U
I BJ Norwegian University
M 4

of Life Sciences
N

Master’s Thesis 2018 30 ECTS

Faculty of Science and Technology
Espen Olsen

Study on the Cooling Effect for
Floating PV Modules in Thermal
Contact with Water and the
Potential for Modelling Floating PV

Ida Hugem Lereng

Industrial Economics and Technology Management
Faculty of Science and Technology







Preface

This thesis marks the completion of a five-year Master of Science degree in Industrial Economics and
Technology Management (Industriell @konomi) at the Norwegian University of Life Sciences
(NMBU). The thesis is based on an initiative from the Institute for Energy Technology (IFE), in
collaboration with Ocean Sun.

First and foremost, I want to thank my supervisor at IFE, Josefine Selj, for giving me invaluable advice
and great support throughout this semester. I also want to thank my supervisor at NMBU, Espen Olsen,
for introducing me to IFE and for providing me with great advice and motivation.

Furthermore, I would like to thank Jonathan Fagerstrom for his enthusiasm in helping me with
TRNSYS, Mari Benedikte @gaard and Asmund Skomedal for helping me set up and run the experiment
at IFE and Bjorn Aarseth for helping with the IR camera and picture taking. Furthermore, I want to
thank Hallvard Gustav Fjaer for helping me develop a thermal model and Berge Bjerneklett, my contact
person in Ocean Sun, for answering all questions related to their concept and the experiment in
Singapore.

Lastly, I would like to thank my boyfriend, parents and friends for continuous support throughout this
semester.

Kjeller, 10.05.2018

Ida Hugem Lereng



II



Abstract

Floating solar power has become an increasingly popular technology, mainly because it does not occupy
land areas and because lower operational temperatures lead to higher power outputs. With 75 % of the
world’s surface consisting of water and a demand for more renewable energy production, the potential
for solar PV increases significantly.

The purpose of this study is to quantify the cooling effect for a floating PV module in thermal contact
with water. The cooling effect is estimated through analysis of experimental data from a test site at IFE,
where the temperatures and power output of a floating module is measured. The data from the floating
module is compared to measured data from a reference module. Additionally, a thermal model has been
developed, aimed at estimating the temperature and power output for a floating module. Simulation
software programs, PVsyst and TRNSYS, were also evaluated in terms of their ability to simulate
floating PV modules.

For the test period (10.04.2018 — 15.04.2018) and time interval during those days (11.15 — 16.00), the
results indicate that the floating module has approximately 2-6 % higher normalized power output than
the reference module. The back-surface temperature of the floating module is approximately 6-7°C
lower than the reference temperature. The results also indicate that the difference in performance and
temperature increases when irradiance and ambient temperature increase.

Furthermore, the experimental results suggest that the cooling effect of the floating module varies
greatly throughout a day, between approximately 60-110 W/m”K. The cooling effect for the reference
module seems to be more stationary, ranging around 40-50 W/m°K. Additionally, the cooling effect
seem to increase at higher ambient temperature and irradiance. However, some of the materials used in
the experiment are not applicable for offshore installations, so suitable materials might lead to different
cooling effects for other installations.

The thermal model developed proved to underestimate both power output and module temperature,
which seem to mainly be due to not including heat capacities in the model. PVsyst seems to be the best
software suited to simulate floating PV, as the cooling effect can be given as a parameter. However,
none of the simulation software programs are fully capable of modeling floating PV, due to limited
features necessary for such installations.
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Sammendrag

Flytende solenergi er en teknologi som stadig blir mer populer, hovedsakelig fordi flytende
installasjoner ikke krever landareal, samt fordi lavere driftstemperaturer forer til hoyere effekt. Ettersom
75 % av verdens overflate bestar av vann og behovet for fornybar energi eker, eker dermed ogsa
potensialet for solenergi.

Formalet med denne oppgaven er a kvantifisere kjaleeffekten til en flytende solcellemodul i termisk
kontakt med vann. Kjeleeffekten estimeres ved analyse av eksperimentell data fra et testanlegg pa IFE,
hvor modulens temperatur og effekt males. Dataene sammenlignes ogsd med malte data fra en
referansemodul. I tillegg har en termisk modell blitt utviklet for & estimere temperatur og effekt for
flytende moduler. Simuleringsprogrammene PVsyst og TRNSYS ble brukt for & modellere flytende
PV, og deres evne til dette ble sa evaluert.

Resultatene fra testperioden (10.04.18 — 15.04.18) og tidsintervallet (11.15 — 16.00) for testperioden
indikerer at den flytende modulen har omtrent 2-6 % hegyere normalisert effekt sammenlignet med
referansemodulen. Temperaturen pa baksiden av den flytende modulen er malt til & vaere omtrent 6-7°C
lavere enn referansemodulen. Resultatene indikerer ogsa at differansen i ytelse og temperatur gker nar
solinnstralingen og omgivelsestemperaturen gker.

Videre antyder de eksperimentelle resultatene at kjaleeffekten til den flytende modulen varierer i lopet
av en dag, mellom om lag 60-110 W/m?’K. Kjoleeffekten for referansemodulen virker 4 vaere mer stabil,
rundt 40-50 W/m’K. Det ser ut til at kjoleeffekten oker ved heyere omgivelsestemperaturer og
innstraling. Materialene som ble brukt i eksperimentet er ikke egnet for offshore installasjoner, sa andre
installasjoner vil sannsynligvis gi andre kjoleverdier.

Den termiske modellen viste seg & underestimere bade effekt og modultemperatur, som tilsynelatende
kan forklares av at varmekapasitet ikke er inkludert i modellen. Videre antas PVsyst a vere
programvaren best egnet til & simulere flytende solcellemoduler, da kjeleeffekten kan gis som en
parameter for simuleringen. Likevel argumenteres det for at ingen av simuleringsprogrammene er
fullstendig egnet til & modellere flytende PV, grunnet begrensede funksjoner.
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Nomenclature

Symbols
A

c
E
FF
Gior

Pmax

P measured

PR
Pr

0

=

Area

Specific heat capacity
Energy

Fill factor

Global horizontal irradiance
Convective heat coefficient
Current

Solar irradiance

Reference solar irradiance
Thermal conductivity
Length

Nusselt number

Power

Normalized power output
Maximum power point, from flash test
Measured power output from PV module
Performance ratio

Prandlt number

Heat flux

Thermal resistance

Series resistance

Shunt resistance

Reynold number
Temperature

Temperature of a surface
Thermal loss factor

Wind speed

Kinematic viscosity
Voltage

Solar altitude angle

Temperature coefficient for Puypp

vl

°C
°C
W/m’K

m?*/s

%/°C
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Abbreviations

AM
FPV
LCOE
NOCT
0&M
PV
STC

Subscripts

amb

o

Q ™ 0

MPP
ocC

out

SC
STC

water

Thermal expansion coefficient K!
Dynamic viscosity kg/m-s
Efficiency %
Density kg/m’
Frequency Hz
Zenith angle / Angle of incidence °

Air mass

Floating photovoltaic

Levelized cost of electricity
Nominal operating cell temperature
Operation and Maintenance
Photovoltaic

Standard test conditions

Ambient

Back side (of PV)
Cell

Conduction band
Front side (of PV)
Bandgap

Input

Module (back surface)
Max power point
Open circuit

Output

Photon

Short circuit

Standard test conditions
Valence band

Water

Infinity
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Constants

ks

Gravity constant
Planck constant
Boltzmann constant

Elementary charge

IX

9.806 65 m/s’

6.626 069 x 107** Js
1.380 649 x 107 JK™!
1.602x 1077 C
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1 Introduction

1.1 Background

From 1973 to 2015, the world energy supply and consumption more than doubled, consumption of
electricity almost tripled and CO; emissions doubled (IEA, 2017). Emissions from the energy sector
account for two-thirds of the greenhouse gas emissions and 80 % of CO; emissions (IEA, 2018).

Scientists have proven that emissions of greenhouse gases lead to climate change, and that these changes
are mainly caused by anthropogenic actions (UNFCCC, 2018a).

At the United Nations for Climate Change Conference in Paris in 2015, COP21, a bottom-up approach
to reduce emissions was decided, popularly known as the “Paris agreement”. The overall goal of the
Paris agreement is to prevent the global temperature to increase above 2°C compared to pre-industrial
levels, while pursuing to limit the increase to 1.5°C (UNFCCC, 2018b).

To achieve the goal of the Paris agreement, approximately 40 % of the CO, emissions must be reduced
(IEA, 2017). To achieve this, and keep up with the increasing electricity demand, renewable energy
technologies are required to increase their production. From 1973 to 2015, the electricity generation
from non-hydro renewables (solar, wind geothermal, tidal, waves, biofuels, waste, heat and other),
increased from 0.6 % to 7.1 % of the total electricity generation.

The solar photovoltaic (PV) market is, according to the International Energy Agency (IEA), the fastest
growing source of power in the world. Production of electricity from solar PV increased from 4 TWh
in 1973 to 247 TWh in 2015 (IEA, 2017). Solar PV is solely dependent on insolation and has a long
lifespan, in addition to decreasing in price and increasing in efficiency. However, large installations of
PV power plants require vast land areas. Such land might be limited, due to high population density or
scarcity.

Approximately 75 % of the world’s surface consists of water (Graham et al., 2010). By installing PV
technology on water bodies, the potential for solar PV increases drastically. Floating PV (FPV) can be
installed on inland water bodies and oceans, and is a technology in rapid growth.

Floating PV makes electricity more accessible. As several big and vastly populated cities are located
by the shores, floating PV present as a viable solution, reducing the need for long transmission lines.
FPV is also a viable solution for (desolated) islands and smaller communities by the shores. For the
aquaculture industry, FPV can substitute the diesel generators, reducing noise and fuel costs, all the
while producing clean electricity. Furthermore, FPV is generally capable of producing more electricity
than a terrestrial installation of the same installed nominal power, due to lower operational temperatures
caused by water cooling.

Previous research on FPV indicates that PV modules get cooled when being installed on pontoons, with
a tilt. Thus, investigating the cooling effect for FPV installed horizontally, in thermal contact with water,
is of interest.



1.2 Objective

The main objective of this work is to conduct and analyze an experiment at IFE, aimed at quantifying
the cooling effect for a floating PV module in thermal contact with water. The difference in performance
and module temperature between the floating module and a reference module is also central for the
thesis. A thermal model has been developed to estimate the cooling effect and behavior of a floating
module. Furthermore, two simulation software programs’ abilities to simulate FPV are evaluated, based
on the experimental results.

The work aims to cover the following:

o Establish a review of some studies on operational module temperature and efficiencies for FPV
compared to terrestrial PV

e Describe the advantages and disadvantages with FPV

e Establish a test site and conduct an experiment on FPV module temperature and performance

e Develop a one-dimensional thermal model estimating the behavior of FPV

o Simulate FPV in software programs (PVsyst and TRNSYS), and evaluate their ability to
correctly simulate FPV

The main objective was initially to analyze an experiment conducted by Ocean Sun, located in
Singapore. The experimental setup would include Ocean Sun’s actual concept; their canvas and
materials, and would represent their technology. As this proved to be impossible within the timeframe
of the thesis, it was decided to conduct a small-scale, but somewhat similar, experiment at IFE. The
results might not be entirely applicable to Ocean Sun’s concept, but give an indication on what might
be expected from the technology.



2 Theory

The theory in chapters 2.1 — 2.4 relies on Solar Energy - The physics and engineering of photovoltaic
conversion technologies and system (Smets et al., 2016) and PVeducation.org (Honsberg & Bowden,
2013). Theory from other sources are specified in each subchapter.

2.1 The sun

The sun is a sphere of gas with nuclear fusion reactions in the core, that convert hydrogen to helium.
The reaction emits a lot of energy in terms of radiation. The total power due to the nuclear fusion is
about 3.8 x 10°® W. Due to the distance between the Sun and the Earth, only about 1361 W/m? reaches
the Earth’s atmosphere. This is called the solar constant, which is an average value.

The solar constant varies slightly since the earth-sun distance changes as the earth moves in an elliptical
orbit around the sun, and because the emitted power from the sun varies. The solar irradiation incident
at the earth’s surface varies substantially more. This is due to atmospheric effects such as absorption
and scattering, local variations in the atmosphere such as water vapor, clouds and pollution, latitude of
the location, the season of the year and the time of the day. Thus, the intensity, spectral content of the
light and the angle from which the light is incident on a surface varies.

The light that we see is a fraction of the total incident irradiation. Light shows the behavior of particles,
as well as waves. This behavior is called the wave-particle duality. “Packets” or quantas of energy are
called photons. According to Planck’s law, the photon energy is proportional to the frequency of the
light:

Eypp = hv (1)

where E,; is the energy of the photon, /4 is Planck’s constant and v is the frequency.

2.1.1 Air Mass and angle of incidence

As discussed, the incident sunlight is affected by atmospheric effects, which reduces the amount that
reaches a surface on earth. The Air Mass (AM) quantifies this reduction. The Air Mass is the path length
for the incident light through the atmosphere divided by the shortest possible path length; when the sun
is at zenith:

M= 1
~ cos(6)
where 6 is the angle from the zenith. When the sun is directly overhead, the Air Mass is 1.

(2)

In the summer months, the angle from zenith is generally lower than in the winter months, meaning that
the light intensity is higher during summer. For the winter months, with lower solar altitude angles, o,
the sunlight must traverse a longer path, as explained by the air mass ratio. This is illustrated in Figure
2.1.
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Figure 2.1: The path sunlight has got to traverse to reach a surface varies with season. The path is shortest when the sun
is at zenith (directly overhead). The sun is closest to zenith during summer (81), while further away during winter (6>).
For a horizontal plate, the angle from zenith also represents the angle of incidence. o. is the solar altitude angle, explaining
the height of the sun relative to the ground.

2.1.2 Solar irradiance and solar insolation

The solar irradiance is an instantaneous power density in units of W/m?, which is strongly dependent
on location and local weather, as discussed. Global horizontal irradiance is the total irradiance measured
by a horizontal surface. The irradiance is usually divided into diffuse sunlight, caused by scattering, and
direct sunlight.

