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Abstract
This Final Report is the culmination of a four month long design study on floating solar panel
park feasibility in Vaasa, Finland. The Floating Ideas Team was tasked with coming up with a
design that would not only work, but also make a profit. The team focused a lot of time on initial
research, an iterative design process, and experiments to gather information that could not be
found during the research phase.
In this report, one can expect to find the major findings from research in many different areas
such as location, panel design, flotation design, cooling techniques, and efficiency adding
techniques. The first takeaway is that implementing floating solar parks in Finland would require
adding efficiency techniques such as mirrors or concentrators. Second, how the panels are
placed means a lot in a location so far north. Placing the panels far away from each other and
horizontally will reduce the negative impact of shadows. And third, the rotation of the structure is
important in increasing efficiency. Multiple axis tracking is not necessary, but tracking in the
vertical axis can add a 50% increase in power generated.
This research then lead into the defining of four initial designs which were eventually paired
down into one. The largest factors leading to the change in design were the combination of
rotation and anchoring methods, the flotation structure, and the structure required hold the panel
modules together. In the end, the final design is a modular circular design with panels and
mirrors to help add efficiency, approximately 37%.
From there, an economic and environmental feasibility study was done and for both, this design
was deemed feasible for Finland. With the design, detailed in this report, it would be possible to
implement this and make a profit off of it, leading the team to believe that this should be
implemented in places looking for alternatives for renewable energy production.
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1.

Introduction

1.1

European Project Semester (EPS)

The European Project Semester (EPS) program is offered in eighteen universities throughout
Europe and is a one semester project-based learning program designed for engineering
students. Throughout the duration of 15 weeks, multinational teams are to work on an assigned
project subject. This program allows students to improve their intercultural communication and
teamwork skills while being challenged to solve real multidisciplinary problems.
For this report, the EPS is hosted at Novia University of Applied Sciences. The Floating Ideas
Team has been assigned to the Floating Solar Panel Project to investigate the feasibility of a
floating solar panel park in Finland. An introduction to the project, objectives, and more detailed
information about the project and end results will be elaborated in the report.

1.2

The Floating Ideas Team

The Floating Ideas Team is composed of five team members from different nationalities and
fields of study. An introduction of each team member is given below.
Carlos Martin Delgado
I am an electrical engineering student at Valladolid College of Industrial
Engineering. I have taken this EPS as a way to do my Final Degree
Project at my university. My field of study is electricity in every phase:
generation, transportation and use of it.
Laura Ripoll Albaladejo
My name is Laura Ripoll and I am from Sitges, a nice town near
Barcelona. I study Mechanical Engineering in UPC Vilanova. After this
project I will get my degree and I am looking forward to work on new
sustainable and ecological projects.
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Stephan Fischer
My name is Stephan Fischer from Kiel, Germany and I am earning my
Bachelor’s Degree in International Sales and Purchase Engineering. After
the mechanical engineering fundamentals my degree program focuses on
strategic and operational activities in the commercial sector.

Elizabeth Larsen
My name is Elizabeth Larsen. I study Civil, Environmental, and
Sustainable Engineering. I am originally from Minnesota, but study at
South Dakota School of Mines and Technology in Rapid City, South
Dakota. I will be earning my Bachelor’s Degree after the completion of this
project.
Amber Kauppila
My name is Amber Kauppila and I am earning my Bachelor’s Degree in
Environmental Engineering. I am from Marquette, Michigan in the United
States. Major focuses in my studies include waste to energy technology,
sustainability, and remediation.

1.3

Introduction to the Project

The main content of the EPS program is the Floating Solar Panel Park project performed by the
Floating Ideas Team throughout the semester. In addition to the project, the EPS program
consists of supplement courses focused on teaching and improving technical, teamwork, and
cross-cultural skills. The Project Management course concepts have been deeply integrated into
the project work, project planning, time scheduling, budgeting, and risk assessment done by the
team. An overview of the group work and practical tasks completed by the team is discussed in
the Project Management Review section of the report.
A brief introduction to project objectives and project goals are discussed below. The research,
simulation, and testing have been conducted over the semester in reference to the main
interested party Wärtsilä. Other interested parties could include energy companies, and
countries with low solar radiation.
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1.3.1

Wärtsilä and The Customer

Wärtsilä is a Finnish company that was founded in 1834 with locations in Helsinki, Vaasa, Turku,
and other European locations. Wärtsilä is a world leader in smart technologies and product
lifecycle solutions for the marine and energy businesses. The goal of Wärtsilä is to sustainably
meet the world’s increasing energy demand through maximizing the environmental and
economic performance of customers vessels and power plants (Wärtsilä, 2019). The Floating
Ideas Team is fortunate to have Sören Hedvik, a current employee of Wärtsilä and sustainability
enthusiast, to serve as a contact for the company and to help assist with the Floating Solar
Panel Park project.
1.3.2

