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Abstract

Finding cleaner and sustainable energy resources is one of the most important concerns
for the development of humanity. Solar energy is taking an essential role in this matter as
the production cost of solar collectors is decreasing and more solar installations are being
set up every year throughout the world. One way of reducing the cost of solar panels is
by using concentrators that are cheaper than the costly photovoltaic cells and can increase
their output. Solarus AB designed a Photovoltaic Thermal (PVT) hybrid collector that
uses this principle and which is a variation of the Maximum Reflector Collector
(MaReCo) design and is a Compound Parabolic Collector (CPC).

This thesis has two main objectives. The first one is to design variations of the actual
Solarus’ design and some alternative MaReCo designs and pure parabola designs. These
designs include new solar cell cuts which are based on 4 busbar solar cells. In this way a
future in-depth analysis may be carried out by comparing different receiver designs and
collector boxes. The second goal is to investigate the current electrical and thermal
performance of the collectors from Solarus AB which are installed in the Hus 45 of HiG.
The appropriate data of the installation has been obtained using simulations and specific
software, and it has been analysed with Microsoft Excel®.

Concerning the new designs of the receivers and boxes, everything has been prepared for
the future construction of the prototypes. All the measurements and their adjustments
have been taken into account to define the size of the components and the process of
building has been set up. Moreover, some future work has been planned in order to move
forward the project.

Regarding the analysis of the HiG installation, both electrical and thermal performance
have resulted to be significantly lower compared with their estimated simulation, being
their real output around 60 % of the estimated one. In the thermal part, the losses in the
pipeline result to be more than a third part of the produced heat. In the electrical part, the
production varies a lot between different collectors due to some of them do not work
properly, consequence of poor condition of the solar panels (broken cells, dirt, shading,
etc.).
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Glossary

AM Air Mass ratio. Its value shapes the spectral distribution of solar
irradiance.
CPC Compound Parabolic Collector

C-PVT Concentrating Photovoltaic Thermal
HiG Hogskolan i Gavle

IAM Incidence Angle Modifier

MaReCo  Maximum Reflector Collector

PV Photovoltaic

PVT Photovoltaic Thermal. Hybrid systems combining electricity and heat
generation in a single module.

STC Standard Test Conditions. For solar modules: T=25 °C, 1=1000 W/m?,
and solar spectrum of AM1,5.
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Chapter 1

Introduction

Energy is one of the most important concerns for the future and development of humanity,
as the economic activity is strongly related with the availability of energy. It is known
that fossil fuels reserve (which are actually the main source of energy) are declining,
which arises the need of finding other sources of energy production. The increase of
concentration of CO- in the atmosphere that comes from the combustion of fossil fuels is
the main reason of global warming, and makes it more urgent the search of “clean” energy
production like renewable energy. Solar energy is a good alternative to fossil fuels as
solar radiation can be considered infinite (at a human scale) and it is environmentally
friendly due to the non-production of pollutants in energy conversion.

Current solar energy generation is increasing a lot due to high investigation in the area
and the decreasing cost of their production. The efficiency of PV modules is still low, but
there have been plenty of improvements in the last years. In this thesis, the new designs
of the concentrating solar panel are analyzed owing to the change of sizes of solar cells.
With this research, it is intended to optimize the arrangement of solar cells in a C-PVT
solar panel. Moreover, the current performance of the installation located in HiG is
examined to detect the possible need of improvements.

1.1. Motivation

It is commonly known that all societies require energy services to meet basic human needs
and to serve productive processes. Sustainable social and economic development requires
affordable and guaranteed access to the energy resources necessary to provide
indispensable and sustainable energy services. Access to clean and reliable energy



establishes an important prerequisite for basic determinants of human development,
contributing, for instance, to economic activity, poverty alleviation, education, health and
gender equality [1]. However, the majority of current primary energy driving global
economies comes from the combustion of fossil fuels or/and from the controversial
nuclear energy. Renewable energy plays a key role in providing energy in a sustainable
manner and in mitigating climate change, contributing in that way to the transition to
modern energy access.

Solar energy can be obtained in several ways and technologies such as simple flat-plate
collectors or concentrating systems, having each technology its different characteristics.
In order to be more competitive in the market, PV systems need to reduce their costs and
since the solar cells are the most expensive component of an entire module, a reduction
of their area would highly diminish overall costs.

On the other hand, the possibility to perform the Master Thesis in a company is considered
as a huge opportunity. It allows the authors to be completely involved in a work
atmosphere and it is really attractive to see that the project is real and it is useful for the
company as well. The authors also prefer more practical research rather than pure
theoretical and literature study. Moreover, the research is not only related with the energy
area but also with an industrial field, which means that the research combines both
background knowledge that the authors have acquired during their studies in
Barcelona/Bilbao and in Gavle.

1.2. Objectives and limitations
The main objectives of this thesis are listed as it follows:

e Understand the operation of a hybrid concentrating collector and comprehend all
its parts and their functions.

e Design the new prototype of the C-PVT collector in order to analyze how the cell
cuts influence the performance.

e Analyze and evaluate the operating installation located at HiG of the collectors
from Solarus AB. Verify its correct behavior and/or identify possible deficient
points.

e Study the production process of the actual Solarus collectors and make a
representative guideline. Define all the tasks involved in the assembly process and
their pertinent times.



¢ Investigate the actual PVT market to detect the strengths and drawbacks of the

Solarus’ collector.

Although doing the thesis in a company has its advantages, there are some limitations
which affect the development of the thesis. For instance each step has to be agreed with
the superiors and this may lead to variations with the initial ideas and prolong the project.

1.3. About Solarus AB

1.3.1. The company

Solarus AB is a private small-medium company which develops, produces and sells
hybrid solar PowerCollectors™ and integrated project solutions. Hybrid means that the
PowerCollectors™ combines generation of thermal energy with the photovoltaic
generation of electricity.

Solarus is headquartered in Venlo (Netherlands) with a Research & Development center
in Gévle (Sweden). It operates worldwide with business development, assembly
distribution and installation partners. Innovative local solutions to local needs are
provided with these licensees.

Solarus’ promise is to create general public benefit by alleviating energy poverty as well
as leaving a material positive impact on society and the environment. Some of their
objectives can be listed as:

e Reducing energy poverty by providing access to low-cost, efficient and
environmentally sustainable electrical and thermal energy

e Addressing climate change by increasing the use of low-carbon C-PVT
technology and decreasing global dependency on fossil fuel-based energy sources.

e Creating local employment opportunities in developing countries in
manufacturing, assembly, distribution and installation.

Moreover, Solarus is a certified B Corp. This means that it is a for-profit company
certified by the nonprofit B Lab to meet rigorous standards of social and environmental
performance, accountability and transparency.



1.3.2. Our place in the company
The Solarus Company is divided in four main departments:

- The direction which manages the company, transfers information to the others
departments and finds new investors.

- The marketing department which is in charge of the sales, products advertisings
and communications.

- The production area which assembles and builds collectors.

- The Research & Development (R&D) develops designs of collectors and performs
their simulations and tests.

During the performance of this master thesis, the authors have been integrated into the
R&D department and have been highly involved in the projects of the company. This
department is composed by a team of eight people: three employees of which two are
PhD students, and five interns.

Furthermore, the authors have been in contact with the supervisor Bjorn Karlsson in
Hogskolan i Géavle. He worked alongside Solarus for several years and he is still now in
contact with the company mainly because he is the responsible of one of the PhD students.
So, the organization of the company and place where the authors have been located can
be described in the Figure 1.1.

Figure 1.1. Place in the company of the authors

4



1.4. Organization of the Thesis

The chapters presented in this thesis have been arranged thematically. Here, a brief
description of each one is presented.

Chapter 2 gives the reader a theoretical background, starting from the fundamentals of
solar energy, photovoltaic modules and hybrid systems, and ending with a more specific
study of concentrating solar panels explaining the basics of CPC technology and the
MaReCo family.

Chapter 3 details a description of the Solaurs C-PVT collector. It contains the
explanations of its purpose, its parts and its performance.

Chapter 4 contains the descriptions of all the 4 projects done in this thesis, the design of
the new prototype, the analysis of the HiG installation, the market review and the
production process guideline.

In Chapter 5 the method used in each project is explained, all the important parameters
that were taken into account for each of them and the realization of them.

Chapter 6 contains the results gotten from each research and they have been displayed in
tables, graphs and images for a better understanding.

In Chapter 7 the results achieved in the previous chapter are discussed trying to get a
clear conclusion out of them.

Finally, Chapter 8 includes the recommendations that the authors make in order to go
straight on with the projects. The future work is planned and detailed for the main
projects.






Chapter 2

Theoretical Background

2.1. Solar Energy

The sun emits energy to the earth in the form of solar radiation. This solar radiation
interacts with the atmosphere, decreasing the radiation that arrives at the earth’s surface.
As a result, around 1000 W/m? of irradiance reaches the surface at sea-level on a clear
day [2].

This solar radiation can be used to generate electricity and/or heating by a solar panel.
The photovoltaic solar panels are the ones who generate electricity out of solar radiation,
the thermal panels are the ones who generate heat, and lastly, the hybrid PVT panels can
generate simultaneously electricity and heating in the same module. In a PVT solar panel,
by combining a PV module and a solar thermal collector, more solar radiation can be
harvested and the total efficiency of the module is increased [3].

2.2. PV modules

A photovoltaic module consists of solar cells connected in an assembly usually of 6x10
solar cells. The cells are connected in series for achieving the desired voltage output, or
in parallel for the desired current output. The modules generate electricity through the
photovoltaic effect, which happens when some radiation hits a material surface and the
crystallized atoms are ionized, unbalancing the chemical bonds of the material [4].



90 % of the solar cells used in the world consist of Crystalline Silicon (c-Si) solar cells
[5], most of them wafer-based. The output of the module is DC power, so in case it is
desired to connect to the grid, an inverter is necessary to install among other devices as it
can be seen in Figure 2.1.

Module

AN ¥
4 ,j:._{_, {
) LA
Cell Q0% Z Inverter
PV Array
(usually building mounted)

Meter

AC mains supply ﬂ

Figure 2.1. Solar panel components [6]

To AC
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Solar modules cannot produce electricity from all the frequencies of light, just from a
range of them, which means that a lot of solar energy is wasted. The range of the
frequencies of light in which a solar cell can produce electricity, defines the efficiency of
the cell. The highest efficiency that has been achieved in commercial products is 22.5 %
[7]. With the efficiency defined, the power output of the module is then determined by
the area that the solar cells cover. With a radiation of 2000 W/m? and a solar panel of 15
% efficiency, the output power of a panel with an area of 1 m? would be 150 W. So 150
W per square meter of solar panels can be harvested with cells of that efficiency. Knowing
this fact, it can be seen that a large area is needed to be able to generate a practical power.
The other problem that the conventional PV modules have, is that they are still too
expensive with long payback periods [8].

2.3. PVT solar panels

A photovoltaic-thermal hybrid solar panel (PVT for simplicity) is a combination of
photovoltaic and solar thermal systems which produce both heat and electricity from one
unified module (see Figure 2.2). There are a lot of alternative approaches in PVT such as
the selection among air, water or evaporative collectors, flat-plate or concentrator types,
glazed or unglazed panels, building-integrated or stand-alone units, etc. All these
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characteristics and options are summarized in several reference guides as [9,10].
Moreover, a noteworthy amount of research and development on PVT technology has
been conducted in the last half century [11,12].