The solar insolation (or irradiation) is the total amount of solar energy received at a specific location
during a specified period, often in units of kWh/m?*/day or kWh/m?*/ month.

2.1.3 Albedo effect

The albedo coefficient is the fraction of global incident irradiation reflected by the surface in front of a
PV module. The albedo will have no effect for a PV placed horizontally, but for tilted planes the effect
increases as the tilt increases. The albedo varies according to season and surface. For an urban
environment and grass surfaces, the albedo is around 0.2, while it is even lower for a water plane
(PVsyst SA, 2017).

2.2 Angles for PV-installations

The tilt angle explains the module’s tilt with respect to the horizontal. Thus, for a module placed
horizontally, the tilt angle is zero. The orientation angle is used to describe the module’s orientation
with respect to the azimuth; the angle between the South vector and the module’s normal vector on the
horizontal plane. The orientation angle is of no importance for a horizontal PV module, but very
important for tilted modules. The orientation angle for a tilted module faced towards the South is 0°.

The angle of incidence is the angle between the module’s normal and the incident sunlight. For a
horizontal module, the angle of incidence is equal to the angle from zenith, 6, as illustrated in Figure
2.1.



2.3 Photovoltaic theory

2.3.1 Generation of electricity

The process in which sunlight is converted directly into electricity using solar cells is called the
photovoltaic effect. The photovoltaic effect is the generation of a potential difference at the junction of
two materials in response to incoming solar irradiance.

The first part of the process leading to the photovoltaic effect is the generation of charge carriers in the
solar cell materials due to absorption of light (photons). In an ideal semiconductor, electrons can have
energy levels in the valence band or in the conduction band. The energy difference between the two
allowed states is called the band gap:

Eg:EC_EV (3)

If the energy of the photon equals the band gap, the electron can be excited from the valence band to
the conduction band, leaving behind a “hole”. This hole causes a covalent bond to move from one
electron to another, making it look like a positive charge. This process is illustrated in Figure 2.2. If the
energy is below the band gap, the photon will traverse the material. However, if the energy exceeds the
band gap, the electron will be excited and the excess energy will contribute to heating the material.

Conduction band

S

ph &

Ec

Ev
(+)
Valence band

Figure 2.2: Illustration of the band gap of a semiconductor. Incoming photons must have energies higher than the band
gap to excite an electron from the valence band to the conduction band.

Solar cells usually consist of a positive and a negative doped semiconductor material. The
semiconductor material is often silicon, from group IV in the periodic table. Doping is a technique in
which atoms from group III (boron) and group V (phosphorous) is added to the semiconductor, creating
p-type and n-type materials, respectively. Atoms from group V has one more valence electron than
silicon, while atoms from group III has one less valence electron. Only four valence electrons are needed
from each atom to create covalent bonds around the silicon atom. Thus, in the n-type material, “free”
electrons can participate in conduction. In the p-type material, not enough electrons are present to create
covalent bonds, creating “holes”. Both materials are electrically neutral. These materials form a pn-
junction. The “free” electrons at the boarder of the n-type diffuse towards the holes in the p-type, leaving
behind a positive charged area and creating an internal electric field, called the depletion region. This
is intended to separate electron-hole pairs and avoid recombination.
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Figure 2.3: lllustration of the solar cell with its pn-junction and an external load. Under illumination, electrons will exit
the solar cell at the front contact and generate a current, before recombining at the rear contact.

If the solar cell is an open circuit and under illumination, the numbers of electrons in the n-type and
holes in the p-type will increase, as the electric field in the depletion region makes the electrons flow to
the n-type material and the holes flow to the p-type material. The separation of positive and negative
charges across the pn-junction is called a potential difference, which reduces the net electric field, and
in turn leads to a diffusion current. The diffusion current is generated to balance out the surplus of
carriers in the two materials. For the open circuit, an equilibrium is reached when the light generated
current is balanced out by the diffusion current. The voltage over the pn-junction is then called the open-
circuit voltage, Voc. This is the maximum voltage available for a solar cell.

If the solar cell is connected to an external load, as illustrated in Figure 2.3, the charge carriers will exit
the solar cell, generating a current. This happens because of the potential difference in the solar cell. If
the solar cell is short-circuited, the carriers exit the solar cell and recombine as soon as they are
generated, which means that there is no build-up of potential difference. The current is called short-
circuit current, Isc. For an ideal and unrealistic solar cell, the short-circuit current is identical to the
light generated current. The short-circuit current is the largest current which can be drawn from the
solar cell.

2.3.2  Solar cell parameters

Some parameters are often used to characterize the performance of PV modules.

- Short circuit current

- Open circuit voltage

- Maximum power point (MPP)

- Fill factor, FF

- Reference efficiency

- Nominal Operating Cell Temperature (NOCT)

The generated power from a PV module is the product of the current and the voltage. Iurr and Virp
gives the highest possible power output from a solar cell, Pmax. The fill factor is the ratio between the
maximum power and the product of Voc and Isc, as illustrated in Figure 2.4 and by the following
equation:

_ IuppVupp

FF = (4)

ISCVOC
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Figure 2.4: A sketch of an IV-curve, with short-circuit current, maximum power point current, open circuit voltage,
maximum power point voltage illustrated and maximum power point. The fill factor is the ratio between the light blue
area and the gray hatched area.

The efficiency of the solar cell is the ratio between maximum power output, P, and the incident solar
irradiance on the module:

Pnax _ ImppVupp _ IscVocFF 5
P, P, P,
Pmax and hence the efficiency also depends on the spectrum and intensity of the incident sunlight, and
the temperature of the solar cell. At higher ambient temperatures, the cell and module temperature
increase.

There are different equations and ways to determine the cell temperature of a module, when it is not
directly measured. For uniform and one-dimensional conduction, the following equation may be used
(Kratochvil et al., 2004):

I
T, = Ty +—AT (6)
ILO

where T is the cell temperature, 75, is measured back-surface module temperature, /; is measured solar
irradiance on the module surface and I is the reference solar irradiance at 1000 W/m?. AT is given as
3°C for glass/cell/polymer sheet modules with open rack mounting (Kratochvil et al., 2004).

However, if the back-surface module temperature is unknown, the following equation may be used to
estimate the cell temperature:

NOCT — 20

= _— = (7)
Tc Tamb + 800 IL

where Tump is the ambient temperature and NOCT is the nominal operating cell temperature. The NOCT
is usually provided by the manufacturer, and is defined under the following conditions; irradiance at
800 W/m?, air temperature at 20 °C, wind speed at 1 m/s and open rack mounting.

2.3.3 The two-diode model

The behavior of a solar cell can be described by the equivalent circuit. The single-diode model is a
circuit with a diode and a current source connected in parallel, in which the diode represents the pn-
junction. For an ideal solar cell, there will be no internal losses. However, a non-ideal solar cell will
have losses related to recombination of the electron-hole pairs. To model this more accurately, two



diodes can represent the pn-junction, in a two-diode model, in which one is ideal and one is non-ideal.
This is described with an ideality factor equal to one or greater than one, respectively. The equivalent
circuit for the two-diode model is illustrated in Figure 2.5. The relation between the current and the
voltage is given by the following equation:

— ] ] = _ M]_ }_ { [M_ }_% (%)

I'=lon = lay = Loz — Iy = Ly, — Iox {exp | ) — 1 — doy fexp |12 — 1] - T

where T is the cell temperature in Kelvin, n; and n; are the ideality factors, k3 is the Boltzmann constant,
q is the elementary charge, /y; and Iy, are the saturation currents of the diodes, /;; and /;; are the currents
through the diodes, /p is the current through the shunt resistance, 7,5 is the light generated current, Ry is
the series resistance and Rp is the shunt resistance.
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Figure 2.5: The equivalent circuit illustrated by the two-diode model. ni and na are the ideality factors, la1 and lax are the
currents through the diodes, lp is the current through the shunt resistance, Ipn is the light generated current, Rs is the series
resistance and Rp is the shunt resistance.

The series resistance, Rs, is the sum of the resistance in the semiconductor material, the contact
resistance between the metal contact and the silicon in the semiconductor and the resistance of the top
and rear metal contacts. It affects the current and the fill factor of the solar cell.

The shunt resistance, Rp, occurs due to manufacturing defects, providing an alternate current path for
the light-generated current. This reduces the current through the pn-junction, which in turn reduces the
voltage.

2.3.4 Solar cell efficiency

As discussed in subchapter 2.3.2, the solar cell efficiency is affected by the cell temperature, the light
intensity and the angle of incidence.

2.3.4.1 Measurements of efficiency

Solar cells and PV modules are tested under standard test conditions (STC) to fairly compare them
under the same conditions. The test conditions are defined at irradiance of 1000 W/m?, a cell
temperature at 25 °C and AM1.5 spectrum.

Flash testing is also often used to test the parameters of the solar modules, in which light is flashed on
the cell and measurements are taken very quickly. This eliminates temperature control problems.

Tests like these give all the parameters listed in subchapter 2.3.2, and create an [V-curve as illustrated
in Figure 2.4.



2.3.4.2 Temperature dependent efficiency

The operating temperature of a PV module has great impact on its performance, as previously discussed.
By decreasing the operational temperature, the efficiency is most likely to increase (Dash & Gupta,
2015; Liu et al., 2017).

In a semiconductor, an increase in temperature will increase the energy of the electrons, thus reducing
the band gap. Now, less energy is needed to excite electrons to the conduction band. Both the open
circuit voltage and the fill factor decrease substantially with temperature, as the thermally excited
electrons begin to dominate the electrical properties of the semiconductor. Since electrons will more
easily be excited, the carrier concentration will increase, leading to higher diffusion current and lower
open-circuit voltage. The short-circuit current will increase slightly due to the increased carrier
concentration, but not enough to compensate for the reduction in Voc. The net effect leads to a linear
relationship (Skoplaki & Palyvos, 2009):

n = Nsrcl[1 = BT, — Tsrc)] (9)

where 7src is the module’s efficiency at the reference temperature, Tsrc, and at solar irradiance of
1000 W/m’. The efficiency is usually provided in the datasheet, and the reference temperature is 25°C.
p is the temperature coefficient of Pypp, which is material specific and usually provided by the
manufacturer in the PV module’s datasheet. The temperature coefficients of Voc and Isc are usually also
provided.

The power output from a PV module will also be temperature dependent, and it may be described as a
function of the temperature dependent efficiency (Skoplaki & Palyvos, 2009):

P = I nsrcA[l — B(T; — Tsrc)] (10)

where [ is incoming irradiance and 4 is the surface area of the module.

2.3.4.3 Effect of light intensity and angle of incidence

The light intensity affects the short-circuit current, the open circuit voltage, the fill factor, the efficiency
and the internal resistances.

The shunt resistance affects the solar cell at low light intensities, as the current through the solar cell is
low and more passes through the resistance, causing losses. At high light intensities, the series resistance
has a greater impact on losses due to higher currents.

PV modules perform best when the incident light is normal to the module surface. At higher angle of
incidence, typically beyond 55°, the reflectance on the glass surface of the modules increases, reducing
the ability to absorb irradiation (Kratochvil et al., 2004).

2.3.5 Solar cell technologies

There exists a range of different solar cell technologies. This thesis focuses on crystalline silicon (c-Si)
semiconductors, which is the dominating technology. There are two different types of c-Si;
monocrystalline and multicrystalline.

Monocrystalline usually have improved material parameters than multicrystalline, but they are more
expensive. The monocrystalline structure is ordered with each atom ideally placed in a pre-determined
position, while the multicrystalline structure is more random with grain boundaries.



2.3.6 Performance ratio

The performance ratio (PR) is the ratio of produced power over power produced at STC. It is
independent of orientation and incident irradiance, and can thus be used to compare installations at
different locations:
PR = Pmeasured ( 11 )
Psrc
The PR is affected by parameters such as mechanical losses, soiling, temperature effects, reflection and

shading. It is not possible to reach 100 % due to unavoidable losses, but good designs can reach a PR
of approximately 85 %.

2.4 Heat transfer

This subchapter of the theory relies much on Bergman et al. (2011) in addition to the already specified
sources. Other sources are specified in the text.

A PV module exposed to sunlight converts approximately 10-20 % of the incoming sunlight to
electricity. The rest of the energy is converted into heat. Heat is generated by the photovoltaic activities
in the cells and by the emitted radiation at the infrared wavelength of the solar spectrum (Armstrong &
Hurley, 2010).

How much of the incoming sunlight that contributes to heating of the modules depend on several factors,
such as the reflection from the top surface of the module, the electrical operating point of the module,
absorption of sunlight by the regions not covered with solar cells, absorption of low energy light in the
module and the packing density of the solar cells.

The solar irradiance absorbed by PV modules must be equal to the power produced and overall heat
flux in the modules. Thus, the heat flux, O, may be defined as:

Q=L xA—nl,xA=1(1—-1)xA (12)

where [} is the incident irradiance on the surface and 4 is the surface area of the module. As a horizontal
installation of PV modules is most relevant for the work in this thesis, the incident irradiance on the
modules will equal the global horizontal irradiance, Gioy.

The amount of solar irradiation absorbed by the solar cells depend on the material specific absorption
coefficient, which is generally equal to 0.9. It is assumed that this coefficient is underlying in the
electrical efficiency, #.

The overall heat loss in a PV module is the sum of several heat transfer mechanisms; convection,
conduction and radiation, as illustrated in Figure 2.6.

10



Solar irradiance

Radiation
Convection
— 1

Reflection

A

Front glass I
Conduction

EVA

Silicon cell

EVa Conduction
Back sheet
Canvas ‘L
e ]
Convection Water surface

Figure 2.6: Configuration of a PV module and illustration of heat loss mechanisms. For this thesis, the module is depicted
on a water surface, to illustrate the convection caused by the water surface.

2.4.1 Thermal loss factor

The thermal loss factor, the U-value, indicates the effectiveness of module cooling by the environment
(Reindl, 2018). It can be calculated from measured ambient temperature, wind speed, surface irradiance
and module temperature. The higher the U-value, the lower the operational cell temperature and hence
the higher efficiency.