Project Scope

Floating solar panels are an emerging technology that is becoming increasingly popular
amongst countries that are shifting to renewable energy options. As the material for solar
technology is rapidly dropping in price level and developing worldwide, it is becoming possible
to engineer the technology to make it feasible for locations with low solar energy potential. Due
to the country’s northern location, Finland is currently considered a country with low solar
energy potential. However, as a result of Finland’s cooler climate and landscape with over
180,000 lakes, floating solar technology still has the potential to be feasible in Finland.
The purpose of the Floating Solar Panel Park project is to determine, and verify the feasibility of
floating solar technology in Finland. The project will design and a floating solar panel park that
will be analyzed in terms of its final energy estimation, its economic feasibility, ant its
environmental impact. The project will estimate the yearly power output and efficiency of the
panels in regards to interested parties such as energy companies and other countries with low
solar energy potential. These concepts will be further built upon throughout the project through
research, simulation, and testing.
1.3.3

Mission and Vision Statements

The mission statement for the project is as follows:
“Create an economically, socially, and environmentally feasible floating solar energy source for
Northern Europe first concentrated in Vaasa, Finland and then extend it to other locations with
similar latitudes.”
The vision statement for the project is as follows:
“Design a sustainable and economically successful floating solar park technology that is
adaptable for areas that are not yet energy efficient in reference to solar energy.”
11
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2.

Background Information and Research

Solar photovoltaic (PV) is a type of renewable, green technology that directly transform solar
energy into electrical energy. The sun is a powerful energy source that has the ability to meet
the global energy demands of Earth for an entire year with only an hour of sunlight. However,
solar energy technology by today’s standards is only able to utilize 0.001% of the energy given
off by the sun (Oni, B., 2017). By effectively and efficiently harnessing the sun’s radiation, solar
PV systems present unique advantages and have a large potential to become an
advantageous, renewable, and clean energy source.

2.1

How Solar Panels Work

Solar PV systems work by absorbing photons of light and releasing and separating electrons
from their atoms. This physical and chemical phenomenon is called the photoelectric effect.
Smaller units called PV cells contained in the solar panel are responsible for directly converting
the energy of light into direct current (DC) electricity by capturing the free electrons (Knier,
2008). The DC electricity produced from solar panels must be converted into a more stable, and
safer alternating current (AC) electricity by a PV inverter before use in a national or local grid.
Figure 1 below shows a schematic of the operation of a basic PV cell.

Figure 1. Diagram illustrating the operation of a PV cell (Lighting Research Center, 2006).
PV cells are composed of specially treated semiconductor material that share properties of both
metal and insulators in order to convert sunlight into electricity. Light that is absorbed by a
semiconductor is transferred as energy to electrons. This allows the electrons to freely flow
12
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through the material as electrical current. The direction of electron flow is controlled by the
positively and negatively charged electric fields in the PV cells. By drawing the current off of the
PV cell, the power produced by the solar cell can be used for external use (Kneir, 2008).
Silicon is the most common semiconductor material used in solar cells. Infact, ninety percent of
solar panels sold today use silicon as a semiconductor material (Solar Energy Technologies
Office, 2013). Silicon’s marketability is contributed to it’s crystal lattice structure of the atom that
makes it capable of providing solar cells with a higher efficiency, lower cost, and a longer
lifetime. Silicon is doped with phosphorus resulting in n-type silicon, and doped with boron
resulting in p-type silicon to increase the conductivity of it’s crystal lattice. The increase in
conductivity helps to move electrons across the positive-negative junction and create electric
current flow and voltage in the PV cell, thus, producing power. Other semiconductor materials
used in solar cells include thin-film photovoltaics, organic photovoltaics and concentration
photovoltaics (Solar Energy Technologies Office, 2013).
An assembly of PV cells electrically connected together form a photovoltaic module, also known
as a solar panel. The typical solar panel consists of approximately 40 PV cells. Solar panels can
be further wired together to form a solar array. The electrical energy produced will increase with
increasing area size of solar panel or solar array. According to the National Renewable Energy
Laboratory (NREL), an array of between 10 to 20 solar panels is required in order to provide
enough electricity to power the average home (Solar Research, 2018).
The amount of electrical energy produced by a PV cell is dependent on the intensity and
wavelength of the light source, and various performance characteristics of the PV cell.
Significant parameters affecting PV cell performance include the maximum current and voltage,
efficiency, characteristic and parasitic resistance, temperature, diode ideality factor, and the
band gap energy (Alternative Energy Tutorials, 2019). Out of all factors, temperature and solar
irradiance have the largest influence on PV cell performance. A graph showing the current and
voltage (I-V) characteristics of a PV cell operating under normal conditions is shown in Figure 2
below. PV cell I-V characteristic curves are significant for determining the relationship between
the current and voltage at present temperature and solar irradiance conditions. Information
provided by the I-V characteristic curves yield necessary information for designing a solar
system to operate as close to the PV cell’s optimal peak power point (MPP) as possible
(Alternative Energy Tutorials, 2019).
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Figure 2. PV cell I-V characteristic curve (Alternative Energy Tutorials, 2019).
The efficiency of each PV cell determines the total efficiency produced from the solar panel.
Solar panel cell efficiency can be defined as the ratio of electrical power produced from the PV
cell to the amount of sunlight captured by the PV cell (Solar Energy Technologies Office, 2013).
Simply stated, the efficiency of a solar panel determines how much of the energy captured by
the PV cell will be converted into electrical energy. Solar panels are tested at Standard Test
Conditions (STC), an industry-wide standard, to compare, rate, and determine the efficiency and
performance of solar panels. These conditions correspond to a clear, sunny day with the
incident light hitting a sun-facing 37 degree-tilted surface with the sun at an angle of 41.81
degrees above the horizon. Standard test conditions are displayed in Table 1 below.
Table 1. Standard Testing Condition specifications