In solar PVT panels, more solar radiation is harvested by using the waste heat that is
generated in photovoltaic modules. If the temperature of the PV cells increases, they
become less efficient. So by having a cooling system for the solar cells, the temperature
of the cells does not increase much (so the efficiency is maintained) and the waste heat
can be used for a heating system [13]. Combining both two technologies, less material
and space is used as well as the installation time.

Photowoitzke Thermal Panels (FYT)

i A
—
—

Household Water

Gonventional
Hot Water Tank

Pre-heater
WaterTank

Figure 2.2. PVT solar panel [14]

Moreover, there are other important parameters that should be taken into account for the
solar energy, which are the energy payback time and the greenhouse gases payback time.
The energy payback time, is the operation time needed for the system to compensate the
energy that was needed for the production of the system itself. The greenhouse gases
payback time, is the operation time needed for the system to compensate the CO, that was
emitted in the production of the system itself. The energy payback time of a PVT system
ranges between 1-4 years, and the greenhouse gases payback time ranges between 0.8-4
years. Regarding the lifetime of solar panels, several companies give a product warranty
of 5-10 years, and an energy performance warranty of 20-25 years, so this the payback
times are achieved with ease. The return of investment (ROI) is shorter for PVT panels
compared to PV panels, as less material is needed, and the efficiency and the output are
much higher [3].



2.4. Concentrator solar panels

In concentrator solar panels, reflectors are used to focus solar radiation to the solar cells,
increasing their efficiency. So by increasing the concentration, the efficiency can be
augmented. The efficiency of the system is usually improved in two ways: the first one is
that a more concentrated solar radiation hits the cells, and the second one is that the solar
cells are replaced by cheaper elements as reflectors (Figure 2.3). The concentration ratio
can vary much and it is determined by suns (1 sun = 1000 cm?), from low concentrations
(1-10 suns) to very high concentration (larger than 1000 suns) [5]. With concentrator solar
panels, it has been achieved experimental total system efficiencies as high as 65.1 % [8].

sun light

i primary reflector

Figure 2.3. Concentrator solar panel [5]

A little drawback that concentrator solar panels have, is that the current increases lineally
with concentration ratio, which cause increased power loss caused by series resistance
(which is equal to the square of current multiplied by series resistance) [15].

In addition, some of the C-PVT systems include, apart from the trough concentrator and
the receiver, a sun tracking system in order to collect the direct radiation. In addition, the
installation can encompass a thermal energy storage system to store the heated liquid
flowing inner the cavity (absorber) [16].

2.4.1. Compound Parabolic Collectors

The Compound Parabolic Collector (CPC) is a non-imaging concentration technology
which is composed of two parabolic reflectors with different focal points (see Figure 2.4).
Because of its design, they can function at its maximum performance without tracking
the Sun. This fact simplifies their mechanical structure and diminishes difficulties
associated with complex and multiple-compounded systems. It also allows a seasonal
load-adaption for high latitude climates [17]. However, it is highly important to properly
orientate them to the south in order to maximize their output.
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One issue that can be found in CPC is the uneven illumination on the receiver due to the
existence of individual focus for each parabola [18].

The study of the effects of non-uniform illumination on silicon solar cell performance
started as early as in 1984 [19]. Later on, some authors worked with computational ray-
tracing techniques in AutoCAD® to detect hotspots on a tubular receiver in a CPC trough
[20]. The hotspots caused by non-uniform illumination are not desirable for photovoltaic
and heat transfer purposes due to they can critically affect the performance of photovoltaic
cells. Moreover, few years ago [21] used optical ray-tracing techniques to study the
possibility of utilizing strategically situated diffusers inside the collector in order to
alleviate uneven illumination.
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\ /
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Figure 2.4. The Compound Parabolic Collector (CPC) [22]

A basic design of a CPC can be seen in Figure 2.4, in which the receiver is located in a
region called as receiver opening which is situated between both focus of parabolas A
and B. The focal point for parabola A lies on parabola B, whereas the focal point of
parabola B lies on parabola A. Parabolas redirect and concentrate the incoming radiation
on the receiver which can be either cylindrical tubes passing through the region below the
focus or flat plates at the base of the intersection of the two parabolas.

The acceptance angle of the CPC is defined by the two parabolas’ axis which are also
shown in Figure 2.4. The axis of parabola A passes through the focal point of parabola A
and the axis of parabola B likewise passes through the focal point of parabola B. This
angle has an outstanding importance because it is the one that limits the incident radiation
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that is reflected to the receiver. Light with an incidence angle less than one-half the
acceptance angle is reflected through the receiver opening (see Figure 2.5a). On the other
hand, light with an incidence angle greater than one-half the acceptance angle is not be
reflected to the receiver opening (see Figure 2.5b) and could eventually be reflected back
out through the aperture of the CPC [22].

0. < 2 0-«-« 9: > ll?a-u-;n

Incident
insolation

Incident
insolation

(a) (b)

Figure 2.5. Light reflection from the CPC. a) Incidence angle less than one-half the acceptance angle; b) Incidence
angle greater than one-half the acceptance angle [22].

Furthermore, if beam solar irradiance parallel to the axis of parabola A were incident on
the CPC shown in Figure 2.4, the light would be dreamily focused to the focal point A.

The aperture of the CPC is usually tilted toward the south thus the incident solar irradiance
enters within the acceptance angle of the CPC. Moreover, the CPC’s aperture does not
need to be tracked due to the sun’s apparent motion does not cause the incident solar
irradiance falling outside the CPC’s acceptance angle. Normally, since the declination of
the sun does not vary more than the acceptance angle during a day, a CPC’s aperture need
not be tracked on an hourly basis throughout a day. However, if the incident solar
irradiance moves outside the acceptance angle of the CPC, its tilt might have to be
adjusted periodically during the year.

2.4.2. The MaReCo

The MaReCo (Maximum Reflector Collector) design is based on an asymmetrical
truncated CPC with a flat receiver [23]. It is a non-tracking concentrating collector
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developed for northern latitudes (Swedish conditions) and bifacial absorbers are supposed
to be used to minimize the absorber area. In this way, it is possible to replace some of
the expensive absorber material with cheaper reflectors.

The general design of the MaReCo reflector trough (Figure 2.6) is conceived with two
parabolas with their optical axes defining the upper and lower acceptance angles. The
reflector consists of three parts [23]:

e Part A, extended from point 1-4, is the lower parabolic reflector. The optical axis
of this parabola is situated along the upper acceptance angle and its focus on top
of the absorber (point 5).

e Part B, extended from point 1-2, is the connecting circular reflector. This part
transfers the light onto absorber’s rear side. It substitutes an absorber between
point 2 and focus (shown as a dotted absorber in Figure 2.6) with the absorber’s
rear side between points 1 and 5. In addition, the lower tip of the absorber can be
located anywhere between points 1 and 2.

e Part C, extended from point 2-3, is the upper parabolic reflector. The optical axis
of this parabola is placed along the lower acceptance angle and its focal point at
point 5.

l.--"'Exte nsion of
" parabola

Reflector
Absorber

Figure 2.6. Sketch of the basic MaReCo design [23]

Moreover, to determine the position of the truncation, the cover glass (line from point 3
to 4 in Figure 2.6), it is necessary to vary the position of the reflector sheet along the
extended parabolas in order to discover the location where maximum annual irradiation
onto the aperture is obtained. Owing to the non-symmetrical form of the annual irradiation
on a northern latitude, the front reflector is longer than the rear reflector to optimize the
annual output.
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Taking as a reference the design presented previously, several configurations of the
MaReCo collector have been studied and some of them are presented here [23].

e The Stand-Alone MaReCo: it is based on the general design pattern and is
dimensioned using simulation software to determine the configuration for the
desired annual yield. Figure 2.7 shows a schematic section of the stand-alone
MaReCo for Stockholm conditions. It has an aperture tilt of 30° while the upper
acceptance angle is 65° and the lower is 20° (defined from the horizon).

Absorber

Reflector

Figure 2.7. Section of the stand-alone MaReCo for Stockholm conditions [23]

e The Roof-Integrated MaReCo: the standard roof-integrated MaReCo is shown
in Figure 2.8. It is designed by permitting the cover glass start where the circular
part of the collector ends. In this way, no upper reflector is used and the inverted
absorber is located just underneath the cover. The entire design is tilted to the roof
angle.

,43," Optical axis

Reflector 30°

Figure 2.8. Section of the roof-integrated MaReCo design.
Roof angle of 30° and optical axis 90° from the cover glass [23]

Apart from the standard roof-integrated MaReCo, other designs have been
performed to adapt them to new conditions. For instance, Figure 2.9 shows the
specially designed roof MaReCo for east/west facing roofs which has the
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concentrator axis situated in the east/west direction. It accepts radiation in the
range of 20 to 90° from the cover glass normal.

Reflector

Figure 2.9. Section of the east/west roof MaReCo designed for a roof facing west.
Optical axis 70° from the cover glass [23]

Another example, is the load adapted roof integrated MaReCo, denoted as the
spring/fall MaReCo, which is shown in Figure 2.10. Compared to the standard
roof-integrated MaReCo, it has the optical axis tilted. This fact implies that beam
radiation that hits the reflector with an angle smaller than 15° from the aperture
normal will be reflected out of the collector.

Reflecto
) 30°

Figure 2.10. Section of the spring/fall MaReCo design.
Roof tilt 30° and optical axis at 45° from the horizon [23]

The wall MaReCo: it is an alternative for a vertical installation which has an
acceptance angle interval from 25° to 90° from the horizon, as seen in Figure 2.11.
The absorber is also located just underneath the cover glass. It has an optical axis
of 25°.
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Figure 2.11. Section of the wall MaReCo designed for a south facing wall.
Optical axis at 25° from the horizon [23]

2.4.3. Concentration factor

The concentration factor depends on whether the concentrating system is a two-
dimensional concentrator (linear) such as parabolic collector, or a three-dimensional
concentrator (circular) such as a parabolic dish. Then, the geometric concentration ratio
of a CPC is related to the acceptance angle by

1
Clinear = 1 (eq. 1)
sin (7 Baccept)
1
Ceircular = 1 2 (eq 2)
sin (7 Haccept)

where 6,...p: IS the acceptance angle of the CPC (see Figure 2.4) [24,25].

However, these formulas are difficult to apply for an anisotropic light source and that is
why the ratio of reflector area to aperture area is used [23].
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Aperture Area
_Zp (eq. 3)

Receiver Area

2.5. Solar cell cuts

Normal size solar cells, have a resistive power loss due to the ribbons and the
configuration of silicon wafer solar cells (Figure 2.12). This resistive power loss can be
reduced by using smaller PV cell cuts.