The U-value consists of two parts (PVsyst SA, 2018):
U=U,+U,xv (13)

where Uc is the constant loss factor, Uy is the variable wind loss factor and v is the wind speed. At
higher wind velocities, the thermal loss will generally increase.

A common U-value for a roof-top PV system is 20-30 W/m’K, while it for floating systems have been
measured to approximately 40-60 W/m?K (Reindl, 2018). Greene et al. (2016) suggests a U-value for
an installation in thermal contact with water of approximately 65 W/m’K.

The U-value is defined as the excess heat from the irradiance divided by the temperature difference
between the solar cell and the ambient (P Vsyst SA, 2018):

U = Gror(1 —1)
Tc - Tamb ( 14 )

It may also be expressed by other parameters, by adjusting it for the wind velocity (TRNSYS Technical
Support Team, 2018):

IyocrT 5.7+ 38v

U= X
Te noct — Tamb,NocT 9.5 (15)

This expression relies on several given parameters, provided in the PV module’s datasheet, and for each
module the definition may be written on the form as equation 13. za usually has a default value of 0.95
(TRNSYS Technical Support Team, 2018)
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2.4.2 Convection

Convective heat transfer is a mechanism that occurs due to transportation of heat away from a surface,
as the result of a fluid moving across the surface of another. The transferred heat in this process is given
by Newton’s law of cooling:

AT

Q = hAAT = — (16)

R
where £ is the convection heat transfer coefficient, 4 is the contact area for the two materials in and AT
is the temperature difference between the two materials. R is the thermal resistance, given as:

R=— (17)
hA
There are two ways for heat convection to occur; either by natural (free) convection or by forced
convection. If the motion of the fluid arises from an external agent, such as a fan or the wind, the process
if called forced convection (Bejan & Kraus, 2003). The process is called natural or free convection

when there is little or no wind present, and the motion is caused by density differences, for instance.

The convective heat transfer coefficient is complex and often determined experientially. The forced
convection coefficient, h, for a horizontal flat plate with laminar flow is given by the following equations
(Bejan & Kraus, 2003):

B = Nu X k (18a)
L
Nu = 0.664 Re/?2Pr1/3 for Pr>0.7 (18b)
v L
Re = PVE (18¢)
u

where Nu is the Nusselt number, £ is the thermal conductivity, L is the thickness of the material, Re is
the Reynold number, Pr is the Prandlt number, p is the density, v is the kinematic viscosity and u is the
dynamic viscosity of the fluid.

The natural convection coefficient for a horizontal flat plate with laminar flow is given as:

B = Nu X k (19a)
L
Nu = 0.52 Ral/® for 10*<Ra<10°, Pr>0.7 (19b)
Ra = Gr X Pr (19¢)
9Ben (T — T, L (19d)
Gr = Z

where Ra is the Rayleigh number, Gr is the Grashof number, g is the gravity constant, S is the
coefficient of thermal expansion, 7y is the surface temperature and 7. is the bulk temperature.

The Nusselt number provides a ratio of convection to pure conduction heat transfer. The Reynold
number is the ratio of inertia to viscous forces in a region of length L. The Prandtl number is the ratio
of momentum diffusivity to thermal diffusivity. If the Rayleigh number is below a critical value for a
fluid, heat transfer is primarily in the form of conduction, and if it exceeds the critical value, heat transfer
is primarily in the form of convection. Grashof number is a measure of the ratio of buoyancy forces to
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viscous forces. Errors as large as 25 % may be incurred by using these expressions, due to uncertainties
related to each equation and parameter.

2.4.3 Conduction

Conductive heat loss in an object is due to thermal gradients between the object and other materials.
The ability to transfer heat to surroundings is characterized by the thermal resistance and the
configuration of the object. The heat transferred in the process is given by Fourier’s law:
1A dT KA AT AT
¢= dc L R (20)

where k is the thermal conductivity, 4 is the surface area, L is the material thickness, AT is the
temperature difference between the gradients, assuming a linear relationship. R is the thermal
conductive resistance:

R=— (21)

2.4.4 Radiation

Radiation is heat transfer to the surrounding environment from an object. Any object will emit radiation
based on its temperature, depending on its emissivity. A PV module is a non-ideal blackbody. The net
radiative loss is the difference between the heat emitted from the surroundings to the module and the
heat emitted from the module to the surroundings. For a horizontal module, only the top surface and
sides will emit radiation. The radiation from the sides is negligible due to the very small surface area.
The radiation is defined as:

Qraa = ‘SFO_A(T% - T;mb) (22)

where ¢ is the emissivity of the surface, F is the view factor and o is Stefan-Boltzmann constant.

2.5 Floating PV

Photovoltaics installed at rooftops and ground-mounted installations is the norm. However, the interest
of installing PV on water surfaces have grown rapidly the last years, and countries such as Japan, South
Korea, the UK, China and India already have several installations of floating PV (Reindl, 2018).

Floating PV can be installed on different water bodies, both inland and on the open sea. There are
several advantages and reasons for installing PV on water bodies:

e Valuable land is conserved, such as agricultural land. This is optimal for regions with scarce
land resources, but available water bodies.

e Water will be conserved, as the modules prevent water evaporation. It also limits algae growth
and potentially improves water quality (Sahu et al., 2016).

e There will be less shading on the modules due open and flat surfaces.

e Lower cell temperature and higher efficiency, caused by the evaporative effect of water.

e Less dust accumulation on the modules. Especially for installations on larger water bodies
where the wind velocity will be higher and the distance to land greater.
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e Potential of integration with aquaculture.

e Potential of integration with hydropower stations due to the already existing infrastructure and
potential benefits of hybridization, ensuring stable power production.

e Reduction of transmission costs due to available water bodies close to densely populated areas.

Disadvantages:

e Investment costs are likely to be higher than conventional solar plants (Sahu et al., 2016).

o Higher risk of damages caused by high tides, waves, storms, cyclones and tsunamis. This is
highly dependent on the location and the region of the installation.

e Possibly shorter life time due to increased corrosion and high moisture content because of
proximity to (salt) water.

e Potentially a negative effect on fish and algae growth.

o Fishing and recreational activities, if any, is likely to be affected.

o Shellfish attaching to the installations might cause unwanted effects, such as less heat transfer
through the bottom surface.

2.5.1 Operational temperature of floating PV

For floating PV installations, the evaporative effect of water cools the bottom of the modules, decreasing
the operational temperature (Choi, 2014; Sahu et al., 2016). For a test site in Singapore, there is an
installation with active water cooling which has shown even lower operational temperatures than the
other installations (Reindl, 2018).

There are several ways to decrease the module temperature. Active water cooling has proven to give a
reduction in the module temperature and an increase in the efficiency (Bahaidarah et al., 2013; Liu et
al., 2017). Thus, for installations in thermal contact with water, there is reason to believe that the
efficiency will be significantly increased (Azmi et al., 2013; Trapani & Millar, 2014).

Table 2.1: Review of some studies on module temperature and efficiencies for floating solar PV compared to terrestrial PV

Author Decrease in module temperature | Increase in efficiency
Choi (2014) Not specified 11 %

Liu et al. (2017) 3.5°C 1.58-2%
Azmi et al. (2013) 3.5°C 2.82-14.58 %
Trapani and Millar (2014) 8°C 5%

2.5.2  Costs of floating PV

The costs of a floating PV installation will depend on many factors, predominantly related to the choice
of components and materials, and the of water body for the installation. Thus, it is very hard to estimate
the costs of a floating plant, unless every aspect of it is known. Cost estimates will have a high degree
of uncertainty.

The costs for a floating system can be about 30 % higher than a conventional grid-connected
installation, with the floating structure accounting for 20-30 % and the PV modules for 40 % of the total
CAPEX (Ferrer-Gisbert et al., 2013). Nevertheless, the module-cost is decreasing each year.
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It is likely that operation and maintenance (O&M) costs will be lower than for terrestrial PV
installations, as components are less likely to overheat, and soiling and bird dropping is likely to be
reduced (Sahu et al., 2016). For an installation at sea, it is likely that waves will wash the modules and
thus reduce the need for human cleaning. However, there is a lot of uncertainty with respect to the
possible degradation due to seawater and the possible accumulation of salt on the surface of the
modules. Such effects might lead to higher O&M costs.

There will be little costs related to preparing the installation area, but there will be costs related to the
mooring system. For an off-shore installation connected to the grid, underwater cables will be a
necessity. Multiconsult suggests approximately 8 MNOK/km of cables (Greene et al., 2016).

The levelized cost of electricity may be used to compare different installations. It is the price at which
electricity must be generated from a specific source to break even over the lifetime of the project. It is
an economic assessment of the cost of the energy-generating system including all costs over its lifetime
(Afework et al., 2018):

W L+ M, +F
t=1 t
LCOE = a ;r) (23)

X e

where /; is the investment expenditures, M; is the O&M expenditures, F; is the fuel expenditures, £ is
the electricity generation, ¢ is the year, 7 is the discount rate and # is the lifetime of the system.

2.5.3 Current installations

Most installations today consist of a pontoon, with arrays of PV modules, moored to the ground. There
has been a rapid growth in the floating solar PV plants the last decade, and the growth is not assumed
to stop any time soon (Liu et al., 2017; Sahu et al., 2016). For the top 70 plants, the cumulative capacity
has more than doubled in comparison with the previous year (Mesbahi & Minamino, 2018). However,
such installations are predominantly installed in inland water bodies, and not the open sea.
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Table 2.2: Top 10 floating solar plants worldwide (Mesbahi & Minamino, 2018)

Rank | Size Name Country Company Water body
(MW) name

1 40 Coal mining subsidence area | China - Artificial
of Huainan City lake

2 20 Coal mining subsidence area | China - Artificial
of Huainan City lake

3 9.982 Pei County China Ciel & Terre Inland

4 7.550 Umenoki Japan Ciel & Terre Inland

5 6.776 Jining GCL China Ciel & Terre Inland

6 6.338 Queen Elizabeth II Reservoir | UK Ciel & Terre Reservoir

7 3 Cheongpung Lake South-Korea LG CNS Lake

8 3 Otae Province South Korea LG CNS Reservoir

9 3 Jipyeong Province South Korea LG CNS Reservoir

10 2.991 Godley Reservoir Floating UK Ciel & Terre Reservoir
Solar PV

Of the 70 largest floating solar power plants, 54 are in Japan, making Japan the leading country on this
technology. The majority of these are located on dams. South Korea is the second leading country
followed by China, the UK, Taiwan and Belgium (Mesbahi & Minamino, 2018).

Figure 2.8: Queen Elizabeth I reservoir solar farm (Harvey, 2016)
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In addition to the plants described above, there is a test bed of floating PV located on an inland water
body in Singapore, consisting of ten installations by different manufacturers and companies (Reindl,
2018). The testbed aims to study the technical, economic and environmental feasibility of large-scale

floating PV systems.
T —

Figure 2.9: Testbed in Singapore with 10 installations of floating PV (Reindl, 2018)

While floating PV plants on inland water bodies are emerging at high speed, the installations at sea are
still waiting to emerge. Swimsol was the first at implementing floating solar PV at sea. There are several
projects aimed at installing off shore floating PV plants (Bellini, 2018). Ocean Sun has a prototype
placed at the Norwegian west coast (Levik, 2017).

Figure 2.10 (Swinsol, by permission): Swimsol's installation in the Maldives - the first installation at sea.
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Figure 2.11 (Ocean Sun, by permission): Ocean Sun's prototype situated at the West coast of Norway.

2.5.4 Ocean Sun’s concept

Ocean Sun is a start-up company based in Norway working on a solution for floating PV for offshore
installations. The technology is based on horizontal PV modules on a floating structure. The PV
modules are modified to achieve low operating cell temperatures through direct heat transfer with water.
The floating structure is designed to withstand waves and typical offshore conditions (Ocean Sun,
2017).

The technology is under continuous development to improve the solution, in terms of the support
structure, PV module technology, module temperature and annual yield.
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3 Method

The first part of this chapter describes the test stations for the experiments conducted at IFE and in
Singapore. Then the analytical methodology used to analyze the experimental data obtained from the
test site at Kjeller is described. Next, the mathematical model is described, aiming to model the
experimental site at Kjeller and the cooling effect. Lastly, the computer modeling is described, aiming
to simulate the experimental results.

3.1 Test station: IFE, Kjeller

3.1.1 Layout and surroundings

The test station is located at the Institute for Energy Technology (IFE) at Kjeller, Norway, with latitude
59.973180 and longitude 11.051269.

The setup consisted of two 270W REC Peak Energy modules (multicrystalline silicon) outside the Solar
Building, as illustrated in Figure 3.1. The module lying on the grass is hereby called the reference
module, while the module lying on the inflatable pool is called the floating module.

The reference module was placed on wooden lists, lifting it from the grass and leading to some air
circulation at the back side, in addition to ensuring that it was horizontal. The floating module was
placed on a canvas (tarp) which was placed over the pool’s surface. It had its frame removed to assure
good thermal contact with the surface of the canvas and water. Both modules have the junction box and
cables on the back side. This leads to some air gaps between the contact area for the floating module
and the canvas.

There are several buildings and structures surrounding the experimental setup, such as a lamp post, a
rack of 15 PV modules, two tables and a metal cylinder. In addition, there was snow surrounding the
setup, which melted during the test period. The surrounding buildings protect the modules from wind.
Due to the buildings, sunlight hits the surface of the reference module before hitting the floating module.
There are no objects casting shade over the modules during the day.
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Figure 3.1: The setup of the modules on the test site. The measuring equipment is connected to the grid. The reference cell
and temperature sensor are at the PV rack to the right in the figure.

Figure 3.2: Left: Reference module lifted from the ground by wooden lists. Right: Floating module placed on the canvas.
The frame is removed from the module.

3.1.2 Insolation and temperature at the test site

The average annual horizontal insolation at Kjeller is about 900 kWh/m?*, which is approximately the
average for Norway (JRC EC, 2017). This is based on the PVGIS-CM-SAF database. See Figure 3.3
for illustration.