It is important to note that STC is not a sufficiently accurate standard to stimulate a panel’s real
world operation and performance due to major climatic and geographic conditions on Earth.
Regularly occurring deviations in lamp spectrum, module and environment temperature, and
solar irradiation are examples of sources that cause panel’s of manufacturers to not effectively
meet STC, resulting in incorrect output data. Today, the typical efficiency of commercially
available PV panels is 7 to 17%, with the most efficient solar panels on market today having
efficiency ratings as high as 22.2%. Efficiency values of panels and cells will vary with each
manufacturer and panel type.
14
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2.2

Progress of Floating Solar Park Technology Today

In today’s society and growing population, 80% of the world’s current energy demand is
produced using fossil fuels. Fossil fuels not only pose grave environmental consequences, but
are nonrenewable resources that will eventually be exhausted. Thus, the need for, and transition
to renewable, green energy sources are becoming more and more dire. Solar power is a type of
green energy that is growing fast in recent years as a result of technological advancement, solar
PV capacity growth, significant cost reduction in material, and worldwide need for green,
renewable energy sources.
Floating solar, also known as a floating photovoltaic, is a relatively new solar energy technology
that consists of a solar array that floats on top of a body of water. From the design, this
technology is able to take advantage of unutilized water spaces and convert them into profitable
and eco-friendly energy generating areas. Due to the rapid drop in the price of solar PV
modules, and factors of land encroachment and increasing purchasing cost of acquiring land
have helped to aid the floating solar industry in becoming a popular alternative to traditional
solar methods. According to NREL, floating solar park technology is estimated to save 2.1
million hectares of land saved if solar panels were installed on top of water bodies instead of on
the ground (DOE/NREL, 2019).
Although the solar PV industry has been around and developing for over one hundred years, the
first floating solar panel systems installation was in 2007. After the Fukushima nuclear disaster
that occurred in 2011, Japan was one of the first countries to heavily invest in the floating solar
industry as an effort of energy transition. Since then, Japan has experienced enormous benefits
that has helped put the country in a better economic and environmental state. From Japan’s
success with their floating solar projects, the floating solar market is growing more popular and
is being developed worldwide as other countries are following in pursuit (Thi N., 2017). Floating
solar has predominantly been installed in China, Japan and the UK, but the technology is
expanding to the US, South America, China, South Korea, ASEAN countries, Latin America,
and Asia (DOE/NREL, 2019). Floating solar is projected to continue to be adopted by developed
countries, and especially amongst island nations with land-scarce regions. In fact, the use of
floating solar has grown more than a hundred-fold in less than four years, from a worldwide
installed capacity of 10 megawatts at the end of 2014 to 1.1 gigawatts by September 2018
according to the World Bank Group and the Solar Energy Research Institute of Singapore
(SERIS) (The World Bank, 2018). The democratization of floating solar takes time, which is why
some nations have yet to adopt the technology. However, with greater awareness and
increasing need for renewable energy sources, floating solar panels have a bright future and the
rapid adoption of floating solar technology can be expected.
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2.3

Floating Solar Park Examples

Many countries have been developing floating solar park technology within the last decade.
Japan has nearly 50 floating solar facilities of more than 1 MW and plans to install several
dozen more.The country’s largest farm (13.7 MW) was opened in March 2018 in Chiba, near
Tokyo, where it supplements the output of the hydroelectric dam on the same site.
Following the steps of Japan, China is developing floating solar PV farms on a gigantic scale as
a result of the country’s variety in landscape. The Huainan farm in Anhui province is now
operational, with a capacity of 40 megawatts (MW), and another 150 MW facility is planned for
the same region by 2019. A leading Saudi developer and operator ACWA Power has
announced it has won the right to develop the first utility-scale renewable energy project in Al
Jouf region in Saudi Arabia, the 300 megawatt Skaka IPP PV solar project, at a record-breaking
tariff of 2.34 US-cents per kilowatt-hour. In addition, India, has announced an ambitious floating
solar program supported by the public authorities. India is home to a huge number of irrigation
reservoirs (36,000 in the state of Karnataka alone). Australia has also started to move into the
solar PV market.
However, apart from the United Kingdom, which has two of the world's ten largest floating solar
farms (the Queen Elizabeth Reservoir near London and the Godley Reservoir near
Manchester), European countries such as Belgium, Denmark, Italy and Portugal have so far
opted for sites with capacities of less than 1 MW. In France, discussions have been ongoing for
several years for an ambitious project in a former aggregates quarry in Piolenc, Vaucluse. If it
goes ahead, the floating solar farm should be ready in 2019. In the Alsace region, a small site
on a lake in the Strasbourg suburb of Illkirch-Graffenstaden is being finalized for use by the local
authorities, but is facing opposition from environmental activists.
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2.4