Alummum frame Metal ribbon
r Encapsulant |»Carl(5|) Glass

Maral ribben |_ ‘I -]
Backsheet Encapsulant

Junclion box = Solar Conductive film =
Solar Conductive film Sealing ~

Figure 2.12. Configurations of a silicon wafer solar cell [26]

The cuts have been done perpendicular to the direction of the ribbons. Cutting the module

“n” pieces, makes the current flowing through the module to be”1/n” times [27]. So as
it has been seen in the previous section, the power loss is proportional to the square of the
current, so the power loss in the ribbon will be “1/n?” times (this can be seen more clearly
in Figure 2.13). Making this type of cut, the open circuit voltage (Vo) of the module is
expected to be doubled, whereas the short circuit current (Isc) is expected to be halved. So
the power output should be the same, but as the power loss is smaller, the power output
is higher in the halved cell [27]. Another benefit of cutting the size of solar cells is that
the current generation increases, this way increasing the output power. So the current
going through the cell will be a little higher than “1/n” times. This may affect the power
loss but it also affects the power output in a bigger way. So a halved cell has 4.6 % more
power due to this increase is being affected in 32 % by the power loss reduction and 68

% by the short-circuit current increase [28].
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Figure 2.13. Decrease in losses in solar cell cuts [29]

But cutting a solar cell has its drawbacks, because there is additional cost for the laser
cutting step, which is a harmful process and additional mismatch losses can be introduced.
More space is needed also because there are additional gaps due to more cells and the
cost of the ribbons increases [27]. But even though all this drawbacks, the advantages are
still important and to be taken into account.

Moreover, it has been tested that the length of the solar cell strings has an important
impact on the duration of peak power performance of a panel. Although larger cells
slightly decrease the peak power, their peak power lasts for a significantly longer period.
In an overall view, the net result is a gain in power production over the day with the use
of larger cells [30].
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Chapter 3

The Solarus C-PVT collector

3.1. General description

The Solarus C-PVT collector, also called hybrid, is a solar collector that is able to produce
both heat and electricity. It is based on an asymmetric Compound Parabolic Collector
(CPC) in which the receiver is located to the side of the concentration through rather than
in the center as it would be in a symmetric CPC (see Figure 3.1). More specifically, the
collectors manufactured and marketed by Solarus AB are from the roof-integrated
MaReCo reference design.

Figure 3.1. Solarus C-PVT collector overview
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The collector is a combination of a thermal collector and a standard PV panel and is
presented as an alternative to the side-by-side PV modules and thermal collector. The
Solarus C-PVT consists of a two-sided PV module, a thermal absorber and a compound
reflector as illustrated in Figure 3.2. The upper PV side of the receiver works like a
standard module which does not have concentration, while the lower side does.

+ 2 SIDED PV-PLATFORM ® ® ® ® ® © ®
+ THERMAL ABSORBER

Figure 3.2. General components of the C-PVT collector [31]

The Solarus C-PVT is designed to be installed on south-facing roofs at high latitudes as
explained in section 2.4.2. It was developed to provide maximum thermal power in the
winter while reducing the supply during summer when the heating load is really low. As
it combines both heat and electricity production it has a lot of possible applications and
the Figure 3.3 summarizes some of them.
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Figure 3.3. Several applications of the Solarus C-PVT collector
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3.2. Parts of the collector

3.2.1. The structure

The structure, as it can be seen in Figure 3.4, is based in a plastic frame which provides
structural support to the reflector. The glass cover is made of low iron glass with a 95%
solar transmittance according to 1SO9050 for solar thermal technologies [32]. It is
mounted together and with the help of aluminum frames. Moreover, acrylic transparent
gables are used at the ends of the troughs.

In addition, three metallic holders are located along the length of the receiver in order to
hold the receiver. Three flexible metallic straps are used to keep the reflectors in the
appropriate and designed shape.

Metallic holders

Gables

Glass cover . —— Aluminum frame

Plastic frame

Flexible metallic straps

Figure 3.4. Collector structure

3.2.2. The reflector

The reflector is the key component for the concentration part of the collector. It is crucial
to develop an optimum reflector that redirects sunlight properly to the receiver. The
reflector is composed by two different shapes: circular and parabolic. As it can be
observed in Figure 3.5 the circular part corresponds to a quarter of a circle and its radius
is 144,86 mm.
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Circular shape

Figure 3.5. Cross section of the Reflector

Both circular and parabolic shapes have the same focus point and the point where the
shape changes from circular (cylindrical once extruded) to parabolic matches with the
intersection of the optical axis. This optical axis which is perpendicular to the glass cover
is critical to determine the acceptance angle. If the incident radiation falls outside this
interval, the reflector does not reflect the incoming beam radiation to the absorber and
thus collector’s efficiency is reduced. Hence, the optical efficiency of the collector during
a year depends on the projected solar altitude. In consequence, the tilt of the collector
determines the total amount of annual radiation that directed inside the acceptance angle.
Studies and researches have been performed about the optimal tilt of the collector [33].

Furthermore, the reflector is made of anodized aluminium with a 95% of total solar
reflectance for solar thermal (measured according to norm ASTM891-87) and a total light
reflectance of 98% for PV (measured according to norm DIN 5036-3) [34,35].

Following what is explained in Section 2.4.3, using the equation (eq. 4) and the
dimensions of the collector, the sunlight is reflected by the compound reflector with a
concentration factor of 1,728 in the Solarus PVT.

- 0273-2,31 (eq. 4)
"~ 0,158-2,31 1,728

It has to be stated that the aperture area is taken in the same plane as the receiver.

3.2.3. The receiver

The receiver is 2310 mm long and 157 mm wide and it has two distinctive functions: the
electrical and the thermal.

22



The electrical part is based on a four cell strings connected in series in each side of the
receiver (eight cell strings per trough). In total, taking into account that each collector is
composed by two troughs, sixteen cells strings are installed per collector. The last design
of the collector considers that bottom and top sides are completely separated and their
connections with the inverter can be seen in Figure 3.6.
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Figure 3.6. Electrical connections of the collector

Monocrystalline cells from Big Sun Energy are used and they have a nominal efficiency
of 19,2 % and a temperature dependence of 0,43 %/°C and their dimensions are 156 mm
x 156 mm [36]. But in order to fit with the width of the absorber, the solar cells are cut in
148 mm x 156 mm. After that first step, it is necessary to cut the cells to reduce the current
in order to avoid current capacity losses because of the concentration on the collector. So,
both troughs have the cells cut one third the size they had previously (52 mm x 148 mm).

In both troughs, each side of the receiver contains 38 cells connected in series organized
in four strings of 8-11-11-8 cells respectively. Each receiver has the same cell area: 0,585
m? (2 x 38 x 0,148 m x 0,052 m). So, the collector has 1,17 m? of solar cell area.

On the other hand, the thermal part is used as a thermal heat sink as well as a support for
the PV cells. The absorber is made of aluminum and its design is based on eight elliptic
channels whereby a heat-transport fluid (antifreeze, water or both mixed) circulates in
order to remove heat. The Figure 3.7 shows the design of the Solarus PVT collector’s
absorber.
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Figure 3.7. Cross section of the Solarus PV T collector’s absorber

The total thermal absorber area per receiver, including both sides of a receiver, amounts
to 0,7253 m? (0,157 m x 2,310 m x 2). It is also interesting to see in the Figure 3.7 that
the receiver has two higher lateral edges which are useful for the lamination and the
stabilization of the silicone. Solar cells are laminated on both sides of the thermal absorber
with an electrically insulated and extremely transparent silicone (transparency of 93% for
solar thermal and 96% for PV [37]).

3.3. Characteristics and performance

The characteristics of the Solarus C-PVT collector are listed in the Table 3.1. These
parameters describe the performance of an entire module, i.e. two troughs.

Table 3.1. Technical specifications of the Solarus C-PVT collector [31]

Technical Specifications

General specifications

Dimensions (L x W x H) 2374 x 1014 x 235 mm

Weight \ 55 kg

Aperture area 2,2 m?

Gross area \ 2,4 m?

Cover 4 mm anti—reflt_ective coated glass, super
transparent, hailstone safe

Frame \ Anodized aluminum & ABS ASA plastic

Price 550 €

Number of cells 152

Cell dimension \ 52 mm x 148 mm x 240 pm

Maximum Electrical Power at STC | 250 W,

Maximum Power Voltage (Vmp) \ 40V

Maximum Power Current (lmp) 3,7A

Open Circuit Voltage (Vo) \ 51V

Short Circuit Current (ls) 41A

Cells’ efficiency 1192%
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Thermal properties

Peak Power \ 1250 W

Maximum working Pressure 10 bar

Operating Pressure \ 6 bar

Stagnation Temperature 180 °C

Capacity antifreeze \ 1,4 I/powercollector
Thermal insulation 4,8 W/m?-K
Absorber material \ Aluminum

Zero Loss Efficiency 0,447

15t Order heat loss coefficient \ 4,48 W/m?-K

2" order heat loss coefficient

0,0034 W/m?-K?
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Chapter 4

Description

4.1. Design of the new C-PVT prototype

One of the main purpose of this thesis is to analyze the effect of different solar cell cuts
in the efficiency of a C-PVT solar panel. The size of the cell defines the dimensions of
the receiver which, at the same time, influences the size of the reflector and the whole
box. So, first of all, the arrangement of the solar cells on the receiver is decided, with the
required spacing between cells and between the cells and the edges. Once the
measurements are known, the design of the receiver is made by using the program
SolidWorks® [38]. After having identified the size of the receiver, the dimensioning of
the reflector is made, which consists of a quarter of a circle followed by a parabola. This
will be made for the three different solar cell cuts. The ribs of the solar collector are going
to be made by including the three reflector designs in the same rib. The reason of this is
to use the cover glass of the older solar collectors, so that there is no need to buy a new
one.

Apart from this designs, five more designs have been made with the symmetric MaReCo
design (3 of them) and pure parabola design (2 of them).
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4.2. Analysis and evaluation of the HiG installation

The solar collector installation at Hogskolan i Gavle consists of 20 Solarus PVT V.11
solar collectors Figure 4.1, each collector having an aperture area of 2,1761 m? and a total
collector area of 2,4 m? (the total area is used in the several calculations). These collectors
feed electricity to the grid and hot water to the local district heating grid. The thermal and
electrical systems have been designed and installed by local firms and the collectors have
been delivered by Solarus. The installation was finished in 2013, but due to problems
with the thermal and electrical controllers, full thermal production of the system has only
been achieved since March 2014 and the electrical production since May 2014.

Figure 4.1. C-PVT collector’s installation at HiG

4.2.1. Thermal Installation

The thermal installation is done by installing 5 parallel loops with four collector units in
each loop as seen in the Figure 4.2. The 5 loops come together and are taken to a heat
exchanger for feeding hot water to the district heating system.

The district heating grid requires a minimum temperature of hot water of 70 °C, which
limits the output of the system. As the there is no hot water production at night and almost
in the whole winter, two valves are installed in the system for allowing water to the heat
exchanger, one on the collector side and the other one in the district heating grid side.
Other necessary equipment are the pumps, the filters, the flow meters (which are
accumulative) and the expansion tank. All the symbols used are presented in Table 4.1.
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Figure 4.2. Thermal system of the installation at HiG
Table 4.1. Nomenclature of the symbols
Symbol Nomenclature Symbol Nomenclature
L = a
Y Sensor (T or P) = Filter
]
.y . .
iy Three-way valve y Valve
|
(&2 k
. - - Flowmeter
| Expansion tank -
[ = Pump
T

All the sensors are located indoor except the 5 temperature sensors located next to the
solar collectors (SOL GT1:1-5), so these sensors may be affected by the outdoor climate.