The experiment was conducted in April, with an average temperature of approximately 5 °C. Optimally,
the experiment would have been conducted in June or July, when the average insolation and temperature
is the highest. The average wind speed for the days in April in which the experiment was conducted
was 2.35 n/s (Veeret som var (detaljert) Kjeller Flyplass, Skedsmo (Akerhus), 2018).
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Figure 3.3: Top left: Map over average irradiation for parts of Europe (JRC EC, 2017). Top right: Average irradiation for
parts of Norway. Kjeller is marked with the pin. Bottom left: Monthly average global horizontal irradiation at Kjeller,
illustrating the seasonal differences. Bottom right: Monthly average air temperature at Kjeller.

3.1.3 Measurements at test station

Global horizontal irradiance and ambient temperature is measured at the PV rack close to the setup.
Unfortunately, wind speed is not measured at the test site, but at Kjeller Airport, which is approximately
1 km away from the test site.

The modules are connected to the same microinverter, YC500I, from Altenergy Power Systems (APS)
and the power output is logged every five minutes with an energy communication unit (ECU) from
APS. The time stamp of the logging was not synchronized with the irradiance logging. The
microinverter has a peak efficiency of 95.5 % (APsystems, 2016).

The microinverter is connected to a power outlet directly near it, and the modules are connected to the
microinverter with an extension cord. Thus, the system losses are relatively small, and equal for the
floating and the reference module.
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Figure 3.4: Left: Microinverter from APS, type YC500E. Right: Energy communication unit from APS, ECU-3 V3.

3.1.3.1 Irradiance

The global horizontal irradiance is measured by a reference cell. The reference cell was calibrated June
1%, 2017. The reference cell is an Analog Silicon Irradiance Sensor, type Si-01 TC, from Ingenieurbiiro
Mencke & Tegtmeyer GmbH. A typical measurement uncertainty is 2 W/m?, while the overall
measurement uncertainty is = SW/m” or + 2.5 % of measurement value (Ingenieurbiiro Mencke &
Tegtmeyer GmbH, 2016).

The SolarEdge Control and Communication Gateway, SE1000-CCG-G logs the measurements with an
accuracy of 1 % (SolarEdge Technologies, 2014). The logged value is the root mean square of the
five-minute sampling.

Figure 3.5: The reference cell measuring global horizontal irradiance.
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3.1.3.2 Ambient temperature

Ambient temperature is measured with the Ta-V-4090 ambient temperature sensor from Ingenieurbiiro
Mencke & Tegtmeyer GmbH. It is logged every five minutes. The uncertainty of the sensor is of 1 K
(Ingenieurbiiro Mencke & Tegtmeyer GmbH, 2018).

3.1.3.3 Back-surface module temperature

PT100 temperature sensors were connected to the back-surface of each module two times;
Tuesday 10.04.18 and Thursday 12.04.18. The sensors could unfortunately not be connected at night
time, as it was connected to a computer that had to be placed at the test site. The equipment was not
suited to be outside at night due to night frost. For that reason, the sensors were disconnected and
logging was stopped between 16.00 and 17.00. The sensors were resistance temperature detectors
(RTD) and the accuracy was assumed to be of +1°C.

Each module had two sensors connected, as illustrated in the figure below. Tape was used to ensure
contact between the sensor and the module surface. The tape unfortunately leads to lower heat transfer.

Figure 3.6: Left: Temperature sensors connected to the reference module, with tape (the top left one was tested because

the aluminum was gone, and is not included in the analysis). Right: Temperature sensors on the floating module, connected
with electrical tape.

3.1.3.4 Solar simulator

Both modules were flash tested by a solar simulator to find their individual IV-curve and maximum
power point. This was done on Monday 09.04.18. The solar simulator is the Spi-Sun Simulator™
5100SLP Blue system from Spire.
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Figure 3.7: Sun simulator from Spire used for flash testing both modules.
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Figure 3.8: Lefi: The IV-curve for the reference module, Pmax = 268.8 W. Right: The IV-curve for the floating module,

Pmax =267.6 W

For the reference module, 3449 [V-pairs were logged in the flash test. 3583 IV-pairs were logged for
the floating module. The uncertainty in the testing was checked with a repeatability test. The standard
deviation divided by average value for Isc, Voc, Pmax and FF were all less than 0.15.

Thus, for further analyses, the respective Py values have been used in the calculations.

Table 3.1: Results from flash test by sun simulator, Monday 09.04.18.

Reference module

Floating module

Serial number

4005652613

4005652604

Pmax [W]

268.8

267.6
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3.1.3.5 IR pictures

Pictures were taken of the modules with an infrared camera, FLIR A325, on Tuesday 10.04.18. There
were some challenges with taking good pictures of the modules, as there was much reflection from the
surroundings. In addition, the temperature scale on the camera is not correct, showing lower values than
measured with the back-surface temperature sensors.

A potential reason for the offset is that the camera was last calibrated January 23", 2009. The accuracy
is stated to be £2°C or £2 % of the reading, depending on which value is the largest (FLIR Systems,
2014). A new camera was purchased, but unfortunately not in time to be used for this work.

The software used for taking and analyzing the pictures is ThermaCAM Researcher Pro 2.9. Matplotlib
in Python was used to plot the pictures and present them.

The detector type is an uncooled microbolometer, the spectral range is 7.5 — 13.0 um and the resolution
is 320 x 240.

Figure 3.9: IR camera used for mapping the surface temperatures of both modules

3.1.3.6 Water temperature

The water temperature was measured with a commercial Indoor & Outdoor Thermometer from
CO/TECH. This was not calibrated and was not explicitly intended for water temperature
measurements, but assumed to give approved estimates. The temperature was generally measured to
approximately 4°C throughout the days. The uncertainty and accuracy for the instrument is unknown.
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Figure 3.10: Instrument for measuring the water temperature in the pool. Picture taken 10.04.18 at 14.39. Note how the
timestamp on the thermometer is incorrect.

3.2 Test station: Singapore

Initially, the idea for the thesis was to analyze an experiment conducted by Ocean Sun, situated in
Singapore. However, due to some unforeseen technical and logistical issues, continuous logging of data
was not possible to obtain by the timeframe for the thesis. The inverters used were off grid and offline.
There were some issues related to batteries at the site, in which it broke during discharging, in addition
to it charging too quickly. Thus, no data was collected or analyzed for the test site.

The test site in Singapore is still active and Ocean Sun is working on improving the solution to be able
to obtain and analyze data.

3.2.1 Layout and surroundings

A floating canvas, of Ocean Sun’s concept, placed on the water surface close to the shore, consists of
12 modules of 290W REC Twin Peak, as illustrated in Figure 3.11. To the left, six modules are placed
in a string, lifted by wooden lists. This leads to air cooling and removes the modules from the water
contact.

To the right, six modules are placed in a string directly onto the canvas. The original aluminum frames
are removed. This leads to thermal contact with the canvas and water surface. However, as there are
three junction boxes and cables at the back side of each module, local air gaps occur reducing the overall
thermal contact.

For the string of laminates, an increase in effect by approximately 10 % has been measured, from direct
readings, compared to the reference modules. According to Ocean Sun, the IR camera gives
approximately 33°C for the water surface, 35°C for the laminate surfaces and 63°C for the lifted module
surfaces. Such a difference in temperature suggests that the increase in effect should be 10.1 %, given
a temperature coefficient for Pypp equal to -0.36 %/°C and internally equal modules. This coincides
well with the preliminary results. The IR pictures shows clear signs that the junction boxes and cables
locally increase the module temperature.

Figure 3.12 clearly shows a difference in module temperature.
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Figure 3.11 (Ocean Sun, by permission): Top: Experimental setup of 12 modules in Singapore. Bottom left: Reference
modules lifted by wooden lists. Bottom right: Laminates in thermal contact with the canvas.

Figure 3.12 (Ocean Sun, by permission): IR picture of the experimental setup in Singapore. Reference modules with frame,
lifted by wooden lists to the left and laminates in thermal contact with water to the right.
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3.2.2 Insolation and temperature at the test site

The average annual global horizontal irradiation at the meteorological station at Singapore Airport is
approximately 1600 kWh/m? (JRC EC, 2017). As illustrated by Figure 3.13, the monthly average
irradiation is approximately equal throughout the year, making Singapore a suitable site for horizontal
PV modules.
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Figure 3.13 Top: Map over irradiation for Singapore, giving an average at approximately 1600 kWh/m’ per year. Bottom:
Monthly global horizontal average for Singapore Airport (JRC EC, 2017)

Long term measurements of ambient temperature are illustrated by Figure 3.14. The average water
temperature is also included in the figure.
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Figure 3.14: Left: Monthly average ambient temperature for Singapore Airport (JRC EC, 2017). Right: Average
maximum and minimum water temperature for Singapore (World sea temperature, 2018).

3.3 Data analysis

This subchapter describes how the data from the test site at Kjeller is selected, adjusted and presented.

3.3.1 Data selection

Data from 10.04.18 to 15.04.18 is chosen for the analysis. The data from these dates are assumed to be
sufficient for the analysis, as the days were somewhat similar in irradiation and temperature. It would
arguably have been beneficial for the measurements to be conducted in the summer months, with even
higher irradiance and ambient temperature. Due to the timeframe of the thesis, this was not possible.
Additionally, the weather condition was assumed to be inadequate before this period. Hence the best
possible dates were chosen to represent the test period.
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Figure 3.15: Top: Solar irradiance for the test period. Bottom: Ambient temperature measured at the test site at IFE, for the
test period.

Furthermore, it was chosen to limit the analysis to a specific time interval, to exclude measuring errors
and ensure as equal conditions as possible for both modules. Due to the surrounding buildings, both
modules and the reference cell experienced shading until between 11.00 and 11.15, in which they were
finally hit by direct irradiance.

The temperature sensors measuring back-surface module temperature were disconnected between 16.00
and 17.00 for the two test days; Tuesday 10.04.18 and Thursday 12.04.18. Some shade was casted over
the modules when the sensors were disconnected, causing the modules to experience different
conditions. In addition, the solar altitude decreases in the evening, presumably leading to different
conditions for the modules. Thus, the time interval ranges from 11.15 to 16.00.

For a detailed analysis, Tuesday 10.04.18 and Thursday 12.04.18 were chosen, based on the weather
forecast for those days and the availability of the temperature sensors. In addition to being the days
when back-surface temperature was measured, the irradiance was the highest during the test period for
those days. It would have been beneficial to conduct measurements of the back-surface temperature
throughout the test period.
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The collected data is

o Global horizontal irradiance

e Ambient temperature

e Reference module power output

e Floating module power output

e Back-surface module temperature (10.04.18 and 12.04.18)

3.3.2 Data adjustment

3.3.2.1 Power output

To correctly compare the power output from the modules, their difference in initial performance must
be considered. The modules will not perform identically due to small differences in efficiency amongst
modules with the same nominal power. The power of the two modules, P, were measured under STC
conditions in the solar simulator.

Because the time stamps of the logging of the global horizontal irradiance and module power output
were not synchronized, the actual performance ratio for each five-minute interval cannot be accurately
calculated. However, the two modules may be compared directly as the irradiation conditions are
identical with no shadows over the chosen time frame.

By dividing the power output by the expected maximum power output, P, the modules can be
compared fairly. This is called normalized power output:

P
Pn= out (24)

P max

3.3.2.2 Cell temperature

Figure 3.16 illustrates the cell temperatures, estimated from equation 6 and 7. It describes the errors in
using the ambient temperature, as the estimated cell temperature is equal for both modules. Thus, the
measured back-surface temperature is used to derive the cell temperature of both modules, from
equation 6. The uncertainty in the cell temperature is assumed to be that of the back-surface temperature.

I
T, = Ty +—AT (6)
ILO
NOCT — 20
Te = Tamp + —5g0 1 (7)
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Figure 3.16: Illustration of cell temperatures estimated from measured back-surface temperature and measured ambient
temperature, from Tuesday 10.04.18.

3.3.2.3 The U-value

The U-value is calculated from measured irradiance, ambient temperature, module efficiency and cell
temperature, as illustrated by equation 14. These values are not logged synchronically.

U = Ghor(l - 77)
Tc - Tamb ( 14 )

However, the loggings are only a few minutes off, and for the two test days in which the U-value is
calculated, the irradiance and ambient temperature were quite stable, as illustrated in the figure below.
Furthermore, the errors are assumed to be equal for both modules. Thus, it is assumed that the errors
are negligible.
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Figure 3.17: Left: Solar irradiance for Tuesday 10.04.18 and Thursday 12.04.18. Right: Ambient temperature for Tuesday
10.04.18 and Thursday 12.04.18. The irradiance and ambient temperature are rather stable throughout the time interval
for both test days.

Additionally, as illustrated by Figure 3.16, the temperature of the floating module is rather stable. Thus,
there are even less fluctuations for the floating module, which is the most important module for
calculating the cooling effect.

In a more optimal setup, the logging of the measurements should be synchronized.
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3.3.3 Presentation of results

3.3.3.1 Performance

The performance of both modules is given, and the relative change in normalized power output is
calculated and presented for the given time interval.

3.3.3.2 Back-surface module temperatures

The back-surface temperature of each module is compared against one another for the two test days in
which the sensors were connected. It is also compared to the ambient temperature. In addition, the back-
surface module temperatures are plotted against irradiance and ambient temperature, to illustrate what
affects each module.

Lastly, IR pictures are presented to illustrate the module temperatures.
3.3.3.3 The U-value

When the cell temperature is estimated, the U-value can be estimated for the two days with back-surface
temperature measurements by equation 14. The uncertainty of the U-value is related to the uncertainty
in the measurements at the test site and the arguments presented in the previous subchapter.

3.3.4 Summary of data analysis

A summary of the data analysis, from the experiment at IFE, is presented in Figure 3.18.

Data Data Data

selection adjustment presentation
* Test period: * Normalized power + Difference in
10.04.18 - 15.04.18 output normalized power
output
* Time interval: * Cell temperature
11.15-16.00 estimated from * Module
back-surface temperatures
* Detailed analysis:
10.04.18 & 12.04.18 * U-value

Figure 3.18: Summary of the data analysis; data selection, adjustment and presentation.