Location and Climate

Vaasa is located on the West Coast of Finland, right on the Bothnian Bay. With the sea being so
close, Vaasa, Finland is a more temperate place in the summer, while being very cold in the
winter. Over the course of the year, the temperature ranges from -10ºC to 20ºC (Average
Weather…). In addition to the temperature, Vaasa, Finland is also very cloudy and has a lot of
precipitation.
Clouds
Vaasa, Finland’s weather can be described as cloudy/overcast for most of the year. On average,
it is cloudy 46% of the day. Most days bounce between 46% cloudy and 76% cloudy. The cloud
cover is generally worse from October until April making it slightly more difficult to produce
energy during this time. Because of this, it might not be worth it to collect energy during this
period of time.
Precipitation
Precipitation takes the form of both rain and snow. Rain alone is very common for 9.7 months
out of the year (Average Weather…). This means that the weather will be overcast for this
portion of the day as well. There are also parts of the year that commonly have mixed snow and
rain and then further, parts of the year that are completely snowy. The snow is common for 6
months out of the year, October to April (Average Weather…). This again, might mean that
neglecting the panels in between October and April might be the best option. Snow can be hard
to remove from panels and would require added effort and cost when designing the solar park.
Wind
According to WeatherSpark.com, the wind in Vaasa, Finland blows from the South for almost 11
months out of the year, with the wind coming from the North for the last month of the year
(Average Weather…). This means that the wind will most likely come at the panel park and hit it
straight on possibly creating a large wind sail that could affect the placement of the solar panel
park. Since the panel park is going to rotate from side to side, this might not be as large of a
problem as once thought. More research will need to be done to rule this out as a possible
issue.
During the windier part of the year, September 15th to March 28th, the average wind speeds are
more than 12.7 km/h (Average Weather…). This type of wind does not pose a threat to the
panels themselves, but when the panels are put into a large formation could cause a wind sail
effect and want to move more due to the wind.
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Wind can also be directed and used for cooling, if designed correctly. More about this will be
talked about later.
Sun
With Vaasa being so far in the north, the day lengths range dramatically throughout the year. In
the summer, the sun shines for about 20 hours, 23 minutes (Average Weather…). In the winter,
the sun shines for only about 4 hours, 40 minutes on and near the shortest day of the year,
December 22nd (Average Weather...).
With all of this in mind, WeatherSpark.com also detailed the best times in the year for daily
incident shortwave solar energy. They took into account seasonal variations in length of day,
elevation of the sun, and absorptions by clouds when calculating these values. The following
figure shows the average daily shortwave solar energy reaching the ground for all parts of the
year.

