energy, as it has the highest efficiency

during moderate to high levels of energy production. Despite being beneficial in times of low
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power production, an undersized inverter does not have the capacity to fully process all the
module provided DC power in times of high production. This causes loss of energy that exceeds
the maximum capacity of the inverter and is called inverter clipping. Despite the inverter
clipping, the ILR is often calculated to be in between 1,13- 1,30 for individual systems, as this
is found to be most beneficial (Bromberg, 2021). As mentioned, losses occur in the process of
transforming DC power into AC power. The size of the losses depends on the inverter
efficiency, and the inverter efficiency variates with the input power provided from the modules.
In cases with moderate to high levels of energy production the efficiency of the inverter

maintains 90 —98%, as shown in Figure 11. (Pearsall, 2017)

Among characteristics to consider is the inverter input voltage range. If a string provides
voltages outside this range, the produced power at the given time is not fully utilized as the
inverter only transforms incoming DC power within certain voltages. It is desirable to pair the
string and inverter in a such way that the string voltage is within the input voltage range inn all

time of significant production (Asheim, 2017).
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Figure 11: Inverter efficiency plotted as a function of the DC input voltage. The efficiency peak when the rated DC
input voltage is provided. Lower and higher DC input voltage will lead to a decrease in efficiency. (Pearsall, 2017)
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2.9.2 Conductors

The current carrying capacity (CCC) for a conductor is the maximal amperage possible to obtain
without surpassing the thermal limit of either the conductor or the conductor insulation, as this
leads to degeneration of the isolation and a reduction of lifetime. To avoid such damage, factors
affecting the conductor temperature such as the Joule Effect, environmental heat exchange, and
distance between the conductors are considered during cable sizing. The Joule effect increases
the conductor temperature and thereby reduces the CCC due to thermal energy generation
occurring as a current is carried. Environmental heat exchange also affects the conductor
temperature and is caused by solar radiation and the ambient temperature. Normally, an ambient
temperature of 30°C is used as a reference value when determining a conductor’s CCC, for
ambient temperatures exceeding the reference value a correction factor must be used. A similar
factor must be added if parallel conductors are installed in a such way that they touch, as the
occurring heat exchange leads to decreased CCC for each conductor involved. If correction
factors from either the Joule Effect, environmental heat exchange, or the distance between the
conductors causes the chosen conductor to have insufficient CCC, a large cross section must be
used. The type of conductor and conductor isolation needs to be considered, as the materials
have differences in their conductivity and thermal properties (Dupin & Michiorri, 2017)
(Electrical Installation by Schneider Electric , 2021).

To determine the minimum cross section area A for a cable to avoid surpassing the limit for
allowed voltage drop, Equation (11) is used. Here, ;.4 iS the current carried through the cable,
Lcapie 1S the route length of the cable, multiplied by a factor b to represent the total length. The
resistivity of the conductor is represented by p, V is the system voltage and AV is the percentage
voltage drop in the cable.

_ Icapie *b* Legple*p
A= VAV (11)

2.9.3 Performance Ratio

Performance ratio gives the quality of a PV system by comparing the theoretical and the actual
energy output for the system. Ideally, this value should be 100%, but due to losses it is
considerably lower. Factors that affect the performance ratio could be shading of the module,
dissipation of solar radiation, the temperature of the module, conduction losses from cables,

and the efficiency factor of power electronics, such as the inverter. High performance PV
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systems can have a performance ratio surpassing 90%. To find the performance ratio, the actual
energy output from a system is divided by the theoretical energy output for the same system. In
cases when the actual energy output is not available, a performance ratio could be assumed by
analysing the affecting factors mentioned (SMA Solar, 2020).

2.9.4 Energy Production from a PV System

The energy production from a PV system depends on the total area covered exclusively by
modules, the module efficiency, the average incoming solar radiation on the given surface, and
the performance ratio that considers the loss in the various components of the PV system.
Equation (12) calculates the energy output for a PV system. Here, A is the total area, r is the
module efficiency, H is the incoming solar radiation on given surface, and PR is the

performance ratio (Carl, 2014).

E=A-r-H-PR (12)

2.9.5 The Weighted Average Cost of Capital for a PV System

The weighted average cost of capital (WACC) is a measure to evaluate the return of invested
capital and is a central component in calculating the net present value. The WACC sums up the
cost of both debt and equity and covers the effect of inflation. (BEREC, 2017). The WACC for
utility- scale PV systems in Europe spans from 2,6- 5,0% (IEA, 2020).

2.10 PVsyst

To simulate a system in PVsyst, the plane orientation for the modules needs to be chosen, where
both the azimuth angle and the module tilt needs to be defined. System components such as
modules, batteries and inverters also need to be chosen, in addition to deciding the area to use.
To make the simulation more accurate, detailed parameters such as wiring, shadings, thermal
behaviour, and module quality can be adjusted. PVsyst uses the Meteonorm database to give
monthly meteorological data for a given location. Hourly values are also created synthetically,

using stochastic models.
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Over 8 000 different weather stations all over the world are utilized to provide data to the
Meteonorm database. These ground stations provide radiation, temperature, humidity, and wind
data. When using PVsyst to simulate the solar radiation on a given place, data from the nearest
located ground stations are used. In remote places with no ground station located within a 50
km distance, satellite data is used to provide accurate information. In places located more than
30 km from a ground station, a mixture of data from satellite and ground station data are used.
(PVsyst, 2022). There are two ground stations that provides to the Meteonorm database in
Tromsg. These stations are in located in Bjorvik and Guleng, with respective distances of 0.2
km and 3.23 km to Coops warehouse, shown in Figure 12. As ground stations located within
50 km from the site are used to collect data, both Bjorvik and Guleng are likely to be used for
simulations done in this study. Bjorvik is only 0,2 km from Coops warehouse and is likely to

be chosen as nearest ground station by PVsyst.
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Figure 12: Meteonorm databases in Tromsg, located in Bjorvik and Guleng with respective distances of 0,2 km and
3,23 km to Coop’s warehouse.
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2.11 Norwegian Electricity Prices

Due to limitations in transmission capacity, the Norwegian power grid is divided into five price
regions as presented in Figure 13. Northern Norway, therein Tromsg, is located within region
NO4, characterized as a price region with high power production and low power demand. As
most of the region’s energy production surplus cannot be transmitted southwards due to
limitations of the gird, NO4 has the lowest electricity prices of all price regions. NVE predicts
the electricity prices in NO4 to increase in the future, as establishment of new industries, and
electrification of the existing, rapidly increases the regions electricity demand. In addition,
development of the Swedish power grid is planned, resulting in an increased transmission
capacity between NO4 and Scandinavia. Future projected electricity prices between 2025 and
2040 for Northern and Southern Norway are presented in Figure 14 in cases of high, basic, and
low Co2 prices (NVE, 2021).
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Figure 13: The five price regions in Norway, made due to limitations in transmission capacity. Tromsg is in price
region 4 (NO4) (Statnett, 2022).
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Figure 14: Future electricity prices for Northern- and Southern Norway for high, basic, and low Co2 prices. The price
difference increases with time in all cases due growth in both power demand and transmission capacity for Northern
Norway (NVE, 2021).
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3 Methodology and Results

3.1 Energy Consumption for the Warehouse

Monthly energy consumption data for the warehouse is provided by Coop. The energy
consumption is compared with the mean temperature in Tromsg, collected from met.no, to find
correlations and gain a deeper understanding of the trends in the warehouse energy
consumption. In Figure 15, the blue plot represents the monthly energy consumption for the
warehouse during 2020. The consumption reaches its maximum in July, with 278 000 kWh a
month, -and its minimum in November, with 220 690 kWh a month, whereas the annual energy
consumption is 2 908 227 kWh. The results of Figure 15 show a significantly higher demand
for electricity in May, June, July and August. The blue plot represents the mean temperature in
Tromsg for each month in 2020. Like the energy consumption, the mean temperature tends to
be highest in the summer months, and lower during the remaining year, spanning from -
1,8 °C in March, to 13°C in July. The result of Figure 15 gives a correlation between energy

consumption and the ambient temperature for most of the months.
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Figure 15: Monthly energy consumption (kWh) for the warehouse and monthly mean temperature (°C) in Tromsg
during 2020, respectively represented by red and blue plots. Both the consumption and the temperature peak occur
in July, with a monthly consumption of 278 000 kWh and a monthly mean temperature of 13,0°C. A correlation
between the plots is found in most months during the year.
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3.2 Assigned Area for Module Installation

To determine the area to use for module installation, a completely overview of the roof is
necessary. For that purpose, ArcGIS and Google Maps are used in combination a visual
inspection of the roof. Fans and other objects in conflict with the modules are mapped, and
dimensions are collected by using measuring tools in ArcGIS. The area chosen for module
installation is shown in Figure 16, forming three identical columns to avoid coverage of fans
on the roof. Each column has a length of 130 m and a width of 14 m, resulting in a separate
area of 1778 m? and a combined area of 5334 m? to use for module installations, as presented
in Table 1.

Table 1: Dimensions for the assigned roof area to use for module installation.