The names of the sensors vary depending in which side of the heat exchanger they are.
The sensors that are on the side of the district heating grid start by VP1, and the ones that
are located on the side of the collectors start by VP2.

The symbol of the temperature and pressure sensors are the same, but they can be
differentiated by having a look at their names. After the first name of the sensor (VP1 for
district heating side and VP2 for the collector side), the temperature sensors are named
by GTX (where X is the number) and the pressure sensors are named GPX.
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The thermal fluid used in the installation consists of 30 % propylene glycol and 70 %
water. With this fractions, the density of the fluid is 1010,53 kg/m?, the heat capacity is
3,9147 kJ/kg*K and the freezing point is -14 °C.

4.2.2. Electrical Installation

The electrical installation is divided in two loops, one consisting of 12 solar panels with
a maximum output of 3 kW, and the other one consisting of 8 solar panels with a
maximum output of 1,8 kW. They are connected to a Steca grid inverter. DC-DC
optimizers are connected to each panel. An overview of the electrical connections can be
seen in Figure 4.3 and in Figure 4.4.
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Figure 4.3. Physical layout of the electrical installation
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Figure 4.4. Electrical layout of the electrical installation in Tigo

4.2.3. Solar cells

The characteristics of the solar cells used in the solar panels are shown in Table 4.2.

Table 4.2. Characteristics of the solar cells

Data from manufacturer

Efficiency 18,5-18-69 % Power 452 W
Size 156 mm x 156 mm Composition Poly-c-Si
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4.3. Market review and competitor analysis

Competitor analysis is an essential component of corporate strategy [39]. It consists of an
assessment of the strengths and weaknesses of current and potential competitors. This
analysis permits to identify opportunities and threats based on both offensive and
defensive strategic context. With this evaluation, the company is able to establish what
makes their product or service unigque and therefore what attributes they play up in order
to attract their target market.

Obviously, superior knowledge of rivals offers a legitimate source of competitive
advantage. A common technique is to create detailed profiles on each of major
competitors [40]. These profiles provide an in-depth description and analysis of the
competitor’s background, finances, products, markets, personnel, strategies, etc. This can
involve some of the following listed characteristics:

e Background
o Location of offices, plants and online presences
o Ownership, corporate governance and organizational structure
o History, dates and trends
e Finances
o Various financial ratios: liquidity, cash flow, efficiency, debt...
o Price-Earnings ratio, profitability and dividend policy
o Profit growth profile and method of growth
e Products
o Products offered with their parameters and performance
o New products developed and R&D strengths
o Reverse engineering and patents and licenses
e Marketing
o Segment served, customer base, customer loyalty and market shares
o Distribution channels used, geographical coverage
o Pricing, discounts and sales
e Personnel
o Number of employees and skill sets
o Management style and its strength
o Benefits and compensations
e Strategies
o Objectives, mission statement and growth plans
o Marketing strategies
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4.4. Production process guideline

Nowadays, numerous companies have relocated their factories in developing countries
that have cheaper labor costs. This fact is essentially related to a highly competitive
environment and society where money makes the world go round. So, any measure that
can be applied in a company and which implies a cost reduction is always welcomed.
Probably, one of the most important actions is the optimization of the production process
line. Its goal is to reduce the non-added value activities by: redesigning parts of the
product, using alternative techniques in some tasks, decreasing lag time between
assemblies’ steps, improving the internal logistic design, optimizing both workspaces and
operators’ allocations, etc. [41],[42].

In order to analyze the current production process of Solarus’ collectors, a guideline is
generated. With its help, it is possible to recognize key points in the assembly process
that could be modified and would facilitate the mounting procedure or would reduce the
overall production time. The guideline can be considered the first step to optimize the
assembly process.
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Chapter 5

Method

5.1. Design of the new C-PVT prototype

As stated before, SolidWorks® is used to design the shape of the solar collector for each
solar cell cut and for the symmetric MaReCo and pure parabola.

5.1.1. Solar cells

The first step before starting designing the box of the solar collector is to have a look at
the solar cell cuts that are provided for analyzing the efficiency. The cell cuts are going
to be done by starting from a 4 busbar solar cell, whose measurements are 156 mm x 156
mm. The solar cells are monocrystalline cells with an efficiency of 19,2 %. The electrical
characteristics of the solar cells are shown in Table 5.1.

Table 5.1. Electrical characteristics of the standard solar cell

Full Size

Isc  915A
Imp 8,48 A
Voc 064V
Vmp 0,54V

Having the base solar cell described, three different cell cuts are made to analyze the
efficiency of the whole solar collector with them.
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5.1.2. Parabolic reflector

The shape of the reflector is a combination of a quarter of a circle and a parabola. The
parabola is suitable for concentrating because all irradiation is reflected to the focal point.
The mathematical design of the parabola is described by the (eq. 5) [43], where the y and
x axes are described in the Figure 5.1 and p is related to the radius of the circular part.

(eq. 9)

Figure 5.1. Parabolic design

5.1.3. Symmetric MaReCo and pure parabola design

Apart from the comparison between the solar cell cuts, other variations of the MaReCo
family collectors are designed. In another collector box, 3 MaReCo symmetric designs
are made with a specific arc angle and different reflector heights, and also 2 pure parabola
designs are designed with different focus height and same reflector heights Table 5.2. For
this, a research paper of Solarus is used where these two designs are analyzed, with
different arc angles and focus height, where the efficiencies of them were gotten and
compared to the Solarus MaReCo asymmetric design [44].

The different MaReCo designs are with 30° arc angle (6c) and reflector heights (Z) of 75
mm, 100 mm and 125 mm, see Figure 5.2.

Figure 5.2. MaReCo parameters [44]
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The pure parabola designs are both with 75 mm reflector height (Z) and focus lengths
(Hr) of 25 mm one and 20 mm the other one, see Figure 5.3.

| Xmax |

N

Figure 5.3. Pure parabola parameters [44]

Table 5.2. Different MaReCo and pure parabola designs

Design Number Reflector Design Ar;: circle angle / Reflector height
ocus length (mm)
1 Symmetric MaReCo 30° 100
2 Pure Parabola 25 mm 75
3 Symmetric MaReCo 30° 75
4 Symmetric MaReCo 30° 125
5 Pure Parabola 20 mm 75

The shape of the parabola in these designs follows the same equation as in (eq. 5). For
the MaReCo type, the arc is drawn first and the parabola is made tangent to the end of the
arc. For the pure parabola, the focus length is put in the parameter “p”.

In these designs, the receiver of 78 mm x 39 mm is used and the pipe’s size varies. Three
different receivers are made for these designs and as they are of the same size, they can
be tested in all the designs. One consists of a 6 mm diameter pipe, putting the receiver
sheets in a triangular shape; another one of a 10 mm diameter pipe, the receiver sheets in
triangular shape also; and the last one is of 6 mm diameter pipe but the receivers are
parallel to each other.
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5.2. Analysis and evaluation of the HiG installation

5.2.1. Styr och staller

The thermal data of the Installation at HiG is obtained from the website Styr och staller
[45]. In the website, all the data from every sensor in the system is stored, and the data
that wants to be displayed has to be chosen from a list, as seen in Figure 5.4.
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Figure 5.4.

Data list in Styr och staller

After selecting the data, the desired time span has to be selected and its interval. In this
way a diagram will appear with the different data variation throughout the time (as seen
in Figure 5.5) and all the data can be exported to an excel book, to make the treatment of

the data easier.
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For getting the power output of the thermal system, the following equation has been used:

Q:p*V*Cp*AT

(eq. 6)

Once knowing the parameters of the fluid, the only needed data for getting the thermal
power output are the flow and the temperatures of the liquid entering and exiting the heat
exchanger. For getting this data the sensors used are VP2-FM (1), VP2-GT2 (2) and VP2-
GT3 (3), marked in green in Figure 5.6. It has to be noted that the flow meter is
accumulative, so it can be known by variation of volume when the valve is open and the
pump is working.
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Figure 5.6. Thermal installation with the sensors

The data from the 5 sensors that are next to the collectors (marked in red in Figure 5.6)
has been taken. With this data, it is possible to compare the temperature at which the fluid
comes out of the collectors. These 5 flows come together afterwards, before entering the
heat exchanger. Calculating the mean value of these 5 temperatures, and comparing this
temperature with the one from the sensor VP2-GT2, the heat losses through the pipes are
calculated with the equation (eq. 6).

5.2.2. Tigo

The electrical data of the system can be obtained from the webpage Tigo [46]. The
webpage shows the energy produced in a period of time, which can be hourly values,
daily values, monthly values and yearly values. An example of a monthly output is
displayed in Figure 5.7.
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Figure 5.7. Example of monthly energy output in Tigo

The data has been taken manually as there was no option by downloading it into an excel
file without a premium subscription. So by pointing each column, the value of the energy
in that period of time is shown.

The webpage also shows the instant power provided by the installation in a certain time
of the day as it is shown in Figure 5.8.

i
| |
s -
! | |

Figure 5.8. Power output of the different solar collectors at a certain time
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5.2.3. Data Logger

Another way of getting the electrical data is using the data logger installed in the system.
This data is provided by Elisabet Linden from the Hus 45 of HiG. There are three provided
electrical data files, on for daily data, one for every 10 minutes, and another one for every
minute. For simplicity and clearer understanding of the results, the daily data has been
used. The interest in using the 10 minutes data or 1 minute data is to know when the
collectors start producing electricity during the day at different seasons. But there is
excessive information to process and not many conclusions would be achieved from its
analysis.

5.2.4. Simulation

The simulation has been made using the Solarus standard simulation tool CEPT V1.4.2
which uses a 10 year average local climate data from Meteonorm. This simulation can
differ from the actual performance based on the current weather. By using the local
weather data for 2015 and 2016 and actual system temperatures, an actual expected
performance can be determined. This last data has been taken from the website Shiny
Weather Data [47].
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5.3. Market review and competitor analysis

Although there are a lot of areas to be investigated and compared, the performed research
is focused on the competitor’s products. Obviously, there are a lot of companies providing
PV panels or/and Thermal collectors, but there are fewer corporations offering both
systems in the same collector as Solarus does.

The research is mostly dedicated to European companies and key characteristics are
examined and analysed. In order to cover all the aspects of the collectors, the investigation
is done in four main topics: price, size, PV part and thermal part. Each topic is briefly
explained below.

Price: surely one of the most important parameters to be competitive in the
market. It takes into account production costs (raw material and labor costs) while
transport and installation costs are excluded. But probably it is more important the
price per m? of gross area to have a normalized parameter for comparison.
Size - Area: it is based on three different areas.

Gross area: the total roof area of a collector.

Aperture area: also called “glazed area” due to it represents the total glazed

area of a collector.

o Absorber area: area occupied by the absorber in a collector.