Figure 3. Average Daily Shortwave Solar Energy to Reach the Ground in Vaasa
As one can see, the brightest period of the year lasts about 3 months, from May 8th to August
7th (Average Weather…). It will be imperative that the solar panels are functioning properly in
this time period as the most amount of solar energy can be gained then. Additionally, it seems
that adequate amounts of solar energy reach the ground in between March 1st and October
10th. This means that making sure the panels are active during this time is also important when
trying to get as much energy out of them as one can.
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With all this information about the weather, it can be concluded that putting in the extra effort to
clean the panels in the winter would be useless. The sun does not shine enough in the winter to
warrant the extra task of cleaning off the snow. The best time to get energy from the sun is from
March until October and that is when the conditions are the clearest as well as has the least
amount of snow. This means that during the winter, if the panels are covered in snow, that is
okay. However, in the summer months, it will be imperative that they are working to their best
ability.
Additional Locations
For this project, Vaasa, Finland is going to be the main focus for research and design purposes.
Solar panel park technology, however, it viable in many locations across Europe and across the
world. The Idea of a floating solar park can be seen as an addition to the possibility of wind
energy in Vaasa.
(Agbavor, 2015) Relating to the research on the Correlation between Sun Light Intensity and
Wind Speeds of a Coastal Location done by David Etse Yao Agbavor in 2015 “Sea breeze
occurs in Finland especially strongly in spring and early summer (March/April till July), and
some later in the summer (August) but practically non-existent in September-February”
(Agbavor, 2015, p. 19). This means, especially in the summer month, energy harvesting by
wind- and also by photovoltaic parks can be a big influence in the renewable energy proportion
of Finland.
Other countries nearby have already started wind farms and have gotten renewable energy
from the wind, but this takes up a lot of land and concerning the lower amount of landmass in
Finland due to more than 180.000 lakes, land area is a high value. According to the figure
below, near Vaasa, Finland, the solar electricity is estimated to be about 850 kWh/kWp. This is a
little bit on the lower scale and that is why making sure that the final design is as efficient and as
well-equipped to collect solar radiation as possible, is a must before integrating this into Finnish
bodies of water.
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Figure 4. Yearly Solar Irradiation and Energy Output for Europe
(Photovoltaic Solar Electricity Potential in European Countries)
Vaasa, Finland does not have the highest potential for solar energy, but does provide a sufficient
amount of energy if given the right circumstances. With that being said, other locations in
northern Europe are also viable options for a solar panel park. Locations in Sweden, Norway,
The Netherlands, Denmark, and the United Kingdom, etc. would all have similar potential to
Finland and would be good locations for a solar park such as this one.
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2.5 Types of panels
2.5.1 Monocrystalline Solar Panels (Mono-SI)
This type of solar panels (made of monocrystalline silicon) is the purest one. They can be easily
recognised from the uniform dark look and the rounded edges. The silicon’s high purity causes
this type of solar panel has one of the highest efficiency rates, with the newest ones reaching
above 20% (Askari Mohammad Bagher).
Monocrystalline panels have a high power output, occupy less space, and last the longest. Of
course, that also means they are more expensive. Another advantage to consider is that they
tend to be slightly less affected by high temperatures compared to polycrystalline panels.
They have been used in the solar industry for many years, which means that the manufacturing
process is very optimized and the prices are very competitive.
2.5.2 Polycrystalline Solar Panels (Poly-SI)
These panels can be quickly distinguished because this type of
solar panels has squares, its angles are not cut, and it has a
blue, speckled look. They are made by melting raw silicon,
which is a faster and cheaper process than that used for
monocrystalline panels.
This leads to a lower final price but also lower efficiency
(around 15%), lower space efficiency, and a shorter lifespan
since they are affected by hot temperatures to a greater
degree. However, the differences between mono- and polycrystalline types of solar panels are
not so significant and the choice will strongly depend on your specific situation. The first option
offers a slightly higher space efficiency at a slightly higher price but power outputs are basically
the same.
2.5.3 Thin-Film Solar Cells (TFSC)
Thin-film solar panels are manufactured by placing one or more films
of photovoltaic material (such as silicon, cadmium or copper) onto a
substrate. These types of solar panels are the easiest to produce and
economies of scale make them cheaper than the alternatives due to
less material being needed for its production.
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They are also flexible, which opens a lot of opportunities for alternative applications, and is less
affected by high temperatures. The main issue is that they take up a lot of space, generally
making them unsuitable for residential installations. Moreover, they carry the shortest warranties
because their lifespan is shorter than the mono- and polycrystalline types of solar panels.
However, they can be a good option to choose among the different types of solar panels where
a lot of space is available.
This type of cells are mainly used for photovoltaic power stations, integrated in buildings or
smaller solar power systems.
There are some different types of thin-film panels:
● Amorphous Silicon Solar Cell (A-Si) are the most used of this type because they
are the cheapest, although the efficiency is very low, around 7%.
● Gallium arsenide cells have good resistance against temperature and can reach
an efficiency around 32%. They are quite expensive because the materials are
rare.
● Cadmium telluride cells are cheap to manufacture but the efficiency is low,
around 11%. Moreover the materials needed are rare.
● CIS cells (Copper and indium selenide alloy) have efficiencies around 12% and
the output is quite constant.
2.5.4 Bifacial panels
Bifacial modules produce solar power from both
sides of the panel. Whereas traditional
opaque-backsheeted panels are monofacial,
bifacial modules expose both the front and
backside of the solar cells. When bifacial
modules are installed on a highly reflective
surface some bifacial module manufacturers
claim up to a 30% increase in production just
from the extra power generated from the rear.
Bifacial modules come in many designs. Some are framed while others are frameless. Some
are dual-glass, and others use clear backsheets. Most use monocrystalline cells, but there are
polycrystalline designs. The one thing that is constant is that power is produced from both sides.
There are frameless, dual-glass modules that expose the backside of cells but are not bifacial.
True bifacial modules have contacts/busbars on both the front and back sides of their cells.
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2.5.5 Conclusion
As the purpose is to design a big solar park, it should be more appropriate to use crystalline
silicon panels because the prices are more competitive when comparing euros/Wp. There is not
a big difference between monocrystalline and polycrystalline, monocrystalline are slightly more
expensive but require less space.
However the other types of panels can be useful for special conditions. For example, thin film
cells are better for concentration systems because they are less affected by temperature and
bifacial panels could be appropriate with the light reflecting on the water. Specially the bifacial
panels will still be considered an option as a way to increase the energy output of the park.

2.6 Placement of panels
The objective of this analysis is studying how different distributions of panels work and try to find
the best of them; this means the one that produces more energy output.
It is necessary to choose one model to do the simulations and compare different situations so
the chosen panel is the model BMO-290 made by BISOL with 290 Wp of power. Nevertheless,
this is not the panel that will be chosen for the final design, it has only been used in this section
and the final decision will be made at the end of the report.
2.6.1 Fixed or rotating panels
To do a first approach to this topic an online tool provided by PVgis has been used in order to
simulate the energy output of a solar park placed in Vaasa during a year. To compare the
different options we will use the specific production, which is the relation between the energy
produced and the power installed in the park. It is measured in KWh/KWp and is useful to
compare panels and parks with different assigned power.
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2.6.1.1 Totally fixed
The results are shown in Figure 5 below.

Figure 5. Total fixed panels’ energy production for every month according to simulation
2.6.1.2 Rotating
There are three different options for rotating the panels: on a vertical axis, on an inclined axis or
on two axes. The three of options are compared in Figure 6 below.