Column Length 130 m
Column Width 14 m
Column Area 1820m
Total Area, Three Columns 5460m

Figure 16: Assigned area for module installation on Coops warehouse roof, consisting of three similar columns with
individual dimensions of 14 m* 130 m, forming a combined area of 5460 m?.
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3.3 The PV Systems and their Areas

This study investigates three different PV systems to find the most suited for mounting on a
warehouse roof in Tromsg. Two of the installations have a tilt with respect to the horizonal
plane, and to determine the tilt value of these, Equation (7) is used. It is chosen to prioritize the
ideal tilt during summer months, as the solar radiation potential in Tromsg is considerably
higher in this period compared to the remaining parts of the year. The systems that are
considered in this study are Horizontal Modules (HM), 40° Tilted South orientated Modules
(TSM), and 40° Tilted East- West orientated Modules (TEWM).

For all systems it is assumed that 5% of the assigned area is subtracted to ensure proper
distances to other modules and objects. For both the systems with tilted modules (HM and
TEWM) shadowing of the modules behind is a considerable challenge. To avoid such issue,
sufficient inter row distances are ensured by following the approach for module raw spacing
calculations, presented in section 2.8. From May to July the electricity production reaches
significant values, and the minimum elevation angle is therefore based on the suns position
within this time, found by using Figure 8. Table 2 shows the maximum area to fill with modules
after inter- row spaces and distances to objects on the roof are considered. The system with
TSM utilize least of the available roof area, as its installation requires large distances between
modules to avoid shadowing. The triangle- shaped stands used by TEWM proves to be efficient
regarding area utilization, giving the respective system the highest utilization. Section 3.3.1,
3.3.2, and 3.3.3 derives the results from Table 2.

Table 2: Area to be filled with modules for three different PV systems after inter- row spaces and distances to objects
on the roof are considered. The available roof area is 5460 m?

System Total module area (m?)
Horizontal 5187
40° tilted, south orientated modules 3210
40° tilted, east- west orientated modules 6134
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3.3.1 Horizontal Modules

As these modules are mounted directly to the roof, no distances due to shadowing is considered.
By taking the total area of 5460 m? from Table 1 as a stand and subtract 5% due to necessary

distances, the modules cover an area of 5 187 m?.

3.3.2 Tilted Modules with South Orientation

With the purpose of finding the area to be filled with TSM, the row width is calculated to
consider proper distances to reduce shadowing from May to July, as presented in Figure 17.
With the purpose of determine the row width, the module height difference HD,, is calculated
with Equation (8) to 1,08 m. Equation (9) states that a module with this height difference
exposed to a solar elevation angle a of 40°, requires a module row spacing S,,, of 1,29 m to
avoid shadowing the modules behind. The row width W, is calculated with Equation (10) to be
2,58 m and represents the width of the module and the occupied space behind it to avoid
shadowing nearby modules. Using a row width of 2,58 m, the total module area possible to
install on the roof in Figure 16 is found to be 3 210 m2. The complete calculation is presented

in Appendix C.

a = 40°

v
4— —
S, =129m g HD,, = 1,08

W, =258m

Figure 17: Shadowing calculations for 40° tilted south orientated modules, presenting the module row spacing
Smr» the row width W, and the module height difference HD,,,. The angles 6 and « respectively represent the
module tilt and the minimum solar elevation angle.
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3.3.3 Tilted Modules with East- West Orientation

To find the area to be filled with TEWM, the row width is calculated to consider proper
distances due to shadowing, as presented in Figure 18. With the purpose of determine the row
width, the module height difference HD,, is calculated with Equation (8) to 0,67 m. This is less
than the TSM as the TEWM are mounted with the long side horizontally. Equation (9) shows
that a module with this height difference exposed to a solar elevation angle of 40° requires a

module row spacing S,,,- of 0,8 m to avoid shadowing the modules behind.

The row width W, is calculated with Equation (10) to be 1,6 m and represents the width of the
module and the occupied space behind it to avoid shadowing nearby modules. Due to practical
reasons, 15 cm is added between each row of modules, increasing the W, to 1,75 m. The
additional W, results in a minimum solar elevation angle of 35° before shadowing occur. Using
the row width of 1,75 m, the total module area possible to install on the roof in Figure 16 is
found to be 6134 m?, including the assumption that 5% of the area is unused due to spacing

between modules. The complete calculation is presented in Appendix C

Figure 18: Shadowing calculations for 40°tilted east- west orientated modules, presenting the module row spacing
Smr, the row width W, and the module height difference HD,,. The angles 6 and «a respectively represent the
module tilt and the minimum solar elevation angle.
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3.4 Solar Radiation

3.4.1 Solar Radiation from ArcGIS

Deriving solar radiation potential for the warehouse roof, results from both ArcGIS and PVsyst
are derived and compared as the comparison of several estimates is desired to ensure the most
realistic radiation potential. To determine monthly solar radiation for a horizontal module on
the warehouse roof, Area Solar Radiation (ASR) in ArcGIS is used. This tool derives the solar
radiation of a given area in regard of latitude, solar position and solar declination, in units of
kilo watt hours per square meter (kWh/m?). For this study, the given area contains the
warehouse roof. ASR allows different time configurations, and for this study, monthly
calculations were done by iterating through each month of a year. Direct and diffuse radiation
conditions, mentioned in section 2.6, are considered and is decided by the diffuse proportion.
This proportion gives the part of global radiation that is diffuse, and spans from 0 to 1. For
calculations done in this study the diffuse proportion is set to 0,3, which represents generally
clear sky conditions (ArcGIS Pro, 2021). To determine monthly solar radiation (kWh/m?) on
TSM, derived values for radiation on a HM were used with Equation (6), as this represents the
correlation between the two types of radiation. To calculate the solar radiation (kWh/m?) on
TEWM, a loss factor of 20% is implemented to the already derived values for monthly radiation
on a tilted, south orientated plane. Figure 19 shows the solar radiation potential on the
warehouse roof for the systems mentioned in section 3.3, while Table 3 shows the radiation
potential in detail. The TSM have the highest yearly radiation with 952 kWh/m?, whereas the
TEWM have a yearly radiation of 733 kWh/m?, followed by the HM with a yearly radiation
of 597,7 kWh/m?.
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Solar Radiation Potential, ArcGIS
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Figure 19: ArcGIS monthly solar radiation potential for the horizontal, 40° tilted south orientated, and 40° tilted east-
west orientated modules. The x- axis gives months for one year, and the y- axis gives the solar radiation potential
in (kWh/m?). South orientated modules gain highest radiation potential, followed by the east- west orientated
modules, whereas the horizontal modules get the least radiation per square meter.
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Table 3: Monthly solar radiation potential from ArcGIS in kWh/m? for horizontal modules (HM), 40° tilted south
orientated modules (TSM), and 40° tilted east west orientated modules (TEWM)

Month HM TSM TEWM
January 0 0 0
February 0,3 1,7 1,3
March 11,2 30,5 23,5
April 47,5 88,4 68,1
May 96,5 148,4 118,7
June 117,7 166,6 128,3
July 110,3 161,8 124.6
August 66,9 113,2 87,2
September 21,2 48,0 37,0
October 1,7 6,7 5,2
November 0 0 0
December 0 0 0
Total 473,3 765,3 612,2

3.4.2 Solar Radiation from PVsyst

To estimate the solar radiation potential for the three systems mentioned in section 3.3, three
separate simulations are done in PVsyst. The system component types such as modules and
inverters are equal for the three simulations, whereas the number of components varies as the
three systems have different area utilization to avoid shadowing. The plots are used with the
purpose of comparing PVsyst values with results extracted from ArcGIS, to look for

correlations.

For this study, the location is selected to be Coop’s warehouse in Tromse. Here, there are two
ground stations included in the Meteonorm database, located in Bjorvik and Guleng. During
simulations, solar radiation data from these stations will be utilized as a basis (PVsyst, 2022).
Figure 19 shows the solar radiation potential in kW h/m? on the warehouse roof for the systems

mentioned in section 3.3, while
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Table 3 shows the radiation potential in detail. TSM have the highest yearly radiation with
952 kWh/m?, followed by TEWM with a yearly radiation of 733 kWh/m?. HM receives a

yearly radiation of 597,7 kW h/m?, as a result of the least ideal angle of all systems.

Solar Radiation Potential, PVsyst
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Figure 20: PVsyst monthly solar radiation potential for horizontal modules (HM), 40° tilted with south orientated
modules (TSM), and 40° tilted east- west orientated modules (TEWM). The x- axis gives months for one year, and
the y- axis gives the solar radiation potential in (kWh/m?). TSM gain the highest radiation potential, followed by the
HM, whereas the TEWM gets the least radiation per square meter.
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Table 4: Monthly solar radiation potential from PVsyst in kWh/m? for horizontal modules (HM), 40° tilted south
orientated modules (TSM), and 40° tilted east west orientated modules (TEWM).

Month HM TSM TEWM
January 0 0 0
February 10 34,2 11,9
March 50,3 109,6 56,4
April 107,0 163,1 111,7
May 138,7 155,4 136,0
June 1419 142,5 132,8
July 129,8 1334 1247
August 90,3 108,3 88,6
September 46,3 74,7 479
October 15,9 35,8 17,8
November 1,6 6,0 1,8
December 0 0 0
Total 731,8 963 729,6

3.4.3 Comparison of Solar Radiation from ArcGIS and PVsyst

To simulate the solar radiation potential for the warehouse roof, both PVsyst and ArcGIS used.
Figure 21, Figure 22, and Figure 23 respectively presents the comparison of these estimates for
HM, TSM and TEWM. For the respective systems, PVsyst to estimate 35%, 21% and 15%
higher values for annual radiation compared to ArcGIS. For the HM, ArcGIS values never
exceed the results from PVsyst, although the difference between the results decreases from July
and out the year. For the TSM, PVsyst values peaks in April, and although ArcGIS has a similar
peak value this does not occur until June. For TWEM, PVsyst values are higher until July. From

July and throughout the year, the radiation values from the two simulations are similar.
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Solar Radiation on a Horizontal Module, ArcGIS and PVsyst
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Figure 21: Monthly horizontal radiation potential (kWh/m?) on a horizontal module compared for PVsyst and
ArcGIS.
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Figure 22. Monthly radiation potential (kWh/m?) on a 40° tilted, south orientated module compared for PVsyst and
ArcGIS.
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Solar Radiation on a East-West Onentated Module, ArcGIS and PVsyst
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Figure 23. Monthly radiation potential (kWh/m?) on a 40° tilted, east west orientated module compared for PVsyst
and ArcGIS.