PV part: the characteristics reviewed are: type of cells, Isc, Imp, Voc, Vmp, peak
power, and the cells’ efficiency.
Thermal part: the parameters analyzed are: material of the absorber, maximum
working pressure, maximum working temperature, peak power, and specific
factors to characterize panel’s efficiency expressed as (eq. 7) [48]:

2
T, —T, T, —T,
Nen = MNo — A4 '—( ) —ay -Gy <—( )> (eq. 7)

Gr Gr

It has to be stated that almost all the technical data of sizes, PV part and thermal part is
found in datasheets but the price is a hidden parameter. Although there has been contact
with the companies, in several cases it has not been possible to find it.
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5.4. Production process guideline

First of all, once the main theoretical aspects of the collector were understood, a
disassembly process and the consequent assembly procedure were performed in order to
be more familiarized with the collector. As it is commonly considered, a manually hands-
on process is extremely useful to understand and recognize all the parts of the collector
that were studied in the theoretical background.

So, a C-PVT collector was completely disassembled piece by piece in the Solarus’
workshop. After that, although it was a bit trickier, the reverse process was done, i.e. the
assembly procedure. In fact, the authors took advantage of the situation and replaced one
damaged gable and adjusted the shape of one reflector which was misplaced.

After this first important step, the authors went to visit another company, Absolicon Solar
Collector AB, located in Harndsand together with other employees from Solarus.
Absolicon also develops, manufactures and supplies solar energy systems and its designs
are based on concentrating solar collectors. The purpose of the visit was to show the
production process of a Solarus’ prototype that was ongoing there, as well as to observe
their workshop, machines and facilities.

In order to clarify the assembly process and standardize the operations that would take
place during it, a guideline is made. One of the most relevant aspects is to classify all the
tasks in sections where each component is attached. It has to be stated that it is an
assembly process which means that each piece arrives at the company prepared and
completely ready to be mounted.

So, the following list contains the steps that have been done in order to prepare the
production process guideline for the actual collector:

¢ Identify the overall components of the collector and organize them in sections.

e Recognize all the tasks for each section/component.

e Determine the required material per section.

e Estimate the duration of each task, considering both operating and waiting times.

e Prepare explanatory images taken from SolidWorks® that represent the material
and the procedures of attachment.

o Establish a timeline for the assembly process taking into account the durations of
all the tasks.
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The production process guideline is organized per sections. Each section has a brief
description of the process and a list of the required material. After this the attachment
procedure is explained with the help of images.
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Chapter 6

Results

6.1. Design of the new C-PVT prototype

6.1.1. Solar cell cuts
Type 1

The first solar cell cut type is achieved by cutting the solar cell in 4 parts, cutting it in two
from both directions as it can be seen in Figure 6.1. This way, as the initial solar cell has
a measure of 156 mm x 156 mm, the resulted solar cell size is 78 mm x 78 mm, with two
busbars per cell.

Figure 6.1. Type 1 solar cell 78 mm x 78 mm

The electrical characteristics of the type 1 cell cut are shown in Table 6.1.
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Table 6.1. Electrical characteristics of type 1

Individual Type 1

Isc 2,29 A
Imp 2,12 A
Voc 0,64V
vmp 0,54V

Type 2

The second solar cell cut is obtained by cutting the solar cell in 8 parts, cutting in two
pieces perpendicular to the busbars and cutting in 4 pieces parallel to the busbars as it can
be seen in Figure 6.2. The size of the resulted solar cell is 78 mm x 39 mm, with only one
busbar per cell.

Figure 6.2. Type 2 solar cell 78 mm x 39 mm

The electrical characteristics of the type 2 cell cut are shown in Table 6.2.

Table 6.2. Electrical characteristics of type 2

Individual Type 2

Isc 1,14 A
Imp 1,06 A
Voc 0,64 V
Vmp 0,54V
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Type 3

The last type of the solar cell cuts is made by cutting the solar cell in 4 pieces, but the cuts
are made only in parallel with the busbars as seen in Figure 6.3. The size of the cell cut is
then 156 mm x 39 mm with only one busbar per cell.

Figure 6.3. Type 3 solar cell 156 mm x 39 mm

The electrical characteristics of the type 3 cell cut are shown in Table 6.3.

Table 6.3. Electrical characteristics of type 3

Individual Type 3

Isc 2,29 A
Imp 2,12 A
Voc 0,64V
vmp 054V

6.1.2. Receiver

For calculating the size of the receiver, several measurements have to be taken into
account: the spacing between the cells themselves; the gap between the cells and the sides;
the string arrangement; the spacing between the strings; the gap between the cells and the
sides. In the longitudinal direction, a similar length of the receiver is desired comparing
with the actual one, so the cells arrangement is going to be conditioned partially by the
length.

The distance left between the cells is 1,5 mm and the distance between the cells and the
sides is 4 mm, as seen in Figure 6.4.
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Figure 6.4. Distance between the cells and in the sides, example type 1

The distance between the strings is 16 mm and the distance in the edges is 20 mm for type
1 and 2 and 30 mm for type 3, as seen in Figure 6.5.

20 16

Figure 6.5. Distance between the strings and in the edges, example type 1

The string arrangement is going to be different with the different used cell cuts. All of the
3 type of receivers will consist of 5 strings of cell, being the string from the middle the
one that contains most of the cells and the ones on the borders the ones with the fewest
cells. The receiver then is symmetric from the centre, containing the string number 1 and
5 the same amount of cells, as it happens with string number 2 and 4. This is easier to see
in the following images.

Type 1 receiver sheet

In the case of type 1 cell, the strings 1 and 5 contain two cells, the string 2 and 4 have five
cells, while the string number 3 has fourteen cells as it can be seen in Figure 6.6. Summing
up all this, the total amount of cells in a receiver sheet is 28. In the company’s inventory,
there are 800 type 1 cells so this means that 28 receiver’s sheets of type 1 can be made.
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Figure 6.6. Type 1 cell arrangement

Type 2 receiver sheet

In the case of type 2 cells, the width of the cells is smaller, being the width of the receiver
smaller than the one of the type 1. But the length of the cells is the same so the string
arrangement is the same as for the type one as seen in Figure 6.7.
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Figure 6.7. Type 2 cell arrangement

Type 3 receiver sheet

In the case of type 3, the width of the cells is the same as type 2, but the length varies. In
consequence, the width of the receiver is also the same as in type 2. However, the string
arrangement is different from the two previous ones because of the cell length. It is
preferable to have all three receivers with the same the length, so the box which will
contain them can be easily built. Moreover, in this way it is possible to take advantage of
the existing and excess top glasses from other Solarus collectors. In this way, the box will
be more compact, needing less material and being more manoeuvrable. So, in order to fit
the length of the other receivers, fewer cells are used in one receiver. Being the length of
the cells the double of the other types, half of the cells are used to build the receiver sheet.
But because of the existence of less cells, there are less quantity of spaces between the
cells, so this extra gap has to be added to the edges. This is the reason that the receiver
from type 3 have a spacing of 30 mm instead of 20 mm as in the other types, Figure 6.8.

Figure 6.8. Type 3 cell arrangement
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The size of the receivers is achieved by taking into account all the spacing and the
arrangement. As said before, the length of all of them is the same, being it 2323 mm. The
width of the receiver varies, being 86 mm for the type 1 and 47 mm for the types 2 and 3.
The thickness in all the receiver sheets is 2 mm.

Cooling system

As the collectors are concentrator ones, the solar cells are going to be on both sides of the
receiver. But a cooling system is included in the receiver also, so the whole receiver will
consist of two reflector sheets (flat aluminum sheets) with the solar cells and a pipe for
the thermal fluid between the sheets, having the receiver a triangular shape. The diameter
of the pipe is 6 mm and 10 mm and will go through the whole length of the receiver Figure
6.9.

Figure 6.9. Type 1 receiver design with cooling and sheets in triangular shape

6.1.3. Collector box
Rib

Once the receiver is designed and all the measurements defined, the shape of the rib is
designed so that the reflector can work properly. It consists, as stated before in 5.1.2, of
a quarter of a circle and a parabola. The radius of the circle is 86 mm for type 1 and 47
mm for type 2 and 3. The equation has been given in (eq. 5) and Figure 6.10 and Figure
6.11 show the design of the rib.
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Figure 6.10. Sketch of the rib design with measurements

Figure 6.11. Design of the rib

The thickness of the rib is 18 mm to give the structure rigidity as it is made of wood, and
it is important also that it has to be possible to drill the receiver holders to it.

Reflector

The shape of the parabola is the same as the rib Figure 6.12 and Figure 6.13, although in
reality it consists of a flat sheet and the shape will be given by glue and pressure. The
thickness of the reflector sheet is 0,5 mm.
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Figure 6.12. Shape of the reflector

Figure 6.13. Reflectors for the three types

Receiver holders

The receiver holders will consist of metallic “L”-shaped sheets, they will look like in
Figure 6.14.

Figure 6.14. Receiver holders for type 1 (left) and for types 2 and 3 (right)
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Building the collector

The whole solar collector is built using five ribs, and using two wooden sticks on each
side to attach the ribs together, as it can be seen in Figure 6.15 and Figure 6.16.

Figure 6.16. Solarus solar collector new design
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6.1.4. Symmetric design
Rib

For the design of the rib, all the different reflector shapes have been designed in the same
rib, for the same reason as it has been used in the MaReCo asymmetric design. In Figure
6.17, it can be easily differentiated which of the designs are symmetric MaReCo and
which ones are pure parabola. The MaReCo designs (numerated as 1, 3 and 4) have a
small arc on the bottom of the reflector, whereas the pure parabolas (numbers 2 and 5) do
not have it.

The thickness of the rib is 18 mm also as in the other collector design Figure 6.18.

Figure 6.18. Symmetric MaReCo-Pure parabola rib design

Reflector

The shape of reflectors Figure 6.19 is determined by the shape of the rib as in the other
design.
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Figure 6.19. Shape of the reflectors in the symmetric MaReCo-Pure parabola design

Building the collector

The whole solar collector is also built with five ribs and four rib-attachments made of
wood and it is presented in Figure 6.20 and Figure 6.21.
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Figure 6.20. Collector wooden structure

Figure 6.21. Complete symmetric MaReCo-Pure parabola collector
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6.2. Analysis and evaluation of the HiG installation

6.2.1. Collectors thermal performance

The energy output of the collectors has been achieved by introducing the needed data in
(eqg. 6). The energy output has been divided for every month, to have a better insight of
how the time of the year affects to the energy production. Results are shown in Table 6.4.

Table 6.4. Monthly thermal energy output and losses of the installation

| 2015 2016

Vorth  Ouput  GrowAma LS ouput  GrowAma Lo
[kWh] [kWh/m2] [kWh] [kWh/m2]
January 0,10 0,01 0,00 0,01 0,00 0,01
February 0,52 0,01 0,00 3,74 0,08 20,8
March 24,7 0,52 181 166 3,45 89,1
April 335 6,98 215 382 7,95 159
May 243 5,07 194
June 425 8,85 236
July 533 11,1 252
August 1142 23,8 393
September 273 5,69 182
October 136 2,84 175
November 3,06 0,06 13
December 0,00 0,00 0,16
Total 3116 64,9 1840

These results can be better observed by drawing a diagram Figure 6.22.
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Figure 6.22. Monthly thermal energy output and losses of the installation in 2015
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If the total production of the whole system is divided by the quantity of solar collectors
(20 in this case), the power output per collector per year is obtained, which is 156
kWh/year*collector.

6.2.2. Collectors electrical performance in Tigo

The monthly electrical energy output was obtained directly from Tigo Table 6.5 and
Figure 6.23.