Figure 6. Different rotation methods’ energy production for every month according to simulation
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2.6.1.3 Comparison and Conclusion
Table 2. Comparison between fixed and rotating panels
Type of rotation

Optimum angle(s)

Specific production

Comparing
percentages

Fixed

48º slope,
0º azimuth

988

100%

Vertical axis

64 slope

1450

146.8 %

Inclined axis

53 slope

1430

144.7%

Two axis

-

1470

148.9%

As it can be seen from Table 2, there is a big difference between fixed panels and rotating
panels, near to 50% of efficiency gain when rotating. However the energy production of the
different rotating methods is very similar. Considering that the panels will be mounted on a
floating structure it seems that the natural way of rotating would be on a vertical axis. A second
axis could be added too but would require another system which would increase the cost and
require more moving parts that can originate maintenance problems. It is not worth it for such a
small amount of extra energy, so we can state that a vertical axis is the best option.
Another important conclusion from these simulations is the energy production during the winter
months. From November to February only a little amount of energy is produced comparing to
summer months. This result opens the possibility of turning off the power plant during the winter.
Keeping the panels free of ice and snow would require a an extra system to heat the panels in
order to melt them or some kind of mechanical device that could remove them from the panel
surface. Any of these solutions would increase remarkably the cost of the park, would need
energy to work and still would not success on having the panels totally clean to get the
maximum energy output. For all these reasons it is very unlikely that the extra energy and
money invested on keeping the panels working during the winter will be recovered with the
energy that it would generate during those months. Moreover it is not a good idea either to let
the panels work without cleaning the snow in order to get some little energy without any
expense; the inverter and some control devices will consume energy and the energy balance
would probably be negative.
The best solution will be turning on off the whole system when the snow starts to fall in
November, make sure that the ice does not cause any damage and turn it on in March when the
temperatures start to be above zero degrees.
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2.6.2 Shadows
In northern locations like Vaasa, shadows caused by panels will generate important energy
losses because the sun is usually very low and the angle of the panels is quite big. Therefore is
very important to consider how the shadows affect our solar park and try to find the best
disposition for the panels. To know how big energy losses due to shadows are, we will use a
software called PVsyst to simulate the energy production in a year. The panel used will be the
one chosen above and the inverter is just one that fits the panel. As the purpose of this is
comparing the inverter model is not important.
The solar cells forming a solar panel are connected in series. When several cells are connected
in series they may experiment mismatch effects. Mismatch happens when cells connected in
series are under different conditions, if one of the cells is producing less current because of
shadows or degradation all the other cells will produce less too. To avoid this loss of energy,
panels have bypass diodes; these are connected in parallel to a cell to allow the current
generated by other cells flow through them when the cell is not working properly (PV Education.
(o.D.). Bypass Diodes | PVEducation. Retrieved March 10, 2019). Connecting a diode for each cell
would be expensive so they usually use only three diodes in this kind of panels. The diodes are
connected as shown in Figure 7.

Figure 7. Connection of solar cells and bypass diodes in a standard solar panel
Based on this, the panels must always be placed in horizontal way because that way, when the
shadows cover the lowest part of the panel, only a part of the energy will be lost. Some different
options will be analysed to understand how the shadows affect the energy production
depending on how the panels are placed.

2.6.2.1 First Situation: No Shadows
As it was found before, the optimum angle to rotate on vertical axes is 64º. The specific
production calculated by simulating this situation on PVsyst is 1377 KWh/KWp. As we are also
considering turning off the power plant from November to February, also the specific production
from March to October will be calculated. In this case it is 1250 KWh/KWp.
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2.6.2.2 Second Situation: Sun angle 10º

Figure 8. Diagram of position of panels

Figure 9. Dimensions of the chosen solar panel
The specific production during the whole year in this situation is 1169 KWh/KWp. During the
best 8 months it is 1104 KWh/KWp. Knowing that the length of the panel is 991 mm we can
calculate the necessary distance (d2 in figure 22) to get a sun angle of ten degrees. That is 5.5
meters. However, thinking about it, it is easy to realize that the shadows do not allow the panels
to generate when the sun is low and therefore a smaller slope angle may be better. By trying
different angles it is found that the maximum output is got when the slope angle is 53 degrees.
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The specific production is 1183 KWh/KWp but the specific production decreases very slowly
when decreasing the angle. This means that it can be worth it to lose a little energy in order to
make the distance between panels shorter and, in consequence, the area of the park smaller.
Table 3. Raw calculation data for 10 degrees sun angle
Slope angle (degrees)

Specific production
(KWh/KWp)

Specific production
Mar-Oct
(KWh/KWp)

Distance between
panels (m)

53

1183

1121

5.08

50

1181

1120

4.94

47

1176

1116

4.79

45

1172

1112

4.67

43

1166

1107

4.56

40

1155

1098

4.37

It has also to be consider to put one row of panels in top of the other and separating them a
longer distance. The space needed would be the same for the same number of panels and the
energy output in this situation would be slightly higher because the panels on the top would get
more sunlight. However doing this also means that the wind force is doubled and, as the park is
floating, it may not stay in its place.
2.6.2.3 Third situation: Sun angle 15º
In order to decrease the size of the park we will see how it works with more shadows. A similar
process will be followed; finding the optimum angle and see how the output and distance
change when the angle decreases. The optimum angle in this case is 47º.
Table 4. Raw calculation data for 15 degrees sun angle
Slope angle (degrees)