3.5 Energy Production

To derive energy production for the three systems presented in 3.3, Equation (12) is used. Solar
radiation values in the following calculations are collected from ArcGIS and presented in
Table 3, whereas available roof areas are collected from Table 2. The module efficiency is
22,5% based information from the module chosen in section 3.7, and the performance ratio is
derived to 85% by comparing theoretical values mentioned in section 2.9.3 with the physical
conditions for the given location in this study. The probability of shading from surrounding
objects is considered low, as the warehouse is located far from high objects such as threes and
buildings. Shading from snow also is considered low due to strong winds. Conduction losses in
cables are assumed to be small, as the low mean temperature improves the conductivity,
mentioned in section 2.8. It is assumed that the following physical conditions contributes to a
higher performance ratio. Figure 24 presents the monthly energy production for the three
systems, where the respectively annual production for HM, TSM and TEWM are 469,2 MWh,
469,8 MWh and 718,2 MWh.
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HM and TSM produces similar amounts of power during the year. As the tilted modules give
higher utilization during low solar elevation angles, TSM produce the most during spring and
fall. During May, June, and July, HM produces the most as the solar elevation angle reaches

sufficient levels for such modules to harvest energy.
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Figure 24: Monthly energy production (kwh) for the systems containing horizontal modules (HM), 40° tilted south
orientated modules (TSM), and 40° tilted east- west orientated modules (TEWM). The respective annual
productions for HM, TSM and TEWM are 469,2 MWh, 469,8 MWh, and 718,2 MWh.

3.6 Warehouse Consumption Covered by the PV Systems

To compare the PV produced energy with consumed electricity from the warehouse, a Python
program is used in combination with the results from section 3.5. The program divides the
monthly production for a given PV system with the monthly power consumption from the
warehouse for each month of the yeas. Figure 25 presents the result in form of three different
graphs, showing the percentage of consumption covered by the respective PV system. The
TEWM are closest to meet the warehouse electricity demand by covering 25% of the annual
consumption, whereas both HM and TSM covers 16%. Due to Tromse’s solar radiation
conditions, mentioned in section 2.6, all the systems reach peak production in June, and have

insignificant production from November to February.
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Energy Production- and Counsumption Analysis
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Figure 25: Percentage of the warehouse energy consumption that is covered. The systems containing horizontal
modules (HM), 40° tilted south orientated modules (TSM), and 40° tilted east- west orientated modules (TEWM).
TEWM are closest to meet the warehouse electricity demand by covering 25% of the annual consumption, whereas
both HM and TSM covers 16%.

3.7 Design of an East- West Orientated PV System

Among the three PV systems presented in section 3.3, results from section 3.5 estimate the
system containing TEWM to produce the most. In the following section, further investigation
is performed by designing the respective system. The PV system in this study is designed to
utilize the maximum of available roof area for module installation, as the warehouse always

consumes all PV produced energy due to its high electricity demand.

3.7.1 Inverters and Modules

Choosing the inverters for the PV system, the module provided DC power is used as a base and
recommendations regarding the inverter load ratio from section 2.9.1 is followed. The inverter
chosen for the system is an ABB PVS- 100 string inverter with a rated input power of 100 kW.
To optimize energy production in even shading situations, the inverter contains six MPPTSs,
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each with four string inputs, leading to a total of 24 separate strings to be connected. The
inverter provides a three phase, 400 V AC output with a frequency of 50 Hz, matching the
existing power supply. DC/AC disconnection, surge protection and fuses are integrated, and for
communication with other components in the PV system, Wi- Fi and two ethernet ports are
available. To provide sufficient power for the PV system, 12 ABB inverters are chosen,
providing a total nominal AC power of 1200 kW and an inverter load ratio of 1,15. Combining
all the inverters, 72 MPPT with a total of 288 string inputs are available for disposal. Table 6
contains additional information about the inverter. The chosen module is called SunPower
Max3- 400. Each module contains of 104 monocrystalline solar cells, able to provide a nominal
power of 400 W. During standard test conditions the module has an efficiency of 22,5%.
Additional information about the module is presented in Table 5.

Table 5: SunPower Max3- 400 PV module data sheet

SunPower Max3- 400 PV module

Nominal power 400 W
Rated voltage (V,pp) 65,8V
Open circuit voltage (V,.) 75,6 V
Maximum system voltage 1000 V
Rated current (L) 6,08 A
Short circuit current (I.) 6,58 A
Module efficiency 22,5%
Number of solar cells 104
Module area 1,77 m?
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Table 6: ABB PVS- 100 multi string inverter data sheet

ABB PVS- 100 string inverter

Input

Rated input power (DC) 102 000 W
Input voltage range (DC) 360- 1000 V
MPPT input voltage range (DC) 480- 850 V
Number of MPPTs 6

Number of string inputs for each MPPT 4

Maximum DC input current for each MPPT 36 A
Output

Rated output power (AC) 100 000 W
AC Grid connection type Three phase, 4W+PE
Rated grid voltage (AC) 400 V

Rated grid frequency 50 Hz
Maximum output current (AC) 145 A
Maximum AC cable cross section 185 mm?
Maximum efficiency 98,4%

3.7.2 String Calculation

The number of modules in each string is found with the purpose of keeping the string voltage
within the inverters input voltage range at all times of significant production. As the string
voltage is affected by the ambient temperature, calculations are done with heat- and cold records
in Tromsg to find the string voltages in both cases, collected from seklima.met.no. Even though
heat and cold records rarely occur, they are used as a basis to ensure designing a PV system
suitable for Tromsg’s climate. As the voltage increases when temperature drops, the cold record
is used in Equation (2) to find the maximum open circuit voltage for a module to be 83,2 V.
This voltage is used in Equation (3), resulting in a maximum of 12 modules to be connected in

series without surpassing the inverters highest input voltage.

40



As the module voltage decreases with temperature, the heat record is used in Equation (4) to
determine the minimum voltage to be 59,1 V for a module to still maintain production at
maximum power point. In addition to including ambient temperature, Equation (4) also contains
the parameter T,,, that considers additional heat due to the installation method. On the base
of information provided by Mayfield Energy, the installation method in this study gives an
additional temperature of 30°C. The result from Equation (4) is further used in Equation (5) to
calculate that the minimum number of modules in a string must be 7 to keep within the inverter
voltage range in hot periods. Using these calculations as a basis, a string length of 12 modules
is chosen, giving a voltage range of 710 - 1000 V. This meets the requirements considering the
inverter input voltage range. Results regarding string calculations are presented in Table 7 while
the complete calculation is presented in Appendix B. The complete PV system is presented in
Table 8, and contains of 3456 modules divided into 288 strings, providing a peak power of 1382
kW DC. For transfer to alternating current, 12 inverters with a total of 288 string inputs are
chosen, giving a nominal power of 1200 kW and a ILR of 1,15.

Table 7: String calculation

Sting calculation

Maximum module open circuit voltage (Voc max) 83,2V
Minimum module voltage at maximum power point (Vaypp 1min) 59,1V
Rated module voltage 65,8V
Maximum number of modules per string 12
Minimum number of modules per string 7
Minimum ambient temperature —18°C
Maximum ambient temperature 30,2 °C
Chosen number of modules per string 12
Maximum string open circuit voltage (Voc max) 1000 V
Minimum string voltage at maximum power point (Vypp min) 710V
Rated string voltage (Vipp) 790V
Inverter input voltage range 360 V- 1000 V
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Table 8: PV system design. The system and contains of 3456 modules divided into 288 strings, providing a peak
power of 1382 kW DC. For transfer to alternating current, 12 inverters with a total of 288 string inputs are chosen,
giving a nominal power of 1200 kW and a ILR of 1,15.