Table 6.5. Monthly electrical energy output of the installation

Collectors electrical performance in Kwh

2015 2016
Month Total production Production per gross | Total production Production per gross
(kwWh) area (KWh/m?) (KWh) area (KWh/m?)
January 30,1 0,63 8,41 0,18
February 74,5 1,55 70,5 1,47
March 197 4,10 109 2,26
April 271 5,65 154 3,21
May 206 4,30
June 219 4,56
July 205 4,27
August 273 5,70
September 139 2,89
October 132 2,75
November 44,5 0,93
December 32,4 0,67
Total 1824 38
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Figure 6.23. Monthly electric energy output of the installation in 2015
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Dividing the yearly electrical production of all the collectors with the amount of them,
the total annual electrical output of every collector can be obtained, which is 91,2
kWh/collector*year. But it has been seen in Figure 5.8, that the instant power of the
different collectors is different with the same solar radiation. The annual energy
production of every collector can be seen in Table 6.6.

Table 6.6. Electric energy output of each collector in the year 2015

El E2 F1 F2 Gl
105
Al | A2 Bl B2 C1

116 584 769 64,6 | 69,1

Energy (kWh) 124 86,3 81,8

Energy (KWh) 115 \ 89,3 \ 98,1

It can be seen in Figure 6.24 which of the collector have the higher electrical production
and which ones have the lowest ones, this way, it can be identified easily which ones are
not working properly.
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Figure 6.24. Electrical energy output from Tigo per each collector in 2015
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6.2.3. Collectors electrical performance in data logger

The results obtained from the data logger are presented in the Table 6.7.

Table 6.7. Collectors electrical energy output from data logger

Collectors electrical performance in KWh

2014 | 2015 2016
Total Production Total Production per Total Production per
Month production | per gross area | production gross area production gross area
(kWh) (KWh/m?) (kwWh) (KWh/m?) (kWh) (KWh/m?)
January - | - 276 0,57 5,01 0,10
February - - 62,5 1,30 57,7 1,20
March - - 180 3,75 95,6 1,99
April - - 258 5,37 136 2,84
May - - 187 3,90 - -
June - - 169 3,53 - -
July - - 186 3,87 - -
August 283 5,89 251 5,23 - -
September 265 552 128 2,67 - -
October 70,6 1,47 125 2,60 - -
November 23 048 386 0,80 - -
December 21,3 0,44 29,2 0,61 - -
Total | 1642 34,2

6.2.4. Simulated and expected performance

The electrical and thermal output with the 10 year average local climate data from
Meteonorm is shown in Table 6.8.

Table 6.8. Simulated electrical and thermal energy output for 2015
Eelectric (kWh/mZ) Ethermal (kWh/mz)

Jan1s 0,9 0,0
Feb 15 2,1 03
Mar 15 49 49
Apr 15 7,5 17,4
May 15 | 10,3 30,9
June 15 10,3 30,9
July15 9,9 32,2
Aug 15 8,4 26,9
Sept15 | 5,7 11,6
Oct 15 2,8 3,7
Nov15 1,0 0,0
Dec 15 0,6 0,0
Total 2015 64,4 159
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As expected, these results vary because the local climate has been determined by patterns.
Taking real climate data from Shiny Weather Data [47], the expected energy output can
be determined with the simulation, as seen in Table 6.9.

Table 6.9. Estimated electrical and thermal energy output

Eelectric (kWh/mZ) Ethermal (kWh/mZ)

Jan1s 0,7 0,0
Feb 15 1,6 0,1
Mar 15 49 9,2
Apr 15 7,9 137
May 15 7.4 6,7
June 15 8,7 135
July1s 8,4 171
Aug 15 10,3 39,7
Sept15 | 48 7,8
Oct 15 38 3,7
Nov15 1,2 0,0
Dec 15 0,9 0,0
Total 2015 60,6 112
Jan 16 0.8 0,0
Feb16 16 0,0

The local weather data of 2016 could be taken only for January and February and the data
of March and April was missing. In spite of this fact, the data of 2015 should be enough

to have an overall impression of the system’s performance.

6.2.5. Comparison of the results

In this section, a summary of the results presented before is given. In this way, it is easier
to compare all the results obtained from different software and simulations. The results
are shown in Table 6.10 and Figure 6.25 for the thermal part, and in Table 6.11 and Figure
6.25 for the electrical performance. It has to be mention, that both are presented in energy
per square meter during 2015 as it is the completed year.
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Table 6.10. Simulated, estimated and real thermal data in KWh/m?

Month Simulated Estimated Styr och staller

Jan 15 0,0 0,0 0,01
Feb 15 0,3 0,1 0,01
Mar 15 4,9 9,2 0,52
Apr 15 17,4 13,7 6,98
May 15 30,9 6,7 5,07
June 15 30,9 13,5 8,85
July 15 32,2 17,1 11,1
Aug 15 26,9 39,7 23,8
Sept 15 11,6 7,8 5,69
Oct 15 3,7 3,7 2,84
Nov 15 0,0 0,0 0,06
Dec 15 0,0 0,0 0,00
Total 2015 159 112 64,9
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May June July Aug Sept Oct

m Simulated m® Estimated

Figure 6.25. Simulated, estimated and real thermal data
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Table 6.11. Simulated, estimated and real electrical data in kWh/m?

Month Simulated Estimated Tigo Data Logger
Jan 15 0,9 0,7 0,63 0,57
Feb 15 2,1 1,6 1,55 1,30
Mar 15 4,9 4,9 4,10 3,75
Apr 15 7,5 7,9 5,65 5,37
May 15 10,3 7.4 4,30 3,90
June 15 10,3 8,7 4,56 3,53
July 15 9,9 8,4 4,27 3,87
Aug 15 8,4 10,3 5,70 5,23
Sept 15 5,7 4,8 2,89 2,67
Oct 15 2,8 3,8 2,75 2,60
Nov 15 1,0 1.2 0,93 0,80
Dec 15 0,6 0,9 0,67 0,61

Total 2015 64,4 60,6 38 34,2
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Figure 6.26. Simulated, estimated and real electrical data
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6.3. Market review and competitor analysis

The following tables, Table 6.12 and Table 6.13, summarize the market review and
competitors analysis of PVT collectors that has been done.

Table 6.12. Characteristics of competitor’s products price, size and electrical data

Technol ~ COMPANY & STZEl(ITE) | CurrentT;OT()IVOL\m‘LCeF;\/'/\)RT
ogy PANEL MODEL Gross |Aperture Cell type d
Fototherm - Module
PVT Tl ltaly | 850 518 | 164 | 158 Mono | 962 | 883 | 3010 | 3110 | 275 | 1670
Fototherm - Module
PVT Eo0ce ltaly | 680 42 | 161 | 15 | 159 | Poy | 89 83 | 372 | 301 | 250 | 155
PVT Dualsun Wave France 1,66 1,58 Mono 8,6 82 38,5 30,7 250 154
PVT Solimpeks zvolther Ly perl| ss0 263 137 | 136 | 130 | Mono | 57 54 464 | 368 200 17,8
powervolt
PVT Solimpeks SVolter i eyl a0 273 143 | 142 | 140 | Mono | 54 50 6 | 362 180 16,0
powertherm
pyr | TESGrowp -TESZeus- |- op 169 | 160 | 157 | Mono | 526 | 492 | 509 | s08 | 250 | 17,66
250 Mono
put | Mever B”'gze;;)"'yb"d 285% itzerland 1,650 Mono | 970 | 910 | 3980 | 3140 | 285 | 17,40
PVT | Sun System-PVT 240 | Bulgaria | 246 151 | 163 | 162 Poly | 852 | 7,84 | 37,20 | 3060 | 240 | 1640
Minimise Generation
PVT Power Hybrid UK 1,29 | 1,2656 | 1,26 | Momo | 58 | 551 | 5240 | 4370 | 240 | 21,60
240
gy || EEOMETAR = T || o 1,66 144 | Poly | 857 | 809 | 3858 | 3000 | 250
SBP-250
PVT S CF','\";_? ST | @i 1,63 Poly | 896 | 814 | 3740 | 3070 | 250 16
PVT Ensol- E-PVT2,0 | Poland | 400 198 | 202 | 18 Poly | 878 | 815 | 4531 | 3682 | 300
PVT Pego'amNi"é’g?O' PVTH jay | 350 211 | 166 | 152 | 146 | Poly | 89 867 | 37,79 | 2927 | 250 | 15,06
PVT Systovi- R-Volt France 1515 1314 | Mono | 8811 | 8502 | 344 | 2884 | 250 | 165
pyp || ME=EMNED o 163 | 155 Mono 8,41 209 | 260
Mono Black
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Table 6.13. Characteristics of competitor’s products weight and thermal data

THERMAL PART
Technolo COMPANY & First orde/r_\BSO:elzngwfi Order Peak Weight
% PANEL MODEL . Zero loss . - Pressure | Max (kg)
Material Effici 0 Coefficient (al) | Coefficient (a2) ban) [T o power
iciency (0 ) 2. K 2. K2 (bar)  Temp (°C)
Fototherm - Module
PVT FTo75AL Copper 0,583 6,08 0,00 85,00 | 921,00 32,00
Fototherm - Module
PVT FT250Cs Copper 0,560 9,12 0,00 85,00 888 27
PVT Dualsun Wave Copper 0,578 12,08 0,00 12 75 912 30
PVT Solimpeks - Volther | o 10 101 460 24
powenvolt
Solimpeks - Volter
PVT powertherm Copper 10 134 680 34
TESGroup -TESZeus - | Copper/
PVT 250 Mono Aluminium 0,520 85,00 275
Meyer Burger- Hybrid
PVT Saar50 0,600 6 80 900 29
PVT | Sun System- PVT 240 | COPPEAL 9,12 0,00 85 900 28
minium
Minimise Generation Copper/Alu
PVT Power Hybrid Ppe 0,534 8,37 0,586 10 93 675 26
minium
240
pyr |BrandoniSolare - Hybrid) iy | o538 15,529 0,010 3 85 849 32,8
SBP-250
Smart clima - Solar -
PVT PVT Aluminium 85 550 30
PVT Ensol - E-PVVT2,0 Aluminium 0,555 6 1037
Pegoraro Energia - PVT -
PVT H-NRG 250 Aluminium 0,650 14,405 0,00 3 80 831 29
PVT Systovi - R-Volt Aluminium 0,500 85 450 20,7
Nelskamp - HM 260
PVT Mono Black 6 85 719 25
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6.4. Production process guideline

The complete guideline of the assembly process can be found in Appendix. Table 6.14
summarizes the tasks in each section with their corresponding workers, working time per
task and the total time per station.