3.4 Mathematical methodology

This chapter describes the background, structural setup and parameters for the thermal model. The
purpose of the developed model is to predict results from a floating PV. MATLAB if the software used
for this purpose.
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3.4.1 Background

For the thermal modeling, the theory from chapter 2.4 have been applied. The intention of the model is
that it can be used for any configuration of technologies, in which materials and material properties can
be modified.

As illustrated in Figure 2.6, heat transfer occurs as heat convection, heat conduction and radiation.
Radiation is neglected because it has very little impact on the overall heat loss. On a sunny day, with
irradiance at 500 W/m?” measured back-surface module temperature at 24°C and ambient temperature
at 14°C, the radiation loss accounts for less than 0.1 % of the total heat loss. This is based on
measurements from the test site at Kjeller.

Considering that the silicon cell is in the center of the module, there are resistance on each side that
work in series. The thermal resistances depend on the materials in which the heat must traverse, in
addition to the surrounding fluid(s). Heat transfer to air from the front side and to water (or air) from
the back side are parallel processes. Thus, the equation for heat transfer ends up being:

T. —T, T. —T,
Q — ¢ amb + c water
Ry Ry

(27)

where Ryis the front resistance, R, is the back resistance, T is the cell temperature, T is the ambient
temperature and 7. is the water temperature.

For a PV module, the front resistance will be calculated from the following equation:

Ry = Rg1 + Ryz + " Rp—n + Reonvecton_to_air (28a)
R L + L + L N 1
front = YA T kApy | KAp_n | hanA (26b)

where /., is the forced convection heat transfer coefficient, £ is the thermal conductivity, L is the
thickness of the material and A4 is the surface area.

The back resistance for the floating module will be calculated from the equation:
Ry =Rpy + Rpp + " Rp_p + Rconvecton_to_water (29a)

R L + L + L + ! (27b)
pack = - — -

e kAbl kAbZ kAb—n hwaterA

where A.qe- 1S the convection heat transfer coefficient, which is highly dependent on the water’s
behavior and contact areas between the two surfaces. For the reference module, with air circulation on
the back side, convection for air would be included instead of convection by water for the back
resistance.

Combining equation 12 and 27 gives an expression for the cell temperature:

T. = Ghor(1 - 7’) X A X Rbe + TambRb + Twateer

30
¢ Rs+R), (30)

where G- is the global horizontal irradiance incident on the module’s surface, 4.

Thus, when the air temperature, water temperature, wind speed and the irradiance at the is measured,
the cell temperature can be calculated and compared to the measured cell temperature.
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As discussed in subchapter 2.3.4.2, the efficiency is dependent on module temperature. By inserting
equation 30 into equation 9, an expression for the efficiency arise:

g = e [Rr + Ry — BGhor AR Ry — BTambRy — BTwater Re + BTsrc(Ry + Ry)]
Ry + Ry — 1157¢ BGror ARy Ry (31)

The expected power output can now be calculated by equation 10 or by simply using the relationship:

Pour = NGporA (32)

3.4.2 Structural setup

The structures, materials and configuration of the PV modules are of importance for the thermal model.
Table 3.2 presents some general information about the PV module used at the test site at Kjeller, while
the material properties are presented in Table 3.3.

Table 3.2: General information and materials for the PV module used at the test site at Kjeller; REC Peak Energy.

270W REC Peak Energy
Test site IFE at Kjeller
Module area [m’] 1.65
Front glass Tempered glass with high transmittance
PV cells Multi-crystalline silicon
Backsheet Highly resistant polyester
Canvas Commercial tarp

Table 3.3 Material properties for composition of REC (Liu et al., 2017, The Engineering ToolBox)

Material Layer Thickness L [m] Thermal conductivity & [W/mK]
Glass Front glass 0.0032 0.7

EVA Encapsulant 500 x 10 0.311

Silicon Silicon cell 200 x 10 130

Laminate Backsheet 300 x 10°¢ 0.15

Tarp Canvas 200 x 10°° 0.5

3.4.3 Parameters

This subchapter describes the challenges related to defining the parameters of the thermal model.

3.4.3.1 Convective coefficients

Convection by wind occurs on the top surface of both PV modules, and on the bottom surface of the
reference module. Zhou et al. (2015) suggests that the cell temperature decrease rapidly at lower wind
speeds (typically under 10 m/s), but that high wind speed is helpful for the improving of solar cell
electrical efficiency. The biggest impact in module temperature happens when the wind increases from
0to 1 m/s. Thus, low ambient temperatures and high wind speed is recommended for better performance
of PV modules.
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For an offshore installation, it is likely that only forced convection will occur, as the wind speeds
typically are higher at sea than onshore. For the test site at IFE, the modules are protected from wind
by surrounding buildings, reducing the impact of the wind.

Armstrong and Hurley (2010) gives a summary of various values for the coefficient hsreeq at different
wind speeds. A common equation is given by:

h = 2.56v + 8.55 (33)

where v is wind speed. A typical value for the free convective heat transfer coefficient for air is
approximately 2-25 W/m’K (Bergman et al., 2011).

Convection by water occurs on the bottom surface of the floating PV module. For simplicity, it is
assumed that the water has a constant convective heat coefficient and that the material is uniform and
moves only in one direction, in a laminar manner (no turbulence).

The temperature of the water is also assumed to be constant, and as the ocean is big, the temperature
does not rise due to the heat removed from the solar module.

Table 3.4 Properties of freshwater (10 °C) and seawater (20 °C, 3.5 % salinity) at atmospheric pressure (Denny, 1993)

Specific | Thermal Thermal Density | Dynamic | Kinematic | Prandtl
heat expansivity | conductivity | p viscosity | viscosity number
capacity | B [K'] k[WmK] | [kg/m’] | u v [m¥/s] | Pr
c [kg/m-s]
[J/kg K]
Seawater | 4182 0.2572 % 0.6011 1024.76 | 1.09 x 1.06 x 7.62
107 10° 10°°
Fresh 4192 0.0881 x 0.5867 999.73 | 1.310 x 1.31 x 9.36
water 107 10° 10°°

Following the equations in subchapter 2.4.2 and values given in the table above, the forced convective
coefficient for the ocean ranges around 1000 W/m?K.

For the experimental setup at IFE, there is assumed to be free convection at the bottom surface of the
floating module, as the water essentially is stationary. The water depth is approximately 40 cm and the
water temperature is approximately 4°C. The temperature is assumed to be somewhat lower at the
bottom. Following the equations in subchapter 2.4.2 for natural convection and the properties in Table
3.4, the free convective heat transfer coefficient is approximately 500 W/m’K.

Calculating the correct heat transfer coefficient for a real test site is very complex, and there are several
factors that affect the real value. For an experimental setup as described above, junction boxes and
cables on the back side of the modules will hinder the thermal contact with the canvas and hence the
water. In addition, it is very likely that air gaps will occur between the canvas and the water, leading to
even lower thermal contact. The roughness of the canvas will also have an impact on the thermal
contact, in addition to possible folding.

3.4.3.2 Wind speed

As previously discussed, there are no measurements for wind speed or wind direction at the test site,
and the test site at IFE is well protected from wind. Furthermore, when there is effective water cooling,

35



the cooling effect from wind is negligible, as water has several times higher conductive heat transfer
coefficient than air.

3.4.3.3 Water temperature

Even though the sea temperature is assumed to be constant, this is likely not applicable for the water in
the inflatable pool at IFE. The water temperature on Tuesday 10.04.18 was almost constant at 4°C.
However, at Thursday 12.04.18, the temperature increased during the day. As the temperature was
measured to approximately 4°C several times during several consecutive days, it was decided to use
this as the input for the thermal model.

3.4.3.4 Overall thermal resistances
The overall thermal resistance for the back side is increased in the thermal model for several reasons:

e The contact between each material within the solar module is likely to not be entirely ideal,
increasing the thermal resistance between each material.

e The contact between the PV module and the canvas is affected by the junction box, cables and
folds in the canvas, consequently reducing the thermal contact and increasing the thermal
resistance.

e The temperature sensors at the back side of the module reduce the thermal contact with the
canvas even further. In addition, the connection between the sensors and the module is likely
to not be ideal.

o The contact between the canvas and the water is affected by folds in the canvas, reducing
thermal contact and increasing the thermal resistance.

Some of these arguments apply for the front resistance as well, but as this resistance is equal for both
the reference and the floating module, it is assumed to be negligible.

There is much uncertainty related to all the points above, but there is no way to quantify these
uncertainties, other than by experimental testing.

For the reference module, the back resistance is affected by air cooling. As the module is very close to
the ground, it is argued that the convection is smaller than on the front side.

3.4.4 Presentation of results and summary

The estimated power output, efficiencies, cell temperatures and U-value are calculated by the thermal
model. The results are presented and compared to the experimental data from the test site at IFE. To
evaluate the thermal model, estimations for both the reference module and the floating module is seen
as significant.

The thermal loss coefficient, U, calculated from the thermal model is based on equation 14.

3.5 Computational methodology
An important part of this thesis is to use computer modeling tools to simulate the behavior and

performance of floating PV modules. This is done by modifying terrestrial installations, as no software
can simulate floating installations (to the authors knowledge).
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For the software tools, TRNSSYS and PVsyst have been chosen. The results from the simulations are
compared to the experimental results from the test site at Kjeller.

3.5.1 PVsyst

PVsyst is a photovoltaic software tool used to create, analyze and evaluate different configurations of
PV technology (PVsyst SA, 2012). It is well known in the PV industry. PVsyst version 6.5.4 has been
used in this thesis. Each step of the simulation is carefully explained in the sub chapters.

The simulated test site is created to replicate the real test site as good as possible. One project was
created for each day of simulation, and two variants for each project; reference module variant and
floating module variant.

Site and meteorological file. As there is no site for Kjeller in PVsyst, a site was created manually at
latitude 59.97 and longitude 11.05. This creates an interpolated meteorological data file from
Meteonorm 7.1 (1991-2010). However, the measurements from IFE were used as input, by importing
an ASCII file with real weather data to PVsyst. It was checked that PVsyst reads the values correctly.

Orientation. As with the experimental setup, the modules were positioned with 0° tilt, and azimuth 0°.
The orientation angle is, as previously discussed, not important as the modules are not tilted.

System. The module used at the test site is the 270W REC Peak Energy module. This had to be manually
created in PVsyst, and was done by modifying the 260W REC Peak Energy module. Parametric values
(“manufacturer specifications or other measurements”) were taken from the data sheet for the “Basic
data” header. In the “Model parameter” header, the shunt resistance and series resistance was changed
according to the equivalent circuit that require five parameters. These were calculated by the
Engineering Equation Solver given as a tool by the TRNSYS license (F-Chart Software, 2018). The
temperature coefficient for Pypp was also changed according to the datasheet.

The inverter chosen for the simulation is the same one as used in the experiment, the AP Systems
YCS500I-EU microinverter.
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Figure 3.19: System configuration used for PVsyst simulations.

Detailed losses. The “global wiring resistance” under the header “Ohmic loses” was set to zero, as the
wires of the real system are negligible (short). Under “Module quality — LID — Mismatch”, all
parameters were set to zero as well. This is mainly because only one module is simulated at a time. As
the modules used in the experiment were flash tested, it is also assumed that taking the ideal module for
the simulation, causes negligible errors or differences.

The “Thermal parameter” was changed for the simulations, to represent actual thermal losses. The
actual thermal losses were calculated from the measured irradiance, effect, ambient temperature and
cell temperatures for each day.

The constant thermal loss factor, U, initially had its default maximum value set to 50 W/m’K. This was
changed by “Preferences”, “Edit hidden parameters”, “System design parameters”, setting the “heat
loss factor maximum value” to a higher value.

Shading. No shading was included in the simulation. The surrounding buildings could have been
included, but as the analysis only considers the time interval specified in subchapter 3.3.1, that was
argued to be insignificant.

Simulation and analysis. For each variant in each project, hourly values are generated and exported to
an Excel-file, in which it is processed. The simulation creates an output file with horizontal global
irradiation, ambient temperature, wind velocity, average module temperature during running (cell

temperature), available energy at inverter output and performance ratio. This is then compared to the
actual, measured values from the specific day of simulation.
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3.5.2 TRNSYS

TRNSYS is a flexible software used to simulate the behavior of transient systems, mainly focusing on
assessing the performance of thermal and electrical energy systems (TRNSYS, 2018). It works by
connecting individual component models, called Types, together in a model.

Similar to PVsyst, the simulation with TRNSYS is created to simulate the real test site. Two projects
were created for each day; one reference model and one model for the floating module. The parameters
are equal for all projects, and the wind speed is the only variable that varies from each project.

TRNSYS cannot model thermal losses for PV modules the same way as PVsyst. However, as explained
by subchapter 2.4.1, equation 15 can be written as equation 13, for a given PV module. As the average
U-value is calculated from the measurements at the test site at Kjeller, the average wind speed can be
derived from equation 13. Two simulations are run for the reference module, in which one ignores wind
altogether and one takes the wind speed given by equation 13 and the U-value from the test site.
Furthermore, one simulation is run for the floating module, where the wind speed is derived as above.

I
> > . > =,
USER: T

Weather data REC Peak Epergy 270W In\';ﬂer

|
> M(‘;: “+

Printegrator

Figure 3.20: TRNSYS system configuration for simulation of IFE experiment

Weather data. Weather data is imported from Excel, consisting of measured global horizontal
irradiance and ambient temperature from the test site at Kjeller. The data gives values at an interval of
five minutes. TRNSYS component Type 9a was used to read the files. It was checked that the
component reads the input values correctly.

The weather data also gives wind speed as an input, in which the value is based on the discussion above.

PV module and inverter. The PV chosen is component Type 190c; the advanced model, with MPP
tracking and no inverter. The parameters are defined according to the datasheet and the Engineering
Equation Solver is used to calculate the five parameters from the equivalent circuit (F-Chart Software,
2018).

TRNSYS component Type 48a is the inverter. The inverter efficiency is assumed to be 95 %, as the
microinverter from the test site operate at a maximum of 95.5 %. If the inverter is overestimated, the
outputs from both modules will have the same error, but the difference will be independent of the
inverter.