PV system design

One string

Modules connected 12 modules connected in series

One inverter

Modules connected 288 modules divided into 24 strings

Inverter 6 MPPT’s with 4 inputs each, 24 inputs total

Total PV system

Modules connected 3456 modules divided into 288 strings
Inverter 12 inverters with a total of 288 inputs
Nominal power from all inverters 1200 kW

Nominal power from all modules 1382 kWp

Inverter load ratio (ILR) 1,15

3.7.3 Cable Calculations

Table 21, located in Appendix A , and aspects described in section 2.9.2 is used in the process
of determining sufficient CCC for cables involved in the PV system. Method E is the selected
method of installation for both AC and DC cables, representing installation on a cable tray.
Cable trays offers air circulation for the cables, are easy installed, and can handle the large
number of cables containing in the PV system. As the CCCs in Table 21 only is valid for
ambient temperatures below 30°C, a correction factor must be added in cases of surpassing
temperatures. Temperature data for the location shows that no such measure is needed, as the
ambient temperatures never exceed the reference value, neither outside nor inside the technical
room. Further, the sufficient cross section chosen from Table 21 is controlled to be within the
range of acceptable voltage drop using Equation (11). As the CCC for a cable decrease with
voltage, the lowest string voltage possible to obtain at maximum power point production is used
as reference value to ensure sufficient cross section despite low voltages from the modules. For

AC cables connecting the inverters to the grid, the inverter output voltage is use as reference
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value. For AC power transmission, an aluminium cable with a cross section of 95 mm? is
chosen. Method of installation and eventual correction factors considered, the cable has a CCC
of 183 A, which sufficiently handles the inverter output current and exceeds the minimum cross
section requirement to avoid voltage drop. For DC power transmission, a copper cable with the
cross section of 2,5 mm? and a CCC of 23 A is chosen by the same approach. Table 9 presents
a summary of the cable calculations whereas detailed calculations are presented in Appendix
A. Figure 26 presents a schematic diagram of one string connected to an inverter, including
both AC and DC cables.

The AC cable length is constant as all inverters are mounted in the same location, with equal
distance to the main switchboard. In total, 1920 m of AC cables is used, divided into 48 cables
with individual lengths of 40 m. Each of the three module rows in Figure 16 have an individual
distance to the inverter room, leading to individual lengths for the DC cables connecting the
strings and inverter. Rows 1, 2, and 3 respectively has 100, 60, and 100 meters to the technical
room. Lengths for the AC and the DC cables are presented in Table 10 and Table 11.
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Table 9: Sizing of AC and DC cables involved in the PV system on Coop’s roof.

Cable Sizing AC cable DC cable
Method of installation Cable Tray Cable Tray
Correction factor due to ambient temperature 1,0 1,0
Correction factor due to distance between cables 1,0 1,0

Cable length (m) 40 10
Minimum current carrying capacity required (A) 145 6,58
Minimum cross section to avoid voltage drop (mm?) 66 0,68
Selected cross section (mm?) 95 Al 2,5Cu
Current carrying capacity of selected cross section (A) 183 23

\ .f!
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2 = 2,5 mm*Cu cable for /ﬁ 4 = 95 mm? Al cable for
e

DC power transmission

AC power transmission

Maodule- SunPower 400 W

Inverter- ABB 100 kW

Figure 26: Schematic diagram of one string connected to the inverter. The scheme includes the DC cable

connecting the string and inverter, and the AC cable connecting the inverter and main switchboard.

44



Table 10: Length of AC cables involved in the PV system on Coop’s roof.

Length of AC cables

One inverter

Number of AC cables 4

Individual cable length 40m

Total system

Number of AC cables 48, divided into 12 inverters

Meters of AC cable needed 1920 m

Table 11: Length of DC cables involved in the PV system on Coop’s roof.

Length of DC cables

Row 1

Number of DC cables 24 for each of the four inverters, 96 in total
Individual cable length 100 m

Row 2

Number of DC cables 24 for each of the four inverters, 96 in total
Individual cable length 60 m

Row 3

Number of DC cables 24 for each of the four inverters, 96 in total
Individual cable length 100 m

Total system

Meters of AC cable needed 1920 m
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3.8 Energy Production and Consumption Analysis

The energy production and consumption analysis predict the warchouse’s energy accounts for
the future. Due to the module degradation and power efficiency increase, the module production
and warehouse consumption respectively decreases with 0,32% and 0,07% per year. Table 12
presents the first three years of energy analysis, whereas the entire analysis is presented in

Appendix D.

Table 12: Energy production and consumption analysis, all units in kWh. Due to the module degradation and power
efficiency increase, the module production and warehouse consumption respectively decreases with 0,32% and
0,07% per year.

Year 1 2 3
Consumed energy 2794 035 2792079 2790125
Produced energy 718 236 715938 713 647
Energy required from grid 2075799 2076 142 2076 478

3.9 Economic Analysis of an East- West Orientated PV System

To determine the cost and profitability of the PV system on Coop’s roof, an economic analysis
is made for the future energy costs with and without a PV system and used in a cashflow
analysis to determinate the project’s NPV. The analysis evaluates results from the energy
consumption- and production analysis, as well as predictions for Coop’s future electricity costs
with price rates provided by Arva. To investigate how the electricity price affects the
profitability, the NPV is calculated for different price rates and presented in a plot.

The cost of the PV system is predicted to reach 5 931 160 NOK and is mostly impacted by the
3456 modules. As presented in Table 13, inverters, fundaments and installation cost also have
significantly impact on the system cost. An additional cost is added to consider expenses from
various accessories. The future energy prices for Coop, presented in Table 14, is used as a base
for the energy cost predictions with and without a PV system, presented in Table 15. Fixed grid
rents and power tariffs are assumed values that are equal in both predictions as they are assumed

to be independent of the power consumption.
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Table 13: Cost of an 40° tilted east west orientated PV system in NOK.

Component Cost (NOK) Total cost (NOK) % Of Total Cost
Modules 1 000 NOK 3456 000 58

Inverters 48 750 NOK 585 000 10

Fundaments 300 NOK/module 1 036 800 17

AC cables 180 NOK/meter 86 400 1

DC cables 3 NOK/meter 5760 0,1

Installation 200 NOK/module 691 200 12

Additional costs 70 000 2

Total cost 5961 160

Table 14: Energy prices. The electricity cost is predicted by NVE, and the remaining values are collected from Arva.

Energy prices

Electricity cost (NOK/kWh) 0,46
Energy fond fee (NOK/kWh) 0,01
Grid rent, energy dependent (NOK/kWh) 0,11
Grid rent, consumer fee (NOK/kWh) 0,089
Grid rent, fixed (NOK/year) 711 000

Table 15: Yearly energy cost predictions with and without a PV system

Yearly energy cost (NOK) Without PV With PV Cost saved with PV
Electricity 1 285 256 954 868 330389

Power peak fee 446 000 446 000 0

Grid rent, fixed 711 000 711 000 0

Grid rent, energy dependent 307 344 228 338 79 006

Grid rent, costumer fee 248 949 184 954 63 995

Energy fond fee 27 940 20 758 7182

Total yearly cost 3026 489 2 545917 480 572
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The cash flow analysis in Table 16 considers annual income and expenses with a PV system
over a period of three ears, while Appendix E shows the analysis in its entirety. Costs saved
from PV produced energy represents the annual income and is collected from Table 15. Energy

production decreases constantly due to a yearly module degradation of 0,33%.

Detailed information about the investment cost is described in Table 13 whereas the cost of
maintenance and reparation is a constant, annual expenses assumed to be approximately 1% of
the investment cost. With the cash flow analysis as a base, the NPV for the PV system is
calculated to 1 044 837 NOK and 2 481 203 NOK with the respective rates of 0,46 NOK/kWh
and 0,58 NOK/kWh, representing NVE’s basic and high price scenarios. The mention results
are presented in Figure 27, where the project NPV is plotted as a function of the electricity
price. Calculating the NPV, the WACC is set to 4%, and is the following within the value of

utility scale PV systems in Europe as mentioned in section 2.9.5.

Table 16: Three years of cash flow analysis for an east west orientated PV system, all values in NOK.

Year 0 1 2
Cost saved from PV produced energy 480 572 479 034
Maintenance and reparations -58 000 -58 000
Investment cost -5961 160

Result -5961 160 422 572 421034
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Figure 27: Net present value (NPV) for a PV system as a function of the electricity price. The red and orange
markers respectively represent NVE’s basis and high price estimates for future electricity, with rates of 0,46
NOK/kWh and 0,58 NOK/kWh.

3.10 Renting Roofs to Meet Coops Electricity Demand

To cover a greater part of the warehouse power consumption, this study considers installing a
PV system on the roof of a nearby building and transmit the power to coop with inter- building
cables. In addition to finding a solution for covering Coops electricity demand, the objective is
to investigate the idea of utilizing otherwise unused roofs on neighbour buildings for solar
energy production. As a part of the investigation, it is desired to find a general approach for
choosing the most suitable of the neighbour buildings. To do so, finding a roof with common
features to Coop’s roof is desired as this enables the use of former calculations from the PV
system presented in section 3.3. By using similar systems, additional discounts for buying and
installing the PV system are assumed. Buildings located within close distances from the main
building is preferred, as both the electrical losses and the installation costs increases with

distance for the cables transporting electricity between the buildings.
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ArcGIS is used to measure distances, areas, solar radiation potential, and to present the chosen
neighbour roofs. Figure 28 illustrates the nearby buildings with distances and areas acceptable
to be considered for PV system installation. Building 1 and Building 2 have their respective

distances of 225 m and 73 m to Coop, and roof areas of 8300 m? and 5300 m?.

Figure 28: Map of Coop’s warehouse with the distances to the nearby buildings, and their respective areas. Building
1 and building 2 have their respective distances of 225 m and 73 m to Coop, and roof areas of 8300 m? and 5300

m?2.

3.10.1 The PV System

Among the three installation methods presented in section 3.3, the east- west orientated system
is found to be most beneficial to install on a horizontal roof in the given location. Following,
the PV system chosen to be installed on Building 1 is identical to the system on Coops roof,
presented in section 3.7, whereas the PV system chosen to be installed on building 2 has the
same setup but is 30% smaller due to less available roof area. On the quest of reducing stress
from the grid, inter building cables are chosen to transmit power back to the warehouse. To
determine sufficient cross section for the inter- building cables, the approach described in
section 2.9.2 is used and calculations are shown in Appendix A. To find the cost of buying and

installing the cables in a trench, prices from a local contractor are used to ensure a realistic
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approach. AC cables from the inverters are collected in a switchboard in the neighbour building,

and larger cables suited for longer lengths are used between the buildings. For each cable, it is

assumed an additional length of 75 meters to the inter- building distance presented in Figure

28, to reach the main switchboard inside the warehouse. The cable sizing results are presented

in Table 17, and shown in Figure 29.