Table 6.14. Production process stations with their tasks, workers and times

0 en orke O 0 Ola pe
0]
1.Ribs 1.1 | Put the ribs in their location and attach with clamps 2 60 60
2.1 | Put glue where the "n" profile goes 2 30
2.2 | Attach the "n" profile 2 15
2.3 | Put glue where the "A" profile of the border goes 2 30
2.Profiles 2.4 | Attach the "A" profile of the border 2 15
2.5 | Put glue where the "A" profile of the middle goes 2 30
2.6 | Attach the "A" profile of the middle 2 15 135
2.7 | Waiting time for the glue to get dry 1800 1935
3.1 | Put glue on the surfaces for one reflector 2 60
3.2 | Attach a reflector plate 2 30
3.3 | Put glue on the surfaces for the other reflector 2 60
3.Reflector
3.4 | Attach the other reflector plate 2 30
3.5 | Put the press 2 60 240
3.6 | Waiting time for the glue to get dry 1800 2040
4.1 | Assemble 6 Receiver holders 2 90
4.Receiver 4.2 | Attach the two receivers 2 60
4.3 | Connect the receivers each other 2 30 180
51 gg; Sglue in the reflector and the ribs where one gable 2 30
5.Gable 5.2 | Attach one gable 2 15
5.3 | Repeat the same process for the other gables 2 135 180
5.4 | Waiting time for the glue to get dry 1800 1980
6.1 | Clean the box inside (last opportunity) 2 30
6.2 | Glue the surface of the profiles and the gables 2 120
6.Top glass
6.3 | Put the glass on the top 2 30 180
6.4 | Waiting time for the glue to get dry 1800 1980
7 Side covers 7.1 | Lift the module up from the wagon 2 15
7.2 | Attach the side covers with clinching 2 60 75
8.Bottom 8.1 | Lift the module up higher 2 15
plate 8.2 | Attach the bottom plate 3 60 75

Itis also possible to present the timeline of the assembly process in which can be analyzed
how the stations are planned and what improvements could be functional in order to
decrease the total time that amounts up to 8145 s (136 min, i.e. 2h 16min). Table 6.15
shows start and end times per section represented in the timeline in Figure 6.27.
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Table 6.15. Numerical summary of the assembly process timeline

Section name Start time End time Duration [s]
1. Ribs 0 60 60
2. Profiles 60 1995 1935
3. Reflectors 1995 ‘ 4035 2040
4. Receivers 2235 2415 180
5. Gables 4035 | 6015 1980
6. Top glass 6015 7995 1980
7. Side covers 7995 8070 75
8. Bottom plate 8070 8145 75

Assembly Process Timeline
1.Ribs 7|
2.Profiles
3 Reflectors | F
4.Receivers

5.Gables

Section

6Topglass | —
7.Side covers ] [ ]
8.Bottom plate ] [ ]
0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800

Time [s]

8400

Figure 6.27. Graphical representation of the assembly process timeline

It has to be indicated that during the development of this specific study, a new design of
the press has been developed. The idea came up when the visit to Absolicon Solar
Collector AB was made. This company has two options to attach the reflector to the
structure:

e Wooden solid press: it consists on using a wooden structure which is built by
taking the complementary excess of wood when cutting the shape of the ribs. This
type of press is shown in Figure 6.28. Obviously, it is considerably cheap but it
has one main problem: the operators cannot work while the silicone is drying due
to its solid structure and lack of free space in the collector.

69




Figure 6.28. Wooden solid press used in Absolicon Solar Collector AB

Vacuum machine: it is based in a more precise way to deposit the reflector and
attach it to the collector. A representative image of this kind of machine can be
observed in Figure 6.29. Evidently it is incredibly expensive but its performance
Is probably more accurate. It is also impossible to work during the drying time it
happens in the wooden solid structure.

Figure 6.29. Vacuum machine similar as the one used in Absolicon Solar Collector AB [49]
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So, a new design of the press has been created and it is based in the wooden structure’s
idea but allowing the workers to proceed to the installation of the receivers while the glue
Is drying. Its design is shown in Figure 6.30 and its application in Figure 6.31, where it
can be seen that there is more free space to work in the collector. In this way it is possible
to overlap the drying time of the silicone with the next task, reducing waiting time (see
Figure 6.27).

Figure 6.30. Design of the new wooden press

Figure 6.31. Application of the new wooden press
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Chapter 7

Discussion

7.1. Design of the new C-PVT prototype

First of all, it is relevant to say that there have been many variations in the designs of the
different parts since the first idea came up. At the beginning the plan was to design the
receivers for analyzing only the electrical data. But later on, it was decided that it would
be more interesting to build the prototypes for analyzing both the electrical and thermal
data, so this made some variations to the dimensions of the boxes and the whole receiver
was redesigned.

The designs have been developed taking into account that they would end up as a
prototype and not as a design for mass production. This is the reason why the box is, for
example, made of wood and the design of the holders is just a provisional solution for
being able to build the collector. If the design results to be successful, a longer lasting
design of the box should be made.

As the boxes are made of wood, the mounting process can be made by screwing the ribs
to the attachments, and later on screwing the receiver holders to the ribs as well. The
receivers will have to be screwed also to the holders, which is the reason why the
placement of the ribs coincides with the spaces between the strings of the solar cells.

Regarding the shape of the pipes for the cooling system, the solution has been adopted as
provisional because the heat transfer from the receiver to the fluid will probably perform
worse than, for instance, a flat (rectangular) pipe that covers the whole surface of the
receiver.
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The solar cell cuts are already made and there are enough of them to be able to build the
need receivers for the designed collectors. The most complicated part of the prototype is
to solder the cells in strings. As they have no standard sizes, the cells have to be fitted
manually in the machine that is in the Solarus’ factory in Venlo. Soldering them by hand
would end up with many broken cells and their performance would suffer a decrease in
production so this is an undesirable method.

The proper design will be verified while building the prototypes. As the construction will
be manual, it has been attempted to think beforehand about all the problems that could
appear in the process of building the prototypes, but new problems may appear and some
variations might be needed.
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7.2. Analysis and evaluation of the HiG installation

First of all, comparing the simulated thermal output and its estimated output Table 6.10,
it can be seen that the second one (111,5 kWh/m?) is significantly lower than the first one
(158,8 kWh/m?). So, the estimated thermal output is about the 70 % of the simulated using
the ten years average. But it is not only the total sum which varies, but also the distribution
of the thermal performance Figure 6.22. It can be seen that during the summer (from May
to August) the simulated results are much higher than the estimated ones except from
August where there is a peak in the estimated output.

In addition, comparing the estimated thermal output with the real performance of the
collectors extracted from “Styr och staller”, it can be noticed that the performance is
noticeably lower than the expected one, concretely 58 % of the total estimated value. But
it can be noticed that the real results follow the almost the same distribution over the year
as the estimated performance (i.e. different from the simulated).

It has been observed that there are a lot of losses throughout the pipeline and as it can be
seen in Table 6.4, the losses correspond around 36 % of the produced heat in the
collectors.

Concerning the electrical results obtained Table 6.11, its discussion is similar to the
thermal part. The estimated output is slightly lower (60,6 kWh/m?) than the simulated one
(64,4 KWh/m?), in other words, the estimated energy output is around 94 % of the
simulated production. About the distribution, it can be seen in Figure 6.23 that its analysis
is similar to the thermal performance, but the differences are minor as well as the peak
difference in August.

Examining the real electrical results obtained, it can be determined that there is a slightly
variation between the data from Tigo and the data from the logger (Table 6.6 and Table
6.7). Data logger’s values are somewhat lower than the values from Tigo, concretely the
total value is 10 % inferior. This may be due to the data in the logger has been taken after
the inverter which obviously has its own efficiency.

Moreover, analysing more in depth the results from Tigo, it can be seen in Table 6.6 and
in Figure 6.24 that the performance of the collectors is unequal among them. Some are
not working properly and normally have lower performance than the others: these are the
collectors A2, B2, C1, E2, F2 and G2 (below 70 kWh/year). On the other hand, there are
a few of them that work always better than the other ones: these are Al, C2, E1, 11 and
12 (above 110 kWh/year).
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In addition in Table 6.11, it is possible to compare the real electrical performance (37,99
kKWh/m? or 34,20 kWh/m?) with the estimated electrical output (60,6 KWh/m?). This
means that the real output is 62,7 % or 56,4 % of the estimated result, using Tigo or Data
logger respectively.

It is obvious that in overall the real results are lower than the expected ones. There can be
several factors that contribute to this fact and some are listed below.

e Uneven flow in receiver core. Having a bad flow in the receiver can cause
electrical losses in the cells due to local heating. It can also reduce the thermal
output due to elevated temperatures in the receiver compared to heat transfer fluid.
o The Solarus’ receiver has seven parallel channels for the flow. The inlet
and outlet of these channels are clamped to induce a pressure drop that
gives an even flow in all the channels. The production of the collectors for
the HIG installation were done with a faulty tool that provided insufficient
pressure drop which could lead to uneven flow in the receiver.
» To evaluate this effect a collector with badly clamped receiver
could be tested individually.
Miss match of collectors
o The HiG installation uses longer strings of collectors than any other
Solarus installation. It is possible that the panels suffer from miss match.
» To evaluate this effect the fill factor of single panels can be
compared to the string fill factor.
Stagnation issues
o Recent tests have shown that the previous collector design may have
problem with stagnation. After stagnation receiver strings have stopped
producing entirely. Investigation into this problem is ongoing.
Long cables of insufficient diameter
o There are a lot of losses throughout the pipeline Table 6.4, maybe
increasing the diameter of them might decrease the heat losses.
Shading of collectors
o It has been shown from testing that the receiver can hang down and cause
low electrical production in some unexpected solar angles.
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7.3. Market review and competitor overview

Observing Table 6.12 and Table 6.13, there are several conclusions that can be deduced
from the most important parameters. To begin with, it has to be stated that the price per
square meter of the Solarus’ collector is one of the cheapest, which is a remarkable plus
point.

The area of the collector is the biggest one due to it contains two troughs in the same
module. This fact can be a drawback because the surface is typically the parameter which
limits an installation. Nevertheless, the absorption area is the smallest one because the
majority of the needed surface is used for concentrating and the competitors are not using
concentrators.

The peak electrical power is on the average but two interpretations can be done.
Comparing the peak power with the gross area, the efficiency is quite low compared to
the competitor’s collectors, but comparing it with the absorber area, it has the highest
efficiency.

Regarding the thermal part, the solar panel from Solarus has the lowest efficiency of the
market, but the peak power is the highest one. This circumstance might be because of the
larger area of the module.

Lastly, talking about the weight of the collector, the collector from Solarus is the heaviest
one by far but this is understandable taking into account that it is the one with the largest
area. Being the heaviest can also be a handicap because it is harder to handle and the
structure where it should be mounted has to be firmer and solider.
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7.4. Production process guideline

The main conclusion that can be extracted from analyzing the assembly process (Table
6.14 and Figure 6.27) is that the attachments should be reconsidered because of the glue
needs too much time and stretches on the process. The waiting time amounts up to 7200
seconds which represents an 88% of the overall time.

Obviously a modification in the manner of mounting all the parts would imply a redesign
of several components. For instance, using screws would probably involve higher costs
in the production of the components and more labor of mounting but it would evidently
remove the waiting time and it would make easier to repair the modules, in case of need.

Moreover, this could be the first step to automate the assembly process. This would make
sense if the production increases extensively. Then, prices could be greatly reduced as
well as the time of production taking into account that the measure would require a high
initial cost to buy all the machines and adapt them to the necessities.

Another way to improve the process would be to produce a huge quantity of collectors at
the same time. In this way, during waiting time of one collectors the operators could work
mounting other components in another collector until they reach the glue drying time in
the other one as well. However, this measure would imply more required space in the
workshop.
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Chapter 8

Conclusions

After having described all the work performed in the Master Thesis, conclusions have
been deducted and summarized per each main topic. In addition, it has been thought that
presenting future work and recommendations would be really useful to go straight on with
the projects. Thus, some suggestions and possible upcoming tasks are defined in this
chapter.