Printegrator. TRNSYS component Type 46a was chosen for printing the results and subsequent data
analysis in Excel.
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Simulation and analysis. The simulation creates hourly output data which is exported and analyzed in
Excel. The outputs from the printegrator is solar irradiance, power output from inverter, ambient
temperature, module temperature (cell temperature) and wind speed. These values are compared to the
experimental results from the test site at Kjeller.

3.6 Summary of methodologies

Figure 3.21 summarizes the methodologies and the presentation of results. Firstly, the experimental
methodology gives the difference in normalized power output, back-surface module temperatures and
U-values from the experiment conducted at Kjeller. Secondly, the mathematical methodology presents
estimated results based on measured data from the test site at Kjeller. Lastly, the computational
methodology presents simulated results based on measured data from the test site at Kjeller, simulated
by PVsyst and TRNSYS. The results from each estimation and simulated is consequently compared to
the experimental results.

Experimental methodology

« Difference in normalized power output
* Difference in module temperatures
e U-value

Mathematical methodology Computational methodology

* Estimated power output * Simulated power output
* Estimated cell temperature * Simulated cell temperature

Figure 3.21: Summary of methodologies and presentation of results.
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4 Results and discussion

The first part of this chapter presents the experimental results from the test site at Kjeller. The second
part presents the results from the thermal modeling based on the test site at Kjeller, and discusses the
viability of the model. The third part presents the results from simulations by PVsyst and TRNSYS,
respectively, and discusses the software programs’ ability to correctly simulate floating PV modules.

4.1 Experimental results from IFE, Kjeller

4.1.1 Performance

The floating module has higher normalized production than the reference module, for the test interval
on each test day, ranging between 2-6 %. Table 4.1 illustrates the average, maximum and minimum
difference in performance, and Figure 4.1 illustrates the variations for each test day. The sudden change
in relative performance of the modules Saturday 14.04, is likely caused by shade due to human activity
close by the test site (represented by the high maximum difference).

Figure 4.2 illustrates measured power output and solar irradiance each day of the test period. It provides
a general and detailed overview of each day, illustrating why the test interval was chosen.

Table 4.1: Summary of difference in normalized power output for the test period (and test interval: 11:15 — 16:00)

Test day Tuesday Wednesday = Thursday  Friday Saturday Sunday
10.04 11.04 12.04 13.04 14.04 15.04

Average 33 2.9 4.1 33 3.5 4.4
difference [%]

Maximum 4.4 4.5 5.9 4.2 9.8 5.4
difference [%]

Minimum 2.2 1.8 2.8 2.2 1.9 3.1
difference [%]
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Figure 4.1:Difference in normalized production for the test period and test interval. The floating module has generally 2-6 %
higher normalized power output than the reference module.

41



Tuesday 10.04.18

250 600
200 480
2 150 360
]
g 100 240
IS
50 120
0 0
09:36:00 12:00:00 14:24:00 16:48:00 19:12:00 21:36:00
e module ing module 1
Wednesday 11.04.18
250 600
200 480
2 150 360
]
2 100 240
&
50 120
0 0
07:12:00  09:36:00 12:00:00 14:224:00 16:4800  19:12:00
e module Floating module lar irradiance
Thursday 12.04.18
250 620
200 49
2150 3
S
2 10 248
a
50 124
0 0
07:12:00 09:36:00 12:00:00 142400 16:4800 19:12:00 21:36:00
e module Floating module lar irradiance
Friday 13.04.18
250 620
200 49
3 150 37
g
5 100 248
2
50 124
0 0
07:1200 09:36:00 12:00:00 14:24:00 16:4800 19:12:00
module loating module lar irradiance
Saturday 14.04.18
250 600
200 480
2 150 360
E
8 10 240
50 120
0 0
07:12:00 09:36:00 1200:00 14:24:00 16:4800 19:12:00 21:36:00
e module loating module = Solar irradiance
Sunday 15.04.18
250 600
200 500
— 400
2 150
] 300
2 100
= 200
50 100
0 )
07:12:00  09:36:00 12:00:00 142400 164800 19:12:00
module Floating module

Figure 4.2: Lefi: General overview of measurements from test site at IFE. Right: Detailed overview of measurements.
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4.1.2 Back-surface module temperature

4.1.2.1 Comparison of test days

Figure 4.3 illustrates the back-surface temperatures and the ambient temperature for the time interval
of the two test days in which temperature sensors were connected. It is evident that the reference module
has higher back-surface temperature than the floating module for the test period. The average
temperature for the reference module is 19.8°C, while the average temperature for the floating module
is 12.3°C for Tuesday 10.04.18. On Thursday 12.04, the average temperature for the reference module
is 22.7°C and the average temperature for the floating module is 15.2°C.
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Figure 4.3: Back-surface module temperature for reference module and floating module, and measured ambient temperature.
Top: Tuesday 10.04.18. Bottom: Thursday 12.04.18. The night to Thursday was quite cold, with -7°C, causing the floating
module to be colder than the ambient until mid-day.
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Figure 4.4 illustrates the difference in back-surface temperatures between the reference and the floating
module. The difference decreases during the test interval for both test days. The temperature difference
is larger on Thursday 12.04, in which the ambient temperature also is higher. For further analysis, longer
measurements would be beneficial.
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Figure 4.4: The difference in back-module surface temperature between the reference module and the floating module. It

is evident that the reference module’s temperature is higher than the floating module’s temperature for the test interval.
Left: Tuesday 10.04. Right: Thursday 12.04.

Table 4.2 presents the average, maximum and minimum differences in measured back-surface
temperatures. The differences are based on the time interval and figures above.

Table 4.2: Average, maximum and minimum temperature difference between the reference module and the floating module for
both test days.

Tuesday 10.04 Sunday 15.04
Average difference [°C] 5.92 7.45
Maximum difference [°C] 9.97 12.2
Minimum difference [°C] 0.58 3.07

Figure 4.5 illustrates the relationship between back-surface temperature and ambient temperature. It is
indicated that the floating module’s temperature is linear with ambient temperature, while the reference
module’s temperature is less linear. As illustrated in Figure 4.3, the reference module temperature
follows the behavior of the ambient temperature more closely than the floating module temperature, for
both test days.
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Figure 4.5: Back-surface module temperature plotted against ambient temperature. Top left: Reference module, 10.04. Top
right: Floating module, 10.04. Bottom left: Reference module, 12.4. Bottom right: Floating module, 12.04.

Figure 4.6 illustrates the back-surface temperatures at measured irradiances. It is clear that the
temperature of the reference module is more affected by the irradiance than the temperature of the
floating module. When the irradiance decreases, the temperature of the reference module decreases at
a higher rate than that of the floating module. This is expected due to the greater heat capacity of water,
which is about four times higher than air. The floating module does not respond as quickly to changes
in irradiance, because the water keeps the temperature more constant.
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Figure 4.6: Back-surface module temperature plotted against irradiance. Top lefi: Reference module, 10.04. Top right:
Floating module, 10.04. Bottom left: Reference module, 12.4. Bottom right: Floating module, 12.04.
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4.1.2.2 IR pictures

IR pictures were taken to study the variation in temperature over the modules, and to get an independent
measurement of temperature, as this is a crucial parameter for these experiments. The pictures were
taken Tuesday 10.04, at approximately 13.00. As indicated by Figure 4.4, the measured temperature
difference was approximately 8°C at that time.

The absolute temperature of the IR camera is not correctly calibrated, but it is very useful to look at the
relative difference in temperature. The pictures imply a temperature difference of about ten degrees.
However, there are local temperature gradients within each module, as shown by Figure 4.7.

For the floating module, warmer spots appear, mainly caused by the junction box and cables at the far
side of the module. Also, the temperature sensors connected to the back side of the module cause a local
increase in temperature. In addition, it might look like there are some uneven structures, leading to
higher temperatures. These are evident as the “horizontal lines” crossing the module. If this is the case,
then it supports the statement saying that the thermal contact is not perfect between materials and that
the thermal resistances are higher than estimated for an ideal setup. However, these lines might also be
related to the strings of cells in the module. More pictures would arguably be beneficial for further
evaluation.

For the reference module, the temperature seems to be more evenly distributed across the surface area.
The bottom left shows a higher temperature, which could be due to the closer proximity to the ground,
leading to less air cooling. However, the differences might also be caused by some reflection issues.

20.0
17.5
15.0
12:5
10.0
7.5
5.0
2.5
0.0

Figure 4.7: Top: IR picture of both modules. Bottom lefi: The floating module with some heat spots. Bottom right: The
reference module.

46



4.1.3 U-value

Figure 4.8 illustrates the U-values for Tuesday 10.04 and Thursday 12.04. It is evident that the U-
value for the reference module is rather stable throughout the test intervals for both days. The U-value
for the floating module fluctuates more, while overall decreasing.

On Thursday, the temperature of the floating module was lower than the ambient until approximately
12.15 (see Figure 4.3). This gives a largely negative U-value. Thus, the time interval for the bottom
graph was limited to avoid these values. Once the module temperature is higher than the ambient, the
U-value becomes very large, due to the small temperature difference. After some time, both the
temperature difference and the U-value become more stable.

By comparing the U-values from the two test days, it is indicated that the cooling effect is higher on
Thursday 12.04. This is likely related to the higher ambient temperature and irradiance.

10.04.18

250
200
150

100

U-value [W/mZK]

SOW

0
11:16:48 12:28:48 13:40:48 14:52:48 16:04:48

Reference module

Floating module

12.04.18

300
250
200
150

100

U-value [W/mZK]

50

0
12:27:22 13:39:22 14:51:22 16:03:22

Reference module

Floating module

Figure 4.8: The U-value for the reference module and the floating module. The figure illustrates more stable conditions for
the reference, and more fluctuating for the floating module. Top: Tuesday 10.04. Bottom: Thursday 12.04.
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The cell temperature is estimated from equation 6, based on the measured back-surface temperature.

I
T, = Ty +—AT (6)
ILO

As seen previously in the chapter, the reference module temperature follows the behavior of the ambient
temperature more closely than the floating module. The U-value is dependent upon the difference
between cell temperature and ambient temperature, which leads to a stable reference U-value, while a
more unstable floating U-value. The table below summarizes the average U-values for both modules.

Table 4.3: Summary of average U-value for both modules on Tuesday 10.04 and Thursday 12.04. The values are given as
an average between 11.15 and 16.00, if not otherwise specified.

Average U-value Reference module Floating module
10.04.18 40.47 100.1
12.04.18 42.11 109.9 (12.30 - 16.00)

It may be argued that the U-value for the floating module is unstable as it highly depends on the
temperature difference between the cell and the ambient. Temperature measurements conducted over a
longer period would be beneficial to get a better and broader view of the U-value. Furthermore, the
temperature measurements conducted at the test site have a degree of uncertainty, which in turn leads
to uncertainty related to the U-values. However, the uncertainties are somewhat equal for each module,
as the same equipment and methods are used, ultimately reducing the net error, when comparing the
two modules.

For floating installations at other locations, where the temperature is higher during the day, the overall
temperature of the PV module is likely to be more stable, mainly due to the water’s heat capacity.
Because of this characteristic behavior, a floating module is likely to have fluctuating U-values.

To study how unconventional cooling of PV modules can be implemented in two relevant modeling
software tools, PVsyst and TRNSYS, measurements from Tuesday 10.04 is used as a test case. This
day provided the measurements with the least fluctuations. Thus, the U-value used for the simulations
is 40.5 W/m’K for the reference simulations and 100 W/m’K for the floating simulations

4.1.4 Summary

It is indicated that the floating module has approximately 2-6 % higher normalized power output than
the reference module for the test site at Kjeller. This difference is likely to be higher for other locations,
as the test relies on a floating module placed in an inflatable pool, with stationary water.

The canvas used in the experiment at IFE is not applicable for an offshore installation. Ocean Sun’s
canvas is thicker than the tarp and will not conduct heat as well. However, for an installation at sea, the
ocean will arguably contribute to more effective cooling compared to stationary water in a pool. Thus,
more results from the experiment in Singapore will be fundamental for the study on the cooling effect
for modules in thermal contact with water.

The floating module has on average a lower back-surface temperature than the reference module, with
an average difference of 5.92°C on Tuesday 10.04 and 7.45°C on Thursday 12.04. However, the
measurements may overestimate the module temperatures, as the area under the temperature sensor is
not cooled as effectively as the rest of the module. The pictures taken with the IR camera indicate a
temperature difference in favor of the floating module, but also illustrate the warm spots.
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The cooling effect for the reference module ranges around 40-50 W/m’K for the two test days with
temperature sensors, which is higher than the values indicated by the theory. This might be due to the
very good conditions at the test site; relatively low ambient temperature and high irradiance. The
cooling effect for the floating module fluctuates more, making it difficult to set an exact value. However,
the results indicate a U-value ranging between approximately 60-110 W/m’K, depending on the ambient
and module temperatures.

Furthermore, the results indicate that the cooling effect increases when the ambient temperature and
irradiance increase, as seen for Thursday 12.04. Naturally, an extended period of measurements,
preferably under warmer, higher irradiance conditions, would be highly beneficial. Additionally,
synchronizing the power output, irradiance and temperature logging from the test site at Kjeller might
provide more exact measurements and calculation related to the cooling effect.

The module performance does not directly depend on the cooling effect, but rather on the operational
temperature of the module. Thus, at higher U-values, the relative operating temperature will decrease,
consequently leading to a higher relative performance. This arguably makes FPV a viable technology,
as more power can be produced at the same area as for a terrestrial installation, or less area is needed to
produce the same amount as from a terrestrial installation. However, the viability depends on the costs
related to FPV, such as the LCOE. There is much uncertainty related to costs, as argued in chapter 2.5.2.
Providing a cost estimate is outside the scope of this thesis, but it is highly recommended to investigate
this for further work.

4.2 Estimated results from the thermal model

As discussed in chapter 3.4, calculating the correct heat transfer coefficient is very complex.
Furthermore, calculating the correct thermal resistances for a real test site is also challenging, and
several assumptions must be made.

Various parameter values were tested, aimed at being realistic while giving estimates close to the actual
measurements.