Table 17: Sizing of the AC cables between Coop and Building 1 (CB1), and between Coop and Building 2 (CB2)

Cable Sizing

C+B1 AC cable

C+B2 AC cable

Method of installation

Cable Trench

Cable trench

Correction factor, ambient temperature 1,0 1,0
Correction factor, distance between cables 1,0 1,0
Cable length (m) 300 148
Minimum current carrying capacity required (A) 1740 1392
Minimum cables needed to avoid voltage drop 5 2
Selected cross section (mm?) 240 Al 240 Al
Current carrying capacity of selected cross section (A) 250 250
Number of cables needed 7 6
Total current carrying capacity 1750 1500
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Figure 29: Schematic diagram of the inverters and switchboard in Building 1, and the inter- building AC cables
connecting Building 1’s PV system to Coops switchboard.

3.10.2 Energy Production Analysis

Three years of an energy production and consumption analysis are presented in Table 18 for
the system on Coop, the system on Coop and Building 1 (C+B1), and the system on Coop and
Building 2 (C+B2), whereas the complete analysis is presented in Appendix F. Compared to
the PV system on Coop, C+B1 produces twice the energy. As building 2 has 20% less available
roof are compared to building 1, the C+B2 system produces less. Figure 30 corresponds to the
results of Table 18 and presents the percentage of Coops energy consumption covered by the
systems. The systems on Coop, C+B1 and C+B2 respectively covers 25%, 50% and 44% of the

annual warehouse power consumption.
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Table 18: Energy production and consumption analysis for the systems on Coop, Coop and Building 1, and Coop
and Building 2 with all values in kWh.

Year 1 2 3
Consumed energy by Coop 2794035 2792079 2790 125
Coop

Produced energy 718 236 729 658 727 323
Energy required from grid 2062 035 2062 422 2 062 802

Coop and Building 1
Produced energy 1436 472 1431875 1427 293
Energy required from grid 1357 563 1360 204 1362 831
Coop and Building 2
Produced energy 1221001 1217094 1213199

Energy required from grid 1573034 1574 985 1576 925

Energy Production- and Consumption Analysis
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C+B1
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% of Consumption Covered
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Months

Figure 30: Percent of Coops energy consumption covered by PV produced electricity. The systems Coop, Coop
and building 1 (C+B1), and Coop and building 2 (C+B2) respectively covers 25%, 50% and 44% of the annual
consumption.
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3.10.3 Economic Analysis

As the quantity of system components heavily increases with the systems on C+B1 and C+B2,
an additional discount of 10% is assumed to the prices presented for Coops system in Table 13.
The cost of the systems, including additional discounts and the inter- building cables is
presented in Table 19. For the system on C+Bl1, inter- building cables entails an additional cost
of 969 600 NOK compared to the corresponding cables in the C+B2 system, as the buildings,
presented in Figure 28, are located with a greater distance.

The system cost along with annual income and expenses for the systems on C+B1 and C+B2
are presented in the cash flow analysis in Table 20. For both systems, the annual income
decreases in time due to a yearly module degradation of 0,33%, whereas the maintenance and
reparation cost is a constant, annual expense assumed to be 1% of the investment from Table
19. An additional expense is incurred as the owner of each neighbour building is paid 20% of
the annual profit from the respective PV system as rent. An additional cost is added for both
systems to consider expenses from various accessories. As the system on C+B1 has the greatest
power output, both annual income and investment cost surpasses the system on C+B2. The cash
flow analysis in Table 20 is presented over a period of three ears, while Appendix F shows the

analysis in its entirety.

Results from the analysis are used to determine net present values for the systems on Coop,
C+B1 and C+B2. The systems respectively break even at 0,37 NOK/kWh, 0,55 NOK/kwh and
0,50 NOK/kWh, as shown in Figure 31. Despite both the systems which includes a neighbour
roof depends on a higher electricity price to break even, they simultaneously become more
profitable than Coop for prices surpassing 0,9 NOK/kWh. Up against each other, the system on
C+B2 are more profitable than C+B1 until this point, as C+B1 has the highest investment cost,
and the following a higher dependency on the electricity price to break even. For prices above
0,9 NOK/kWh, C+B1 is the most profitable system of all.
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Table 19: Individual cost for the system components, and the total cost for the PV systems on Coop and Building
1(C+B1) and Coop and building 2 (C+B2). Building 2 has a 20% smaller system than the building 1, resulting in a

reduced system cost.

Component Individual Cost C+B1 C+B2
Modules 900 NOK 6 220 800 5287 680
Inverters 43 875 NOK 1053 000 895 050
Fundaments 270 NOK/ module 1 866 240 1586 304
AC cables 162 NOK/ meter 155 520 155 520
DC cables 2,7 NOK/ meter 10 368 10 368
Inter- building cables 800 NOK/ meter 1 680 000 710 400
Installation 180 NOK/ module 1244 160 1 057 536
Additional cost 200 000 170 000
Total cost 12 430 088 9872 858

Table 20: Cash flow analysis for the systems on Coop and building 1 (C+B1) and Coop and building 2 (C+B2) in

NOK.
Year 0 1 2
Coop and Building 1
Cost saved from PV produced energy 1593 191 1588 093
Maintenance and reparations -124 300 -124 300
Rent to building owner -318 638 -317 618
Investment cost -12 430 088
Result -12 430 088 1150 252 1146173
Coop and Building 2
Cost saved from PV produced energy 1354212 1349 879
Maintenance and reparations -98 729 -98 729
Rent to building owner -270 842 -269 975
Investment cost -9 872 858
Result -0 872 858 984 641 981 175
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Met Present Value Analysis for Coop, C+B1 and C+B2
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Figure 31: Net present value (NPV) analysis for the PV systems on Coop, Coop and Building 1 (C+B1), and Coop
and Building 2 (C+B2).
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4 Discussion

4.1.1 Consumption

As shown section 3.6, the energy consumption for the warehouse correlates with temperature,
leading to higher energy demand in the summer months. As mentioned in section 2.6 and
confirmed in section 3.4, incoming radiation in Tromsg also reaches its maximum in this period.
The increase in module produced electricity during same period as the electricity demand peaks,
makes it interesting to perform further investigations regarding PV installation on the
warehouse roof. Additionally, the efficiency and temperature correlation, mentioned in section
2.2.2 makes Tromsg an interesting destination for PV module installation.

4.1.2 Area Utilization

Not all the warehouse roof is suitable for module installation, due to objects such as fans and
ventilators. To avoid conflict, the assigned area for module installation maintains proper
distances to the mentioned obstacles. As presented in Figure 16, the area forms three columns
with a symmetric design, intending to simplify calculations regarding solar radiation, power

production, and shadowing.

Regarding utilization of the given roof area in section 3.2, the objective is to ensure maximum
yield in the high- radiation period occurring from May to July. For the two systems with tilted
modules, row spacing is adapted to limit shadowing in this period, as presented in section 3.3.2
and 3.3.3. Outside the high radiation period, such design cause times of shadowing between
modules, as the row spacing is not adapted to the decreased solar elevation angle. Despite times
of shadowing, the modules still maintain a certain production during spring and fall. By
assuming a conservative approach and design the system to avoid shadowing during all months
with significant production, the module row spacing must be increased. Compared to the row
spacing of 1,29 meters needed to limit shadowing between May and July, a distance of 4,1
meters is required to avoid shadowing from March to September. Such increase would reduce
the number of modules by approximately 50%, and despite higher harvesting in spring and fall,
less of the radiation peaks will be utilized during summer, resulting in a decrease in the overall

energy production. Due to the module row spacing, TSM covers the least area with modules
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whereas HM, on the other hand, offers higher area utilization as there is no shadowing from
other modules to consider. TEWM have the greatest area utilization as they are mounted to a
triangle shaped stand facing both east and west, as shown in Figure 18. The otherwise unused
area behind a tilted module to avoid shadowing, is filled with an additional module as presented
in section 3.3.3. Despite the west- orientated modules experiencing shadowing in the morning,
the east orientated modules will have solar radiation during the same time. At the second half
of the day, the east orientated modules will experience shadowing as the west orientated
modules have solar radiation. Compared to TSM, TEWM therefore utilizes a significantly

higher amount of the area, despite having the same module row spacing.