8.1. Design of the new C-PVT prototype

8.1.1. Future work

Once the prototypes have been designed, it is time to build them. In order to do it, some
contacts with possible suppliers have been already made, asking for estimated budgets
and approximate delivery times. So, the first step would be to come to an agreement with
the suppliers and give the final OK to them so that they can start producing the
components.

While the components will be manufactured, it could be useful to start preparing the test
equipment and organize all the needed tools. After that, and once the components will be
received, the PV cells should be laminated and soldered. Then, it would be time to build
the prototype manually in the Solarus’ workshop.

At this time, the potential comparisons that could be done with the prototypes have been
planned. In Table 8.1 and Table 8.2, the designs of boxes and designs of receivers that
have been presented during the Master Thesis are characterized.
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Table 8.1. The different boxes designs

Design Number Reflector Design Arc circle angle / Reflector height
focus length (mm)
1 Standard Solarus - 86
2 Standard Solarus - 47
3 Standard Solarus - 47
4 Symmetric MaReCo 30° 100
5 Pure Parabola 25mm 75
6 Symmetric MaReCo 30° 75
7 Symmetric MaReCo 30° 125
8 Pure Parabola 20mm 75

Table 8.2. The different receiver designs

Design Letter Cell size (mm)  Receiver (mm)  Pipe size (mm)  Receiver type

A 78*78 2323*86 6 Triangular
B 78*39 2323*47 6 Triangular
C 156*39 2323*47 6 Triangular
D 78*39 2323*47 6 Non-Triangular
E 78*39 2323*47 10 Triangular

Taking into account that it is possible to change the trough (box design) in which the
receivers are placed, the planned comparisons are:

e Cell sizes

o Comparison: 1A vs 2B vs 3C

o Results to take out: Direct comparison of electrical peak power per m? and
IAM [50].

e Pipe dimensions

o Comparison: B vs E (using the same box design)

o Results to take out: Direct comparison between thermal performance of
6mm and 10mm pipe diameter.

e Type of receiver

o Comparison: B vs D (using the same box design)

o Results to take out: Direct comparison between thermal performance of
Triangular and Non-Triangular receivers. Do the thermal efficiency curve
and the thermal IAM.

e Reflector shapes
o Comparison: 1-2-3 vs 4-5-6-7-8 (using the same receiver)
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o Results to take out: Direct comparison of the design in terms of electrical
performance (peak power and IAM) and thermal performance (IAM and
thermal efficiency curve).

In order to perform the tests, it can be useful to investigate and observe previous
experimental setups, for instance [30,[51].
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8.2. Analysis and evaluation of the HiG installation

8.2.1. Conclusions

The principal conclusion of its evaluation is that there are many aspects that should be
modified in order to enhance the overall performance. Nowadays, the installation is not
operating as it is supposed to be, thus it is necessary to implement some improvements.

Concerning the thermal part, it has been noticed that the performance during 2015 is
concretely 58 % of the total estimated value. Moreover it has been perceived that there
are disproportionate losses in the pipes which decrease considerably the performance of
the installation. An in depth revision should be executed and the insulation of the pipes
should be upgraded.

Regarding the electrical part, the real output is 62,7 % or 56,4 % of the estimated result,
using Tigo or Data logger respectively. Data logger’s values are 10 % lower than the
values from Tigo, may be due to the presence of the inverter. In addition, the performance
of the collectors varies greatly among them, even though they receive practically the same
radiation and they are identical. This means that the conditions of several receivers is
unacceptable and affects their performance. There are various possible causes, for
instance the existence of broken cells and dirt, presence of shading and stagnation issues.
So, some measures must be applied in order to improve the quality of the installation.

8.2.2. Future work

e Test a collector with badly clamped receiver to evaluate the flow in the receiver
core.

e Compare the fill factor of single panels to the string fill factor of Solarus
collectors, to see if the panels suffer from miss match.

e Investigate stagnation issues.

e Improve the pipeline insulation or make a new design.
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8.3. Market review and competitor analysis

8.3.1. Conclusions

As it has been explained in section 7.3, the conclusions are that the price per square meter
is low, while the electrical and thermal peak powers are high. Both characteristics are
advantageous for the Solarus’ collector but the main drawback is that the needed area and
its weight are significantly higher because of the conception of the design which includes
a reflection area.

8.3.2. Future work

It is obvious that the main important aspect to improve is the acquirement of more
information about the competitors due to there are several characteristics to fill in. The
principal lack of data comes from the prices and some thermal parameters.

On the other hand, it is not only important to complete the data but also to update all the
others characteristics due to the solar market is changing rapidly during these years
because of its expansion and growth.
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8.4. Production process guideline

8.4.1. Conclusions

As said in section 7.4, the first conclusion is that instead of using glue for the attachments,
another technique should be used (if possible) as for example screws. It has to be pointed
out that the actual waiting time during the assembly process accounts for the 88 % of the
total time. In this way, apart from reducing extremely the delay time, it would become
more effortless for maintenance and reparations in case of needed.

At the same time, more overlapped processes should be planned in order to achieve the
same goal: time reduction. Moreover, it has to be stated that adding screws may add a
bigger initial investment, but it would be really useful if it is desired to increase the
production in the near future.

8.4.2. Future work

The graph about the production process guideline Figure 6.27 shows that most of the time
spent for building a collector is the waiting time for the glue to be able to handle it. So
the first aspect to change is to switch from glue to screws wherever is possible (for
example the reflector has to be attached to the rib with glue). In this way, the waiting
time, and consequently the production time, will be decreased drastically.

For increasing the production of the factory, a line production is recommended so that in
each stage a different process is made. Depending on the desired production, more than
one line can be made to get a higher production, but the needs of the market have to be
taken into account.
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Appendix - Production Process Guideline

1. Ribs

Description: The first step for the solar panel is the construction of the foundations of
the structure. First 5 ribs made out of steel are needed, for making the basis
of the structure. The geometry of the ribs is quite complex because it is
defined by the desired shape of the reflector, which is a parable-
circumference.

Material: 5 steel ribs (Imm thickness), mounting jig, clamps

Figure A-1. Design of the ribs
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Attachment:

I.  For mounting the five ribs, the distance between the two exterior ribs is 2’3
meters. Two other ribs go 10 cm away to the centre from the exterior ones. The
last rib goes in the exact middle point. They are to be attached by clamps.

Figure A-2. Rib deployment for the collector
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2. Two “A” profile & one “n” profiles

Description: In this step the ribs are attached to each other with the help of 3 metal

Material:

covers with different profiles. The shape of two of the covers will be an
“A” profile and they will be set at one end of the rib and in the middle.

The shape of the other cover will be an “n” profile and it will connect the
other end of the five ribs.

2 different (symmetric) “A” profiles and 1 “n” profile made out of steel
with 1mm thickness, glue

Figure A-3. Design of the “A” and “n” profiles

91



Attachment:

I.  Putglue on the top surfaces of the ribs

Figure A-4. Location for the glue

Il.  Attach the “n” profile in its defined location

Figure A-5. Attachment of the “n” profile
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I1l.  Attach the “A” profile of the opposite position of the ribs

Figure A-6. Attachment of the “A” profile of the side

IV.  Attach the other “A” profile that goes in the middle of the ribs

Figure A-7. Attachment of the “A” profile of the middle
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3. Reflectors

Description: Two large reflector plates are pressed and glued in this step to the ribs with
the proper geometry so that they can concentrate the solar radiation in the
receivers. The reflectors are long metal sheets that thanks to the pressure
and the form of the ribs, take the desired shape. The reflector plate will
have some holes, which some are needed to put the holders of the receivers
and some to lead the cables under the reflector.

Material: 2 reflectors plates (0,5 mm thickness), glue, pressing tool

Figure A-8. Design of the reflector
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Attachment:

I.  The surface of the parable-circumference of the ribs is glued to attach the reflector
on it.

Figure A-9. Location of the glue for the reflector on the ribs

Il.  The reflector plates are attached to the ribs.

Figure A-10. Attachment of the reflectors
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1. Pressure is made from the top to make sure that the reflector is well attached to
the ribs and the profiles.

“Waiting time”:

Figure A-11. Design of the press for the reflector

After this third step it is necessary to wait 30 minutes for the glue
to make effect and get dry so that is possible to start with the next
steps. The glue is completely dry after 24 hours but it is possible
to handle within 30 minutes. So this pressing tool should let putting
the receiver holders and the receivers themselves.
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4. Receivers

Description: Before the receivers are attached to the construction, it is necessary to
assemble three holders on the construction. The holders are attached in the
three interior ribs with screws. After this step you can put the receiver in
the holder to assemble it. This step is the same for both sides of the

parable-circumference.

Material: 2 receivers, 6 receiver holders

Figure A-12. Receiver and receiver holders
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Attachment:

I.  The six holders are screwed to the three ribs located in the middle

Figure A-13. Location of the holders

Figure A-14. Attachment of the holders
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Il.  Receiver is attached to the holder

Figure A-15. Attachment of the receivers

IIl.  The electrical connection between the two receivers is made.
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5. Gables

Description: In step two gables are used to cover both sides of the receivers and to hold
the receivers from the sides at the same time. The gable is made out of
plastic and is attached with glue on the side of the ribs. The holes of the
gables will hold the receiver, the gables will work as a protection of the
receivers and will have some grommets to attach the receiver to them.

Material: 4 gables (plastic), glue, grommet (rubber)

Attachment: In the first step the receiver has to be fit in the holes of the gables.
Afterwards glue is put in the reflector and the gable is attached to it.
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6. Top glass

Description: After every work inside the box is completed, it is covered with a glass at
the top to protect the collector against stresses and strains from outside,
for example: rain, hail and so on.

Material:  low iron glass plate (4 mm thickness), glue

Figure A-16. Design of the top glass
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Attachment:

I.  Putglue at the top of the three profiles and the gables

Figure A-17. Location of the glue for the glass

Il.  Putthe glass plate on top

Figure A-18. Attachment of the glass
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7. Protective cover on the side

Description: In this step two covers are attached on the long side of the construction as
a safety measure against precipitations. The cover is made out of steel and
has a “U” profile.

Material: 2 steel covers (1 mm thickness)

Figure A-19. Design of the protective cover of the side
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Attachment: The idea to attach the covers on the side is with the procedure of
“clinching”. Clinching also referred as Press-Joining™ is a bulk-sheet
metal-forming process aimed at joining thin metal sheet without additional
components. In this case is it an advantage to lift the construction with a
crane to edit the underside better.

I.  Lift the module and attach the side covers with clinching

Figure A-20. Attachment of the protective cover on the side
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8. Protective bottom plate

Description: In this step a bottom plate is attached in order to prevent ground moisture
or other unfavourable conditions that could get the collector dirty. The
bottom plate is made of steel and has the same size as the glass on the top.

Material:  steel plate (1 mm)

Figure A-21. Protective bottom plate

Attachment: The way of attaching the bottom plate is with the procedure of “clinching”.
In this case the construction should be lift with a crane.

Figure A-22. Attachment of the protective bottom plate

- After the last step the construction should dry for 24 hours to get hardened -
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