Based on the discussion in chapter 3.4, the heat transfer coefficient for water is reduced to 300 W/m’K.
Additionally, for the floating module, the overall thermal resistance for the back-side is increased and
thus set equal to 0.0093 K/W. For the front side convection, equation 33 is used, and the wind speed is
set equal to 1 m/s. Thus, the heat transfer coefficient for wind is 11.11 W/m’K, which according to
theory is a probable value for a site with little wind. The water temperature is assumed to be constant
and equal to 4°C. For the reference module’s back side convection, the thermal resistance is set to 20 %
of the front side, due to less air circulation than in the front.

Figure 4.9 illustrates the power output estimated from the thermal model, together with the actual power
output measured at the test site. It is evident that the estimate is lower for both modules, but it is also
indicated that the estimated power output of the floating module is higher than that of the reference
module. The estimated power output from the reference module is on average 14.97 % lower than
measured, and the estimated power output from the floating module is on average 17.32 % lower than
measured, as illustrated in Table 4.4.
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Figure 4.9: Illustration of estimated power output from both modules and measured power outputs from the test site at
Kjeller.

Table 4.4: Average, maximum and minimum difference, in percentage, between measured and estimated power output for both
modules.

Tuesday 10.04.18 Reference module Floating module
Average difference [%] 14.97 17.32
Maximum difference [%] 21.26 22.84

Minimum difference [%] 7.39 9.65

It is clear that the thermal model underestimates the performance of both modules, especially for the
floating module. The estimated average difference between the performance of the floating and the
reference module is 0.90 %, which is quite lower than the actual difference.

Figure 4.10 illustrates the estimated cell temperature, as well as the cell temperatures derived from the
measured back-surface temperatures. The results indicate that the temperature estimation is incorrect,
as the estimated module temperatures are lower than the ambient temperature.

The average cell temperature, derived from the measured back-surface temperature, is 22.6°C for the
reference module and 16.8°C for the floating module. The estimated average cell temperature from the
thermal model is 13.2°C for the reference module and 10.9°C for the floating module. These are also
below the average ambient temperature.
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Figure 4.10: Comparison of cell temperatures estimated by the thermal model and cell temperatures derived from
measurements of the back-surface temperature of the modules.

Thus, the thermal model does not estimate module temperatures satisfyingly. This is likely due to the
simplicity of the model, in which heat capacities are not included. However, the model does estimate
that the reference module temperature is higher than the floating module temperature, which is
essentially correct, according to both theory and measurements.

Lower cell temperature than ambient temperature during the test interval is contradictory to the
measurements conducted at the test site. Furthermore, it is contradictory to theory, according to
equation 7, which argues that the cell temperature is higher than ambient temperature, depending on
irradiance. In addition, cell temperatures below the ambient temperature leads to negative U-values,
which also is contradictory to the measurements.

Figure 4.11 illustrates the estimated module efficiency, the measured module efficiency and the
efficiency at STC. It is evident that the thermal model estimates an efficiency below the experimental
efficiency, but also higher than the efficiency at STC, which is expected due to high irradiance and low
ambient temperature. The efficiency from the thermal model is calculated from equation 31, which
depends on the efficiency and temperature at STC, solar irradiance, thermal resistances and water
temperature. Because the model does not incorporate heat capacities, and because the estimated cell
temperature is rather constant, the estimated efficiency is in turn rather constant.
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Figure 4.11: Illustration of estimated module efficiencies, measured module efficiencies and STC efficiency. The efficiency
at STC is provided by the module’s datasheet.

The thermal model can to some extent estimate the power outputs, and gives higher power output for a
floating module compared to a reference module. However, if the model parameters are unknown or
uncertain, large errors might occur. The more uncertainty there is related to the parameters, the more
uncertainty will be related to the estimates from the model.

There are arguably several reasons for why the thermal model performs poorly. Not including heat
capacities and time lagging is assumed to be the biggest cause for errors and inaccuracies. The model
assumes that the irradiance which is not converted into electricity, gets lost as heat right away. This is
highly unlikely, as energy will be stored in the PV modules, causing the temperature to rise. In addition,
the parameters, as introduced in above, is likely to be inaccurate. There will also be significant
uncertainties related to the irradiance measurements, and in this model, that will directly affect the
difference between the modelled and measured temperature.

For further development of thermal models for floating PV installations, it is recommended to include
heat capacities, time lagging, and investigate the parameters more carefully.

4.3 Results from computer simulations

The U-value used in the simulations is 40.5 W/m’K for the reference module and 100.1 W/m’K for the
floating module. All simulations are studied in detail for the defined test interval; 11.15 — 16.00.

4.3.1 PVsyst

The simulated power output for the reference module and the floating module is illustrated in
Figure 4.12 together with measured power outputs.

The simulated floating module performs on average 2.10 % better than the simulated reference module.
This indicates that the software is capable of simulating different power outputs when U-values are
given. However, the simulated improvement is lower than the actual improvement. The difference
between the measured and the simulated power output is approximately 25 % for both modules, based
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on normalized power output. The normalized power output for the simulation does not account for the
internal differences apparent in the two modules used at the test site.
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Figure 4.12: Simulated power output for the reference module and floating module, as well as measured power output from
both modules at Kjeller.

Figure 4.13 illustrates the simulated cell temperatures for the reference module and the floating module,
and the estimated cell temperatures derived from back-surface module temperatures. It is indicated in
the figure that the simulated cell temperature for the reference module follows the behavior of the
experimental cell temperature nicely. The simulated reference temperature is somewhat underestimated,
by 1.32°C on average.

The simulated cell temperature for the floating module is on average 1.35°C lower than the experimental
temperature. It starts out by being higher than the experimental temperature, but decreases more rapidly
during the rest of the interval. It is clear that the simulated temperature for the floating module follows
the behavior of the reference module. This is arguably because the heat capacity of water is not
considered in the simulation.
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Figure 4.13: Simulated cell temperatures for both modules, and actual cell temperatures estimated from back-surface
module temperature.

The average simulated temperature difference between the reference module and the floating module is
5.30 °C, which suggests that the change in effect should be 2.12 % on average, based on the temperature
coefficient for Pypp. This coincides with the difference in performance, as presented above.

4.3.2 TRNSYS

As explained by subchapter 3.5.2, the variable parameter for the TRNSYS simulations is wind speed.
A wind speed of 1.92 m/s gives a U-value of 40.5 W/m’K, while a wind speed of 6.96 nv/s gives a U-
value of 100.1 W/m’K. Thus, these wind speeds are used for the reference simulation and floating
simulation, respectively. Additionally, a simulation without wind speed was run.

Figure 4.14 illustrates the power outputs for all three simulations and the measured power output from
the reference and floating module. It is evident that the simulations provide power outputs lower than
measured power output.

For the reference simulation which includes wind, the power output is on average 23.0 % lower than
the experimental results. However, there is an improvement in simulated power output when the wind
speed is included, compared to when it is not included. This is expected.

The simulated power output for the floating module is on average 23.7 % lower than the measured
power output for the defined test interval. Furthermore, the simulated power output for the floating
module is 2.22 % higher than the reference simulation without wind, and 0.69 % higher than the
reference simulation with wind.
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Figure 4.14: Simulated power outputs from TRNSYS. For the reference module, one simulation without wind as a parameter
and one simulation where wind speed is set to 1.92 m/s is included. The simulation for the floating module takes wind speed
equal to 6.96 m/s. Measured power from both modules is included.

Figure 4.15 illustrates the simulated cell temperatures and the cell temperatures derived from measured
back-surface temperature.

For the reference module, the results indicate that simulated temperatures are lower than the
experimental temperature. Even when there is no wind included in the simulation, the reference
temperature is too low compared to the cell temperature derived from the measurements. The
temperature difference between the experimental temperature and the simulated temperature (with
wind) is on average 7.47°C.

For the floating module, the simulated cell temperature is on average 3.80°C lower than the
experimental temperature. The results indicate that the simulated cell temperature is somewhat higher
than the estimated cell temperature in the beginning of the time interval, while it decreases too rapidly
during the rest of the time interval. It is also evident that the simulation of floating PV module
temperatures is incorrect, arguably because of the heat capacity of water, which is not considered, as it
is not a feature in TRNSYS. Regardless, the simulation provides lower module temperature than
measured, which should imply higher power output than measured.
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Figure 4.15: Simulated cell temperatures and cell temperatures derived from measured back-surface temperature. For the
reference module, one simulation without wind as a parameter and one simulation where wind speed is set to 1.92 m/s is
included. The simulation for the floating module takes wind speed equal to 6.96 m/s.

The average simulated temperature difference between the reference module (with wind) and the
floating module is 1.61°C, which suggests that the change in effect should be 0.64 % based on the
temperature coefficient for Pypp. This coincides quite well with the simulated difference in power
output.

4.3.3 Comparison of simulated and experimental results

Table 4.5 compares and summarizes the simulated results with the experimental results. Both PVsyst
and TRNSYS underestimate the power production for both modules, compared to the actual output, by
approximately 23-25 %. Furthermore, both simulation programs underestimate the cell temperatures.

Table 4.5: Summary of power output and temperature differences from the simulations, compared to experimental results.
Every value is given as an average for the defined test interval. Only the reference simulation with wind is included, because
that is the simulation which operate with the correct U-value.

Reference module Floating module
Difference from PVsyst TRNSYS (wind) PVsyst TRNSYS
measurements
Power output -25% -23.0 % 25% -23.7 %
Temperature [°C] -1.32 -7.47 -1.35 -3.80

Figure 4.16 summarizes and compares the module efficiencies from the simulations and the experiment,
and STC efficiency. The figure illustrates how the experimental modules have higher efficiency than
STC efficiency, while the software programs simulate lower efficiencies. It is also clear that TRNSYS
provides higher module efficiency than PVsyst. As the loggings of power output and solar irradiance
were not synchronized at the test site, the experimental module efficiencies calculated might be
somewhat incorrect. Regardless, the experimental efficiency is higher than the STC efficiency.
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Figure 4.16: Efficiencies for both modules; measured from test site and simulated from PVsyst and TRNSYS. The efficiency
at STC given by the datasheet is illustrated by the dotted gray line. The experimental results are plotted with five-minute
intervals, while the simulated values are plotted with hourly intervals.

As discussed, both simulation programs underestimate power output. The difference might be explained
by the very good conditions at the test site, which neither PVsyst nor TRNSYS seem to incorporate
well enough in the simulations. The difference might also be explained by inaccuracies in the data input,
such as solar irradiance and ambient temperature. Every simulation was given the same inputs, so the
initial differences for each simulation have the same uncertainties or errors. This might explain why the
programs simulate rather equal power outputs. However, to test this further, extended measurements
for the test site at Kjeller and other test sites would be beneficial. Optimally, results from the test site at
Singapore would have been used for this purpose.

For TRNSYS, there might be some simulation errors related to the inverter, in which it is either
overestimated or underestimated. If so, there will be equal errors for each module. However, given that
the results from PVsyst and TRNSYS do not differ by much, there is reason to believe that there are
other sources of errors, as explained above.

For TRNSYS, the results indicate that increasing the wind speed improves the performance of PV
modules, and that it might be used to manipulate FPV results. However, the simulated power outputs
are significantly lower than the measured outputs. Arguably, this is not due to the wind speed variable,
as it is evident that increasing wind speed increases the power output, but not by the amount that defines
the difference. Thus, the wind speed is not assumed to be the reason behind the underestimation of
power output.

Similarly, for PVsyst, it is not assumed that the thermal parameter is causing the significant difference
in power output. Manually creating the 270W REC Peak Energy module might have led to some
inaccuracies. However, the simulation was checked against a simulation with the 265W REC PE, which
gave similar, but somewhat lower results, which is expected.

While both simulation programs underestimate the cell temperatures, PVsyst seem to simulate more
accurately compared to TRNSYS. It should be noted that there are some uncertainties related to the
actual cell temperatures, as it is derived from the measured back-surface temperatures. The actual cell
temperatures might be lower than indicated in the figures, thus leading to a smaller difference with the
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simulated results. Regardless of this, an underestimation for cell temperatures should lead to higher
power outputs, according to theory. This is contradicting to the results.

In TRNSYS, the simulation which does not include wind speed shows that TRNSYS underestimates
the cell temperature regardless, based on the experimental results from Kjeller.

As discussed in chapter 4.1.2, the cell temperature for the floating module depends on the heat capacity
of water, and responds more slowly to changes in ambient temperature, compared to the reference
module. Thus, including heat capacities for the surrounding materials in the simulations might lead to
more correct cell temperatures for the floating module. However, if the heat capacity of water had been
included in these simulations, the floating cell temperatures should have been higher, leading to lower
power output at the end of the time interval.

The wind speed values given in the inputs for PVsyst is based on average values from Kjeller Airport,
a location in which wind speed is arguably higher than at the test site. Including more detailed and
specific measurements of wind speed for the test site as an input might lead to different results. As it is
likely that the actual wind speed is lower than simulated, according to theory, the power outputs should
decrease and the cell temperatures increase.

Furthermore, it would be beneficial to include wind speed measured at a specific test site for simulations
run in TRNSYS, instead of using it to manipulate answers for FPV. Thus, for future modeling features
in TRNSYS, including a thermal coefficient given as a parameter is suggested.

It is suggested to expand the features of the software programs to include installations at water bodies.
This might be done by including water temperature, heat capacities and other thermal properties. It is
also suggested to conduct more measurements and experiments similar to the work done in this thesis,
to extend the results and interpretations of results.
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5 Conclusions

For the test site at IFE and the test period considered, the floating module in thermal contact with water
had approximately 2-6 % higher normalized power output than the reference module. Furthermore, the
floating module had lower back-surface temperature than the reference module during the test intervals.
The temperature difference increased at higher ambient temperatures and was on average 5.9°C on
Tuesday 10.04.18 and 7.5°C on Thursday 12.04.18. Additionally, IR pictures taken of the modules
proved a significant temperature difference in favor of the floating module.

The preliminary results from the test site in Singapore also suggests that floating modules in thermal
contact with water will have higher performance and lower operational temperatures compared to
modules without thermal contact with water.