4.1.3 Solar Radiation Potential

To determine solar radiation potential per square meter for the three installations investigated
in this study, PVsyst and ArcGIS results are compared in section 3.4.3. The comparison shows
that PVsyst generally gives higher estimates during the year. As presented in section 2.10,
PVsyst uses a combination of different nearby weather stations to calculate the solar radiation
on a given location. Satellite data is also used when simulating in remote locations with
distances greater than 50 km to nearest ground station. The combination of several ground
stations and satellite data may give overestimated simulation results. ArcGIS on the other hand,
calculates solar radiation potential for the exact roof area, using the Area Solar Radiation tool.
ArcGIS also considers shading caused by the terrain surrounding the location, such as
mountains. The PVsyst simulations in this study does not include far shading and may lead to
unrealistically high radiation values compared to ArcGIS. In the manuscript “Rethinking the
role of solar energy under location specific constrains” (Chiesa, et al., 2020), solar radiation
potential in Tromsg is investigated by comparing data from ArcGIS and PVsyst. The study
indicates that March and April are the months with especially high estimates, and concludes
that despite Meteonorm data is acceptably accurate, PVsyst tends to overestimate the solar
radiation potential in Tromsg. This conclusion matches the results from section 3.4.3 in this
study, as March and April are the months where the highest differences occur between the
simulations. As the solar radiation predictions presented in section 3.4.2 are considered
overestimated, it is decided to proceed with radiation results from ArcGIS in further

calculations.
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As presented in Figure 20, TSM have the highest radiation potential per square meter of the
three systems, as the surfaces achieves the most perpendicular angle with the solar rays. Even
though the TEWM have the same tilt, they are assumed to harvest 20% less radiation, as
orientation causes them to be less perpendicular to the solar rays. As Tromsg’s radiation
conditions are likely to cause additional losses, the 20% loss factor used in this study surpasses
the one mentioned in section 2.6.2 to avoid overestimating. Despite a lower peak, TEWM have
higher radiation exposure during morning and afternoon compared to the TSM, as shown in
Figure 9. HM have the least radiation intensity, as the module angle deviates most from the

ideal angle presented in section 2.7.

4.1.4 Energy Production

Equation (12) is used to calculate the energy production for each system with the respective
radiation potentials presented in section 3.4.3. For the two systems with tilt, all modules will
not always experience full radiation potential due to shadowing. This deviation especially
affects the energy production estimates during spring and fall, as the module row spacing
calculations in section 3.3 mainly intends to limit shadowing during summer. As discuss in
section 4.1.3, the systems are designed to harvest the most during the high- radiation period in
summer, at the expense of energy yield during spring and fall. On the other hand, the overall
radiation potential estimated from ArcGIS is conservative, and may be exceeded by the actual
radiation. Calculating the energy production, the performance ratio for each system is set to
85%, which classifies them as high- performance PV systems according to section 2.9.3. This
value is determined with Tromsg climate as a base, as several aspects of the performance ratio
are positively affected by cold temperatures, such as the inverter efficiency and conductivity of

cables.

In addition, losses due to shadowing from nearby objects, apart from other modules, are
assumed as unlikely since the modules are located on a flat roof with no objects surrounding.
As the solar radiation predictions presented in section 3.4.2 are considered overestimated,
radiation results from ArcGIS are used with Equation (12) to calculate the energy production

in this study.
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According to the results in section 3.5, HM and TSM produces the same annual power despite
the differences. HM have the least radiation potential of the three systems, but good area
utilization as shadowing issues is neglectable. TSM have opposite characteristics, as the
modules gains high radiation potential due to tilt and orientation but requires great spacing to
avoid shadowing. With more than twice the production, TEWM have the highest energy
production of the three systems. The combination of decent radiation values and excellent area
utilization able this system to cover 25% of the warehouse’ annual power consumption in the

same period as the remaining systems cover 16%.

4.1.5 PV System Design

Performing the string calculations in section 3.7, maximum and minimum string length is
calculated by using temperatures from cold- and heat records in Tromsg as a basis. These values
are considered conservative since temperature records rarely occur. Despite giving less freedom
of choice when designing strings, the conservative approach ensures stable power production
during all types of climates. In this study, inverters with multiple MPPTSs are chosen with the
purpose of maintaining the highest energy production possible, despite shadowing. TEWM are
particularly vulnerable to shading as the modules are fixed in opposite orientations, increasing
the probability for different radiation conditions at the same time. In addition to increasing the
power production by using several MPPT’s, multi string inverters also offers flexibility when
designing a PV system as they are offered in a various range of models. Despite the high number
of MPPT, the multi string inverters have disadvantages regarding system complexity and
investment costs as mentioned in section 2.9.1. By prioritizing inverter types with high nominal
power over the amount of MPPT, a smaller number of inverters could be used. For instance,
certain types of central inverters can fully cover a PV systems power demand alone, requiring

less complex communication systems between inverters, and lower investment costs.

As presented in section 3.7, the inverter load ratio for the PV system is 1,15 since the AC power
output is 15% less than the DC power input. As mentioned in section 2.9.1, an undersized
inverter will be sufficient for most hours during the day, as a PV system mostly produces below
its nominal power. In addition, smaller inverters lower the investment cost as they cheaper,
easier to install, and require smaller AC cables compared to lager inverters. The downside for
undersized inverters is power clipping which occurs in times of high-power production from

the modules, leading to power losses. Power clipping can be avoided by installing oversized
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inverters and following decrease the inverter load ratio below 1. Despite utilizing the power
peaks during mid- day, oversized inverters have higher costs and lower utilization of the power
produced during low radiation conditions. Power clipping is unlikely to occur using the east-
west orientated PV system designed in this study, due to its power production characteristics.
Compared to the typical noon peaks occurring with south orientated modules, power production

from TEWM is more evenly divided throughout the day, as presented in Figure 9.

In this study, all the 24 inverters are placed inside a technical room under the warehouse roof
to increase lifetime and lower the maintenance costs of the components by protecting them from
the arctic climate. In addition, short distances between the inverters also gives rise for less
complex communication system. Despite the advantages, the room requires indoor space
dedicated for the purpose, with a proper cooling system to transport thermal energy emitted
from the inverters. To avoid the additional costs and save indoor space, the inverters could be
mounted outdoors as they are approved for such installation. Despite the manufacturer’s
approval for outdoor mounting, such conditions are likely to increase maintenance costs and

decrease lifetime due to Tromsg’s climate.

4.1.6 Energy Production and Consumption Analysis

The energy production and consumption analysis consider the consumed energy from the
warehouse and produced energy from the PV system. While the consumed energy from the
warehouse decreases due to the power efficiency increase, the annual power production
presented in Table 12 decreases as an effect of the module degradation rate. As mentioned in
section 2.5, this rate increases with the ambient temperature as a result of thermal stress. The
degradation rate for modules investigated in this study are likely to be positively affected by
this phenomenon, due to Tromsgs low temperatures. Despite implementing this effect would
give higher energy production estimates, there is a lack of scientific material regarding the
subject, and it is the following chosen to use the manufacturer provided rate in this study. The
module manufacturer guarantees 92% of the original power production after 25 years, giving a

yearly module degradation of 0,32%.
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4.1.7 Economic Analysis

Due to the large quantity of components, PV system prices presented in Table 13 includes a
discount of 25%, based on information from local wholesalers. The exact discount is unknown
as wholesalers in general offers individual agreements based on customer relationships. As
changes in the discount rate highly affects the profitability of the project, deviations from the

calculated system cost are likely to occur.

For this study, a constant electricity price predicted by NVE is assumed for all the three decades
of project duration. As this rate is affected by various factors such as the climate, and both
domestic and foreign politics, deviations are likely to occur and must be considered when
evaluating the profitability of the PV system. Despite insecurities, much suggests that the prices
in Norther Norway’s price region, NO4, will rise with time. NO4 has the lowest prices
throughout the country as most of the region’s produced surplus cannot be transmitted
southwards due to grid limitations. Instead, the power is sold cheap to maintain the required
power balance in the grid. In time, NVE expects the region’s prices to rise as electrification of
existing industries and establishing of power consuming factories may reduce the energy
surplus. Equinor’s desire to electrify their gas plant “Melkeya” in Finnmark within 2027 is one
among various examples where electrification of existing industries in Northern Norway is
planned (Klo, 2021). Establishments of energy consuming industries are also predicted in
Northern Norway, such as Freyr’s battery factory in Mo i Rana. Such establishments are likely
to rise in the future, as Northern Norway offers industries a sustainable production provided by

cheap, renewable energy (Kalkenberg, 2021).

In addition, plans are made for increasing NO4’s transmission capacity to utilize the region’s
energy surplus in remaining price regions instead of selling cheap. Such levelling will result in
Northern Norway’s electricity prices to rise (NVE, 2021). As NO4 achieves higher transmission
capacity to the remaining price regions, it simultaneously becomes affected by the European
energy market. Among others, the Russian invasion of Ukraine is an ongoing example of how
foreign politics affect the Norwegian electricity prices. Russia usually supplies 40% of the
European gas consumption, but due to the war, insecurities regarding Russian gas supply have
risen. Such situations impact the European gas market, and subsequently increases the

Norwegian electricity prices (Frgjd, 2022).
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In addition to the future electricity prices, present electricity cost for Coop is considered.
Whereas the total electricity cost and various details are provided by Coop, certain parts are
unavailable, such as price rates for grid rent and consumer fees. To present the complete
electricity cost in Table 15, remaining price rates are collected from Arva. Note, Coop may
have an individual agreement with the grid supplier. As hourly energy consumption data is
unavailable for this study, estimates are done to include the additional costs of power tariffs
appearing due to consumption peaks. As a result of the mentioned assumptions, certain
deviations in the electricity cost might appear. Despite the lack of specifications, the total

electricity cost is provided by Coop and considered to ensure realistic estimates.