Specific production
(KWh/KWp)

Specific production
Mar-Oct (KWh/KWp)

Distance between
panels (m)

47

1046

1008

3.38

45

1044

1007

3.32

43

1042

1005

3.25

40

1036

1000

3.14
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2.6.2.4 Fourth situation: Sun angle 20º
The optimum angle in this case is 42º.
Table 5. Raw calculation data for 20 degrees sun angle
Slope angle (degrees)

Specific production
(KWh/KWp)

Specific production
Mar-Oct
(KWh/KWp)

Distance between
panels (m)

42

910

884

2.56

40

909

883

2.51

37

905

880

2.43

35

902

877

2.37

2.6.2.5 Fifth situation: Sun angle 5º
The optimum angle in this case is 56º
Table 6. Raw calculation data for 5 degrees sun angle
Slope angle (degrees)

Specific production
(KWh/KWp)

Specific production
Mar-Oct
(KWh/KWp)

Distance between
panels (m)

56

1290

1195

9.45

53

1287

1193

9.64

50

1280

1189

9.31

47

1271

1182

8.96

Figure 10 shows the relation between distance (y axes) and sun angle (x axes). For sun angles
higher than 20º, the distance decreases very slowly and for angles lower than 10º the distance
increases very fast. This probably means that the best options will be around those angles,
between 5º and 25º.
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Figure 10. Plot showing the relation between distance between panel and sun angle
2.6.2.6 Comparison
It is now quite complex to know which the best option is, so we are going to use an extra
measurement to help us to compare. The purpose is designing a power plant of about 1 MW,
which means that we will need 3448 solar panels of 290 W. The idea is calculating how big a
power plant on a square shape would be having around 3448 panels. Once we know this we
can calculate how much energy we get per square meter to give us and idea of how exploited is
the area. It will be referred as energy density since this point.
Table 7. Comparison of raw calculation data for different sun angles and slope angles.
Sun angle Slope
(degrees) angle
(degrees)

Sp. Prod.
Mar-Oct
(kWh/kWp)

Sp. Prod.
Mar-Oct
(kWh/kWp)

Relative
product.

Relative
product.
Mar-Oct

Energy
density
(kWh/m2)

Energy
density
Mar-Oct
(kWh/m²)

5

53

1287

1193

93,5%

95,4%

24,46

22,67

5

47

1271

1182

92,3%

94,6%

25,94

24,13

10

53

1183

1121

85,9%

89,7%

42,19

39,98

10

47

1176

1116

85,4%

89,3%

44,45

42,18

10

40

1155

1098

83,9%

87,8%

47,77

45,41

15

47

1046

1008

76,0%

80,6%

55,75

53,73

15

40

1036

1000

75,2%

80,0%

59,41

57,34

20

42

910

884

66,1%

70,7%

63,84

62,02

20

37

905

880

65,7%

70,4%

66,86

65,01
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From Table 7 we can see that the losses due to shadows are lower if comparing the energy
output only from March to April, this gives us another reason to believe that it is not worth it to
keep the park working during the winter months.It is not so easy to get some conclusions from
the sun and slope angles analysis. Here are the results plotted to see them better:

Figure 11. Graph representing the variation of energy density depending on sun angle and
slope angle

Figure 12. Graph representing the variation of energy density depending on sun angle and
slope angle
The energy density keeps growing in a linear way when decreasing the slope angle so the
important factor when deciding about it is the price of the land (or water) and the price of the
panels and the structure. For example if the land is very cheap it would be better to use a slope
angle near to the optimum although it will use more space. If the panels and the structure are
very cheap it can be afforded not to get the maximum power from them and save space using a
lower slope angle.
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The sun angle seems to work in a similar way but from the plots it can be guessed that it
approaches to a maximum point when going higher than 20 degrees. To see this, energy
density has been calculated for different sun angles at its optimum slope angle. Plotting them
(Figure 13) we can see there is a maximum point around 25 degrees, so it is never worth it to
further than that.
However it is still impossible to know which angle between 0 º and 25 º is the best. Again, it will
depend on the prices of the land and the panels. One of the reasons to make the park float
instead of just putting it on land is that nobody uses the water areas for any other purpose so
the price should be lower than the land’s price. It’s difficult to check this assumption as nobody
owns a lake. Based on this, a low sun angle will be better, probably between 5 and 15 degrees.

Figure 13. Graph showing energy density for different sun angles with the optimus slope angle
2.6.3 Conclusion
After all this analysis, we can understand much better how shadows affect the energy
production but it is also needed some information about the costs about other elements of the
park, that is why, at first, three different options were considered.
Table 8. Parameters of 3 different options for placing the panels
Compact

Medium

Spaced

Sun angle (degrees)

25

10

6.5

Slope angle (degrees)

37

40

53

Distance between panels (m)

2.07

4.37

7.54

Sp. Production, whole year (KWh/KWp)

799

1155

1263
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Compact

Medium

Spaced

Energy density, whole year (KWh/m2)

69.19

47.77

30.55

Sp. Production, Mar-Oct (KWh/KWp)

775

1098

1179

Energy density, Mar-Oct (KWh/m2)

67.11

45.41

28.52

Area required for 1 MW approx. (m2)

11537

24386

41292

Square side length (m)

107.64

157.32

203.58

Columns

65

94

123

Rows

53

37

28

It has been found that the price to buy the area needed for the park is going to be low compared
to the price of the panels so, from this point, the spaced design will be used so that we can get
the most from each solar panel, which will be the most expensive component of the park.