The cooling effect for the reference module was quite stable throughout the test intervals, ranging
between 40-50 W/m’K, while the cooling effect for the floating module was more fluctuating. The
results indicate that the U-value for the floating module ranges between approximately 60-110 W/m?K,
depending on the ambient and module temperatures.

The thermal model underestimated the power outputs from both modules, but estimated a higher power
output for the floating module compared to the reference module, based on data from the test site. The
model did not estimate module temperatures correctly. For the modeling of floating PV, it has become
clear that the heat capacity of water must be included, as it affects the behavior of the module.

Both PVsyst and TRNSYS underestimated the power outputs compared to the experimental power
outputs. This was arguably caused by other reasons than the cooling effect, which was used as in input
in the simulations. Both programs provided simulations with higher power outputs for the floating
module compared to the reference module. Additionally, PVsyst simulated cell temperatures more
correctly than TRNSYS. So far, PVsyst seems to be the software best suited for simulating floating PV,
as the thermal losses can be adjusted for increased cooling effect due to the thermal contact with water.

As FPV is a technology on the rise, the demand for modeling such installations is likely to increase. So
far, neither PVsyst nor TRNSYS have features for modeling the technology. Thus, it is recommended
that the software programs are developed to include such features, by including heat capacities of
materials surrounding the installations and making water surfaces available as sites. For further
experimental testing and modeling of floating PV modules, it is recommended to investigate and
develop suitable materials and installation solutions.
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6 Further work

As the FPV technology is relatively new and growing, there are many objectives relevant for further
investigation. Based on the work in this thesis, some suggestions include:

Evaluate and analyze experimental results from an FPV installation over a longer time period for
relevant locations.

Develop features in software programs to model FPV. This may include features such as heat
capacities, water temperature and making water bodies available as sites.

Develop (3D) thermal models for FPV, which respond to water surfaces in terms of heat capacities
and time lagging effects.

Evaluate different PV technologies for offshore FPV installations. Other technologies might be
more suitable for offshore installations due to more flexible structures and more resistance towards
harsher weather conditions.

Evaluate costs of a (offshore) floating installation.

Evaluate the risks of floating solar PV, in terms of electrical and mechanical issues due to harsher
weather conditions.

Quantify the soiling effect from salt water on offshore horizontal modules and how it affects the
performance of floating modules.

Evaluate the degradation for floating modules, such as microcracks due to harsher weather
conditions for offshore FPV.

Investigate the coupling effect between FPV and hydropower.
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Appendix A

Electrical and mechanical specifications for the PV modules at the test site at IFE; REC270PE

HIGH PERFORMANCE
SOLAR PANELS

REC.PEAK
ENERGY
SERIES

REC Peak Energy Series panels are the
perfect choice for building solar systems
that combine long lasting product quality
with reliable power output.

REC combines leading standards of
design and manufacturing to produce
high-performance solar panels with
uncompromising quality.

PERM? DURABLE DESIGN

100% OPTIMIZED FORALL
PID FREE SUNLIGHT CONDITIONS
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EFFIOENCY

1665425
28 | 900 l 825
i = = / i YEAR PRODUCT WARRANTY
YEAR LINEAR POWER
DUTPUT WARRANTY

GENERAL DATA

g

? 2 Cell type: 60 multicrystallinecells
3 1200 _ 3stringsof 20cellsin serles
oS Glass: 3.2mmsolar glasswith

3 ﬁ antl-reflectlon surface treatment

1102 @S Backsheet: Highly resistant polyester

“‘:f* \ Frame: Anodized aluminum (stlver / black)

g Junctionbox: 3bypass diodes, IP67 rated

~ 7 " Inaccordance with IEC62790

{ -\ y Cable: 4mm?2solarcable, 0.9m+1.2m

- — a Inaccordance withEN 50618

_1 _I 4 Connectors: ~ Staubll MC4 PV-KBT4/PV-KST4(4 mm?)

} TonglinTL-Cable0IS-FR(4 mm

| - InaccordancawithlEC62852, IP6Banlywhen connec ted

! Origin: Made In Singapore

Measurements inmm [In]

Nominal Power- P, (Wp) 250 255 260 265 270 275  Operatlonal temperature: -40..+85°C
Watt Class Sorting-(W) -0/+5 -0/+5 -0/+5 -0/+5 -0/+5 -0/+5 | Maximum systemvoltage: 1000V
Nominal PowerVoltage- V,g (V) 30.2 305 307 309 312 315  Deslgnload (+): snow 367 kg/m? (3600 Paj*
Nominal PowerCurrent-1,__(A) 830 8.42 8.50 858 866 874 Maximumtestload (+): 550 kg/m? (5400 Pa)
OpenClrauttVoltage-Vo, (V) 37.4 376 37.8 381 384 387 DME;'ETL baf H;m(): ;33 "“8/""2((‘263&';6);
ShortClrcuitCurrent-I (4) 885 8.95 9,01 908 918 925 mies S b
Max serles fuse rating: 25A
Panel Effidency (%) 15.2 15.5 15.8 161 164 167 Max 54
Valusatstandardhest n:cndltlu‘s(STCar mas AM15, irradance 1000W/m?, temperature 25°C), basad on a production spread witha FORCISe s
tolerance of V, c2 of 200W/m?at least95.5% ofthe STC mwew achieved. *Safety factorl.S
*Whe remlnrlcamsmennmnalpmdas(i’w]atsmmu- dabove andcanbe y the suffix BLK for black modudes.
ELECTRICALDATA @ 40T Prduke Code' RECoxaPE
Nominal Power-P, ., (Wp) 183 187 190 193 196 202 NominalModule Operating Temperature: 45.7°C{2°C)
Nominal PowerVoltage-V, (V) 2778 28.0 282 284 286 288  Temperature coefficlent of P, -0.40%/°C
Nominal Power Current- |, (A) 6.58 6.68 6.74 6.80 6.86 7.02  Temperature coefficlentof V : -0.27%/°C
OpenClrau ltVoItage-Vx(V) 347 348 35.0 353 357 36.0  Temperature coefficlent of |.: 0.024%/°C
ShortClrcult Current-l.. (A) FAlL 718 7.23 7.29 7.35 7.40 *Th P b
Nominal module operating temperature (NMOT: alrmass AM 1.5, rradiance B00 W/n?, temperature 20°C, windspeed 1 m/s).
*Wherexoox Indicates the nominal power class [P,) at STC Indic e andcanbe y the suffoc BLK for black framed modules.
wanar e oA
& 10year productwarranty Dimenslons: 1665x991x 38 mm
A sp:s e 25year linear power output warranty Area: 1.65m2
IECE1215 IEC6T730 & UL T703; MCS 005, IEC 62804 (PID) (max. degresslon inperformanceof 0.7% p.a) Welght: 18kg
|IEC627 16 (Ammonia Resistance), IEC B0068-2-68 [Blowing Sand) See warranty conditions for further detalls.

CET701(Salt Mst level 6) UNIB457/9174(ClassA) ISOT925-2(Qass E)
509301523115 15014001:2004,0 kBOUI: %107 ¢

tch Oway take e-way WEEE-compliant recycling scheme

high-quality panels and extending to solar solutions, REC provides the world with a reliable source of clean energy. REC's renowned product quality is
supported by the lowest warranty claims rate in the industry. REC is a Bluestar Elkem company with headquarters in Norway and operational
headquarters in Singapare. REC employs more than 2,000 people worldwide, producing 1.4 GW of solar panels annually.

Founded in Norway in 1996, REC isa leadingvertically integrated solar energy company. Through integrated manufacturing from silicon to wafers, cells, R E c

ww.recgroup.com
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Electrical and mechanical specifications for the PV modules at the test site in Singapore; REC290TP

PREMIUM SOLAR PANELS
WITH SUPERIOR PERFORMANCE

REC TwinPeak 2 Series solar panels feature an
innovative design with high panel efficiency and
paower output, enabling customers to get the most
out of the space used for the installation.

Combined with industry-leading product quality
and the reliability of a strong and established
European brand, REC TwinPeak 2 panels are ideal
for residential and commercial rooftops
waorldwide.

REDUCES BALANCE OF
SYSTEM COSTS

MOREPOWER IMPROVED PERFORMANCE
IN SHADED CONDITIONS
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Measurements inmm [In]
ELECTRICAL DATA @ STC Product code": RECxxxTP2
Nominal Power- P, (Wp) 275 280 285 290 295 300
Watt Class Sorting-(W) -0/+5 -0/+5 -0/+5 -0/+5 -0/+5 -0/+5
Nominal PowerVoltage-V, (V) 315 317 319 321 323 325
Nominal PowerCurrent- Im(A) 8.74 8.84 8.95 9.05 914 924
OpenClrautt Voltage-V,.(V) 38.2 384 386 388 39.0 39.2
ShortCircuttCurrent-I(A) 952 961 9.66 9.71 976 982
Panel Effidency (%) 16.5 168 171 174 177 18.0

Values at standard test conditions (STC: ar mass AM15, Irradance 1000W/m?, temperature 25°C), basad on a production spread witha
tolerance of V. & L +3%within onewatt class. Ata low Irradance of 200W/m? at least 95% of the STC module efficlency will be achieved.
*IWherexoo ln'rlcatesthe nominal power class (P, ) at STCIndicatedabove andcan be followed by the suffc &Kfarua:kzwned modues.

ELECTRICAL DATA @ NMOT Product code”: RECxxxTP2

Nominal Pawer- P, (Wp) 206 210 214 218 223 226
Nominal PawerVoltage-V, (V) 29.2 29.4 296 298 30.0 301
Nominal PowerCurrent- .., (A) 707 715 7.24 7.32 7.43 7.51
OpenClrautt Voltage-V, (V) 35.4 35.6 35.8 360 36.2 363
ShortCircuttCurrent-1.. (A) 752 759 7.68 775 7.85 7.91

Nominal module operating temperature (NMOT: airmass AM 1.5, irradance B0O W/, temperature 20°C, windspeed 1m/s).
*Wherexoo Indicates the nominal power class [P, ) at STCIndcatedabove andcan be followed by the suffoc BLK for black framead medudes.

.9 @. c € El Q 10year productwarranty
— [ us -

25year linear power output warranty
[ECE1215 IEC 61730 & UL T703; MCS 005, IEC 62804 (PID) (max. degresslon in performance of 0.7% p.a)
|IEC627 6 (Ammonia Resistance), IEC B0068-2-68 (Blowing Sand) See warranty conditions for further detalls.
ECET701(Salt Mst kevel 6) UNI24SY) 9174%55%}50“925-2(&& E)
1509001: 2015, IS0 14001: 2004, 0 01: 2007

ch Way take-e-way WEEE-compliant recycling scheme

Founded in Norway in 1996, REC isa leading vertically integrated solar energy company. Through integrated manufacturing from silicon to wafers, cells,
high-quality panels and extending to solar solutions, REC provides the world with a reliable source of clean energy. REC's renowned product quality is
supported by the lowest warranty claims rate in the industry. REC is a Bluestar Elkem company with headquarters in Norway and operational

EFFIOENCY

YEAR PRODUCT WARRANTY

YEAR LINEAR POWER
OUTRUT WARRANTY

GENERALDATA
Cell type:

Glass:

120 half-cut multicrystalline PERC cells
6strings of 20 cellsin serles
3.2mmsolar glass with
antl-reflectlon surface treatment
Highly resistant polyester
polyolefinconstruction

Anodized aluminum (stlver / black)

3-part, 3bypass diodes, IP67 rated
Inaccordance with IEC 62790

4mm2solarcable, 0.9m+1.2m
Inaccordance withEN 50618
Connectors:  StaubliMC4 PV-KBT4/PV-KST4 (4 mm?)

Ton&lln TL-Cable015-FR(4 mm?
InaccordancawithlEC62852, IP6Banlywhen connac ted

Made In Singapore

Backsheet:

Frame:
Junctionbox:

Cable:

Origin:

MAXIMUMRATINGS

-40..+85°C
1000V

367 kg/m? (3600 Pa*
550 kg/m? (5400 Pa)

163 kg/m? (1600 Pa)*
244Kkg/m?(2400Pa)

25A
25A
*Safety factorlS

Operatlonal temperature:
Maximum system voltage:

Deslign load (+): snow
MaxImum testload (+):

Deslgn load (-):wind
Maximum test load (-):

Max serles fuse rating:
Max reverse current:

TEMPERATURERATINGS"

Nominal Module Operating Temperature: 44.6°C(:2°C)

Temperature coefficlent of P,

Temperature coefficlentof V

Temperature coefficlent of |
*Th

Specificat ons subj ect 1 changew! thout notice.

Dimenslons: 1675x 997 x 38 mm
Area: 167m?
Welght: 18.5kg

REC

headquarters in Singapore. REC employs more than 2,000 people worldwide, producing 1.4 GW of solar panels annually.

Ww.recgroup.com

Ref:NE-05-07-07 Rev- G.2 1LT7
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Appendix B

Sunburn Repeatability Results from the flash test, for the floating module. The test was not run for the
reference module.

Sunburn Repeatability Results
5100SLP BLUE

Module Type: ModuleTypel
Module ID: 4005652604

Printed: 04/09/2018 10:54:21 AM

Intensity: 100.0 mW/em2

Monitor Cell #1 Conversion Constant 1.13 mA/(mW/cm2)
Number of Curves Requested: 10

Number of Curves Completed: 10

Time Per I-V Curve: 26.00 s

Sweep Length: 100 ms

Sweep Delay: 10 ms

Sweep Direction: Isc -= Voc

Meas.: Average:  StdDev: StdDev/Avg(%): Max.: Min.:
Voc 38.103 0.004 0.010 38.108 38.096
Isc 9.199 0.012 0.130 9.224 9.190
PMax 266.51 0.262 0.098 267.080 266.220
Vpm 30.82 0.05 0.162 30.889 30.723
Ipm 8.647 0.014 0.162 8.674 8.627
Ivld 0 0 0.000 0.000 0.000
Pvld 0 0 0.000 0.000 0.000
FF 0.76 0 0.000 0.761 0.760
Eff 16.152 0.016 0.099 16.187 16.135
Rs 0.472 0.019 4.025 0.509 0.450
Rsh 176.462 4.395 2491 183.320 169.752
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