The economic analysis in section 3.9 states that the PV system is profitable considering NVE’s
basic price estimate of 0,46 NOK/kWh. In addition to the PV system cost, main elements
affecting this result are both the amount of produced energy, and the worth of it. The worth of
the produced energy is determined by the electricity price in NO4, which in the present time is
the lowest in Norway, as mentioned in section 2.11. As discussed, various arguments indicate
a price increase for the future, giving rise for the project to be even more profitable. Decreasing
of system prices during the last years contributes to increasing the profitability of PV systems,
as lowering the investment cost allows a system to be profitable at lower electricity prices.
Further reduction of hardware cost is predicted to continue in the future. (Chiesa, Stefancich,
Sgouridis, & Apostoleris, 2019)

4.1.8 Renting Roofs to Meet Coops Electricity Demand

To cover a greater part of Coop’s electricity demand with solar energy, this study investigates
installing PV systems on nearby buildings and transmit the produced energy back to Coop with
inter- building cables. In addition to find a solution for covering Coops electricity demand, it is
desired to investigate the general idea of utilizing otherwise unused roofs on neighbouring
buildings for solar energy production. Looking into utilization of unused roofs for PV systems
seems to be a reasonable quest, as there are various examples of existing land uses which are
cleared away to make room for PV systems. Such development frequently causes negative
impact on the environment, such as deforestation which affects the wildlife, oxygen production,

and carbon absorption provided by trees (Chiesa & Apostoleris, 2019).
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As a part of the investigation, it is desired to find an approach for choosing the most suitable of
the neighbour buildings. Knowing to prioritize the building area or the inter- building distance
is likely to be a common scenario when considering additional PV system installation.
Therefore, two buildings are investigated as potential locations. Building 1 has a large area
available for module installation but is located with a great distance from Coop. Building 2 on
the other hand, is located closer but has less area to use for module installation. As building 1
has sufficient area, it is chosen to install a PV system identical to Coop’s system, presented in
section 3.7. The PV system on building 2 has similar design but is reduced by 30% to consider

the area available for module installation.

By choosing similar systems, an additional discount of 10% for the systems are obtained due
to the large quantities of components, as presented in Table 19. On the quest of reducing stress
from the grid, inter -building cables are chosen to transmit power back to the warehouse as
presented in Figure 29, transmitting by the existing grid is not considered. The expenses from
buying and installing the inter- building cables respectively represent 13% and 7% of the total
system cost for C+B1 and C+B2. To be compensated for usage of the roof, the owner of each
neighbour building is paid 20% of the annual profit from the respective PV system as rent. This
agreement is intended to be fair for both parts, as the neighbour building owner gets to be a part

of the price development.

After the project duration of 30 years ends, there are a various range of opportunities for
handling the PV system. Dependent on the impact of module degradation, the system might be
producing significantly amounts of power after the 30 years, giving rise for the agreement to
continue. The building owner buy the system is an additional solution, leading to an income
after project end. This study assumes the building owner to take over the system but does not

include any income form such agreement.

As presented in Figure 30, the power production for C+B1 covers 50% of the warehouse’s
annual electricity demand, twice the amount compared to using Coop’s system alone. For May,
June and July, all the warehouse’s demand are estimated to be covered. The production for
C+B2 is slightly less, due to the reduced area on Building 2. In terms of economic, neither of
the neighbour building systems are profitable by assuming NVE’s price estimate of 0,46
NOK/kWh, leaving the system on Coop as the best choice with a NPV of 1 044 000 NOK.
Despite a higher break- even point, C+B1 and C+B2 starts being more profitable than a PV
system on Coop alone at 0,9 NOK/kWh. These results show that the systems on C+B1 and
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C+B2 are more sensitive to changes in the electricity price than Coop, and the following more
profitable in periods of high prices, and more likely to run a deficit during periods of low prices.
Up against each other, the system on C+B2 reaches profitability at a lower price than C+B1, as
C+B1 has the highest investment cost, and the following a higher dependency on the electricity
price to break even. For prices above 0,9 NOK/kWh, C+B1 is the most profitable system of all

due to the large energy production.
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5 Conclusion

This study desires to put attention to less frequent locations in terms of power generation from
solar resources by looking at three types of utility scale PV systems to install on the roof of a
warehouse in Tromsg, with the purpose of relieve the grid and decrease energy cost for Coop.
The area to be filled with modules varies among the systems, as module row spacing is taken
into consideration to limit shadowing. Results estimate a row spacing of 1,29 meters to limit
shadowing between May and July, while a distance of 4,1 meters is required to avoid shadowing
from March to September. The latter proves to decrease the overall energy production as the
number of modules is reduced by approximately 50%. Following, it is chosen to limit
shadowing between May and July, despite decreased production during spring and fall. Solar
radiation potential per square meter is determined for the three systems by comparing estimates
from PVsyst and ArcGIS. Results show that PVsyst generally gives higher estimates, and as a
similar study concludes PVsyst to overestimate the solar radiation potential in Tromsg it is

chosen to proceed with ArcGIS results.

Of the available roof area of 5 460 m?2, HM fills an area of 5187 m? as there are no shadowing
issues to affect the module spacing. This system receives least solar radiation of all as the solar
ray’s strike with a less perpendicular angle compared to tilted modules and following covers
16% of the warehouse electricity demand. The system with TSM only utilizes 3210 m? for
module installation, as great parts of the roof are needed for row spacing to avoid shadowing.
Despite achieving the highest solar radiation potential of all due to the ideal tilt and orientation,
this system comes out equally as the horizontal in terms of energy production. TEWM fills an
area of 6134 m?, as opposite orientated modules are placed in the otherwise unused spaces
required to avoid shadowing. Despite moderate radiation values, this system covers 25% of the
electricity demand due to proper area utilization. Being capable of producing the most energy,

system design and an economic analysis is performed for the east-west orientated system.

The system consists of 3456 modules divided into 288 strings, with a combined power of 1382
kWp. By using 12 multi string inverters with a total of 288 string inputs and 72 MPPTSs, the
nominal power reaches 1200 kW AC. Following, the inverter load radio is 1,15, as slightly
undersized inverters prove to be sufficient for most hours during a year since PV systems mostly

produces below its nominal power. Inverters with multiple MPPTs are prioritized to ensure

67



maximum production during shadowing, as such phenomenon is likely to occur during spring
and fall due to the mentioned module row spacing. The annual module degradation rate is set
to 0,33% to match the manufacturers power production warranty but might decrease further as
Tromse’s low temperatures reduces thermal stress on the modules. In lack of scientific material
regarding the subject, the manufacturer provided rate is used. The system is predicted to cover
718 MWh of the warehouse’ yearly consumption of 2 794 MWh.

On the pursuit of covering the most of Coop’s power consumption with solar energy, this study
investigates installing PV systems on nearby buildings and transmit the produced energy back
to Coop with inter- building cables. To determine which affect the most, inter- building distance
or available roof area, two buildings with differences in the mentioned properties are
considered. Building 1 has an available area of 8 300 m? for module installation, and is located
225 m from Coop, whereas building 2 is located at 73 m but only have 5300 m?area to
disposal. Of the two buildings, results prove Building 2 to be the best choice for electricity
prices below of 0,9 NOK/kWh. For prices above this limit, building 1 gives the most
profitability of all systems. By assuming NVE’s estimated price of 0,46 NOK/kWHh, neither of
the neighbour building systems are profitable, leaving the system on Coop as the best choice
with a NPV of 1 044 000 NOK. By considering NVE’s highest estimate of 0,58 NOK/kWh, the
systems on C+B1 and C+B2 breaks even, but the system on Coop’s roof still gains the most

profit.

For this study, a constant electricity price of 0,46 NOK/kWh is assumed for all the three decades
of project duration, predicted by NVE. The profitability of all systems is highly affected by the
electricity price, a rate which is impacted by factors such as the climate, and both domestic and
foreign politics. Despite insecurities, much suggests that the prices in Norther Norway will rise
with time, as a result of increased power demand triggered by electrification of fossil powered
industries. In addition, plans are made for increasing the transmission capacity between NO4
and remaining regions, making Northern Norway more affectable by the European energy

market.

To end with, this study proves that despite the highly seasonal solar availability, locally
produced energy from solar resources in Tromsg can relieve the grid from significant amounts
of the additional power consumption predicted to occur in the future. Installing a PV system on
a single building turns out to be profitable with the future electricity prices. By installing

additional PV systems on the roof of a neighbour building it is proven a doubling in power
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production and is additionally allowing power production to coexist with our environment, as
locations with no other land uses are utilized. Despite such systems relieves load from the grid,
they require larger investment cost and is the following not profitable with the future electricity

price assumed in this study.
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6 Further work

Due to limitations in time and resources, aspects likely to improve the approach and results of
this thesis remain left to be considered for further work. Of the mentioned aspects is an
investigation of implementing a load management system to disturb the warehouse energy
consumption more evenly thorough the day. After temperature regulation, charging of forklifts
are likely to represent a major part of Coop’s power consumption. Most forklifts are put to
charge in the afternoon and are fully charged during a few hours despite not being used until
next morning. By utilizing a load management system, the charging could be awaited to outside
the afternoon peaks on the grid. A such system could relieve power peaks from the grid, and

lower the cost of power tariffs for Coop.

To ensure maximal utilization during times of low solar elevation angles, vertically mounted
modules on the south wall of the warehouse could be considered. Compared to modules with
lower tilt angles, vertically mounted modules offer increased energy yield during spring and
fall in Tromsg, as they maintain a more perpendicular angle to the solar rays.

A constant module efficiency is chosen for this study. For further work, implementing a
variating efficiency that changes as a function of the ambient temperature could lead to higher
production estimates as the efficiency is likely to increase as a result of the low temperatures in
Tromsg. The performance ratio is assumed equal for the three installations in this study but is
unique for most installations in real life. By deriving individual performance ratios for each

installation, more correct predictions could be given.
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Appendix A

To find AC cables with sufficient current carrying capacity for the PV system, the approach
described in section 2.9.2 is used. Table 21 presents the most common method of installations
for power cables. For each method of installation, the current carrying capacity is given for
various cross sections. As an example, the approach of selecting the AC cable connecting the
inverter and switchboard is marked. In box 1, method E is chosen as the preferred method of
installation, representing multicore cables on cable tray. The desired current carrying capacity
of the cable is marked with box 2 and exceeds the inverter output current of 145 A as required
in NEK. As the inverter provides three phase power, column three is used. Box three presents
the cross section needed to obtain the desired current carrying capacity for a cable installed
according to installation method E. The result is a 95 mm? aluminium cable with a current
carrying capacity of 183 A. For the DC cables connecting the strings and inverters, the same
approach is performed by using Table 22. For the inter- building cables, the same approach is
performed by using Table 23. Here, installation method D2 is chosen, resulting in a current
carrying capacity of 250 A.

Table 21: Current carrying capacity table from NEK 400 for PVC isolated aluminium conductors with a maximum
core -and ambient temperature of respectively 70°C and 30°C

Ref i llasj de iht. Tabell 52B-1
Flerlederkabler Enlederkabler
To Tre To Tre Tre belastede ledere forlagt i flat
bel d balaatad bel do | bal de |formasjon
ledere ledere ledere som ledere
berorer forlagt i Kabler Kabler forlagt med avstand
N?n;l'mll hverandre | trekant berorer mellom kablene
eder- hverandre
tverrsnitt 1 b Horisontalt Vertikalt
mm?
©0 000 a lo.
| eller eller L.-JO ot
‘) 4/De
8 2 |ile*
Metode F | Metode F Metode F Metode G Metode G
1 2 3 4 5 6 7 8
25 23 195 - - - - -
4 31 26 - - - - -
6 39 33 - - - - -
10 54 46 - - - i =
16 73 61 - - - - -
25 89 78 98 84 87 112 99
35 11 96 122 105 109 139 124
50 135 117 149 128 133 169 152
70 3 173 150 2 192 166 173 217 196
210 | 183 | 235 203 212 265 241
120 244 273 237 247 308 282
150 282 245 316 274 287 356 327
185 322 280 363 315 330 407 376
240 380 330 430 375 392 482 447
300 439 381 497 434 455 557 519
400 - - 600 526 552 671 629
500 - - 694 610 640 775 730
630 - - 808 71 746 900 852




Table 22: Current carrying capacity table from NEK 400 for PVC isolated copper conductors with a maximum core

-and ambient temperature of respectively 70°C and 30°C

Referanseinstallasjonsmetode iht. Tabell 52B-1

Flerlederkabler

Enlederkabler

To Tre To Tre Tre belastede ledere forlagt i flat
belastede | belastede | belastede | belastede formasjon
Ll Lo Ie;::rlm f::?:étei Kabler Kabler forlagt med avstand
Mominelt bararer tralmr:lt h::::r:::e mellom kablene
tv?:::;}n hverandre | formasjon Horisontalt Vertikalt
mm? |
; eller S >De
8 e
Metode E Metode E Metode F Metode F Metode F Metode G Metode G
1 2 3 4 5 [ 7 8
1,5 22 18,5 - - - - -
25 30 25 - - - - -
4 40 34 - - - - -
& 51 43 - - - - -
10 70 60 - - - - -
16 94 80 - - - - -
25 119 101 131 110 114 146 130
35 148 126 162 137 143 181 162
50 180 153 196 167 174 219 197
70 232 196 251 216 225 281 254
95 282 238 304 264 275 341 311
120 328 276 352 308 3 396 362
150 379 319 406 356 arz 456 419
185 434 364 463 409 427 521 480
240 514 430 546 485 507 615 569
300 593 447 629 561 587 709 659
400 - - 754 656 680 852 795
500 - - 868 749 789 982 920
630 - - 1005 855 805 1138 1070




Table 23: Current carrying capacity table for PVC isolated aluminium conductors with a maximum core -and ambient
temperature of respectively 70°C and 30°C (Electrcal Installation wiki , 2021).

Nominal cross-sectional area of Installation methods of Table B.52.1
conductors(mm?)
Aluminium
25 14 135 16.5 15.5 18.5 18.5
4 185 17.5 22 21 25 24
6 24 23 28 27 32 30
10 32 N 39 36 44 39
16 43 41 53 48 59 50 53
25 57 53 70 62 73 64 69
35 70 65 86 7 90 7 83
50 84 78 104 92 110 91 99
70 107 98 133 116 140 112 122
95 129 118 161 139 170 132 148
120 149 135 186 160 197 150 169
150 170 155 204 176 227 169 189
185 194 176 230 199 259 190 214
240 227 207 269 232 305 218 250
300 261 237 306 265 351 247 282
DC calculations Inter- building cable, C+B1
| string 6,58 |_tot 1740
L cable 20 L_cable 300
rho cu 0,0175 rho alu 0,0265
V mpp min 710 \ 231,213873
delta V 1% delta_V 5,00 %
S _dc 0,64873239 S ac 1196,5545
Antall 240 som trengs 4,98564375
Inter- building cable, C+B2
AC calculations I_tot 1392
I_inv 145 L_cable 148
L cable a0 rho alu 0,0265
rho alu 0,0265 v 231,213873
V_inv 731 delta_V 5,00 %
delta_V 1,00 %
S ac 472,240176
5. ac 66,5367965 Antall 240 som trengs 1,9676674
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Appendix B

String sizing

Module

Poom 400 W
Vinpp 65,8 V
Voc 75,6V
Tkvoc 0,1768 -
Tivoc -0,234 SLCO
Ty mpp -0,29 %
Width 1,046 m
Length 1,69 m
6,58 A
Inverter

Poom 100 kW
Vnax 1000V
Vnin 360V
Lnax per MPPT 36 A
Isc max per MPPT 50 A
Inputs per inverter 24
MPPTs per inverter 6
Number of inverters 12
Temperatures (°C)

Tax 30
T nin -18
Tgic 25
T ada 30

The maximum and minimum number of modules per string is calculated to respectively 12 and
7. To determine the maximum number of modules per string, the highest possible open circuit

voltage for each module is calculated to 83,2 V

(Tmin - TSTC) TkVoc
100

Vocmax = Voc <1 +

—18 — 25)(—0,234%
Vocmax = 75,6 V (1 4 ) °)> =832V

100

Xiii



The maximum number of modules per string is then calculated to 12

Vinverter,max — 1000V ~ 12
Vocmax 83,2V

nstring,max -

The minimum number of modules per string is found by calculating the lowest voltage possible
to obtain at maximum power point production. This voltage is found to be 59,1 V and is used

further used to calculate the minimum number of modules for each string to be 7.

(Trmax + Taga — Tsrc) Tky

Vmpmin = Vupp (1 + e - 100 =P

(30 +30 —25) (—0,29%)
100

VMPmin = 65,8 |74 <1 + > = 59,1 %4

Vinverter,min _ 360V ~7
VMPmin 59,1 V

nstring,min -
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Appendix C

Area to be filled with south orientated modules

The row width represents the total space occupied by one tilted module with proper module
row spacing to avoid shadowing. The module height difference HD,,, and module row spacing
Smr 1S found as these are used to derive the row width W,.. Geometric relationships from Figure
10 is used as a base for these calculations. 8 and « respectively corresponds to the module tilt

angle and the minimum solar elevation angle.
HD,, = Module width * sin(8) = 1,69m * sin(40) = 1,08m

HD,, 1,08 m
Smr = =
tan(a) tan (40)

=1,29m

W, = S + [cos(8) *x Module width] = 1,29 m + [cos(40) * 1,69 m] = 2,58 m

The row with is further used to find the maximal number of modules possible to fit in one
column. The column dimensions are presented in Figure 16, and the row length corresponds to
the module length, presented in Table 5. The total number of modules to fit in all columns
combined is calculated to be 887 after assuming that 5% of the usable roof area disappears due
to proper distances to other modules and objects. The total area is to be covered exclusively by
modules is eventually found, as this is desired to use for further calculations.

Column width " Columnlength _ 127m 14m

Modules per column = : = *
Row width Row lenght 258m 1,05m

x 0,95 = 604 mod

Total modules = Modules pr column * total columns = 590 * 3 = 1813 modules

Total area = total modules * module area = 1770 * 1,77 m? = 3210 m?

XV



Area to be filled with east- west modules
HD,, = Module width * sin(8) = 1,05m * sin(40) = 0,67 m

HD,, 067m

S = = = 0,8
™ tan(a) tan (40) m

W, = Sy + [cos(8) * Module width] = 0,8 m + [cos(40) * 1,05m] = 1,6 m

Column width " Columnlength _ 130m " 14m
Row width Row lenght ~ 1,7m 0,875m

Modules per column = x 0,95 = 1155 mod

Total modules = Modules pr column * total columns = 1075 * 3 = 3465 modules

Total area = total modules * module area = 1770 * 1,77 m? = 6134 m?
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Energy production and consumption analysis for the PV system on Coop’s roof
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Cash flow analysis for the system on Coop’s roof
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Appendix F

Energy production analysis, and cash flow analysis for the systems on C+B1 and C+B2
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