2.7

Efficiency Improvement Techniques

A number of associated challenges still exist that make the technology financially impractical
and an inadequate power source for meeting current global energy needs.
2.7.1

Solar Tracking

A solar tracking system tracks the position of the sun and maintains the solar photovoltaic
modules at an angle that produces the best power output. Several solar tracking principles and
techniques have been proposed to track the sun efficiently. The idea behind designing a solar
tracking system is to fix solar photovoltaic modules in a position that can track the motion of the
sun across the sky to capture the maximum amount of sunlight. Tracker system should be
placed in a position that can receive the best angle of incidence to maximize the electrical
energy output. Designing such device to produce electrical energy is interesting and important.
However, it requires extensive mathematical calculations and detailed measurements of
different solar parameters. One of the most important parameters is the daily average solar
irradiance. The daily average solar irradiance ranges from 4-7 kilowatt-hour (KWh/m2)
worldwide (M.K.M., 2018).
Tracker systems track the position of the sun, thereby increasing the input of solar radiation and
electrical energy output. However, designing, implementing, and installing these systems are
difficult for different reasons. Multiple amount of measurement results are required before
employing tracker systems. These results are collected during a relatively long period time to be
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used when installing solar cells to track the sun. The collected results are used to identify the
best technique for tracking the position of the sun. Following the position of the sun is performed
to obtain the optimal output of solar energy in all situations (ICRERA, 2012). Different
environmental pressures and different parameters, including panel direction, angle of photons
incidence, time to measure the results, material of solar cells, and conductivity of photovoltaic
modules, may affect the output of the solar panel cells (Aust Economy Rev., 2006).
Considering the first aspect of increasing efficiency, solar tracking can be condensed to a few
details. A distinction must be made between active and passive solar tracking, as well as
between one-axis and two-axis tracking of the solar panels.

Figure 14. Triangular Solar Tracker, spin cell, double solar tracker
In addition to the mechanical tracking of the above-mentioned aspects, there are also specially
designed solar panels, which have, to some extent, integrated the solar movement in their
construction. These include Spin Cells or Triangular Solar Panels. Both cases are not
suggested for northern latitudes due to the energy loss by non-utilization of the entire panel area
at any time (M.K.M., 2018).
2.7.2

Mirrors and Concentrators

Known variants of solar power bundling have been around for some time in the field of solar
thermal power plants. The best known are the parabolic troughs, the paraboloid and the solar
tower, but these are difficult to apply to the photovoltaic technology, as they are concave mirror
constructions designed for maximum temperature output, similar to the burning glass
(Wikimedia Commons, 2011).
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Figure 15. Types of concentrated solar power solutions
Nonetheless, there are now techniques for solar power bundling in the field of photovoltaic
systems.
One way to increase the output from the photovoltaic systems is to supply concentrated light
onto the PV cells. This can be done by using optical light collectors, such as lenses or mirrors.
The PV systems that use concentrated light are called concentrating photovoltaics (CPV). The
CPV collect light from a larger area and concentrate it to a smaller area solar cell.
The company Concentrix, for example, relies on Fresnel lenses that can concentrate sunlight
almost 500 times, and the high-efficiency solar cells developed at ISE (III-V stacked solar cells
made of gallium indium phosphide, gallium arsenide and germanium),(Fedkin, M.F.(o.D.)). As
shown in Figure 29, Fresnel lenses concentrate incident light onto a central solar cell. These
cells are specially designed for concentrated radiation, have a diameter of 2 mm and an
efficiency of up to 32%. When soldered to copper sheets, they are glued to a glass plate so that
they are always in the focus of a Fresnel lens, see Figure 16.
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Figure 16. Processing of Fresnel lenses

Figure 17. Fresnel lens

Disadvantages of this efficiency enhancement variant are the high manufacturing costs for the
special solar cells and the need for a minimum one-axis tracking of the sun so that the focal
point of the lens at all times meets the active area of the solar cell.

Figure 18. Archimedes V-Trough PV Concentrator
Another variant of the increase in efficiency are mirrors. One variation was already mentioned
with the solar thermal power plants, the Heliostats. The Heliostats are a combination of mirrors
combined with solar tracking. Heliostats could work for solar energy plants, but they would need
a big amount of space and therefore will not be considered further.
The so-called V-trough concentrators are a better space saving solution. The V-trough
concentrator is formed by two flat reflector benches, which are attached to the side of the
photovoltaic with an angle of 60 ° and can result in a construction just like Figure 18 or Figure
19. This results in a geometric concentration factor of C = 2 (Klotz, F. H. K. (o.D.), 1996).
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The geometric concentration factor C is defined as the ratio of the radiation-receiving aperture
area of a concentrating collector to its absorber area. The irradiance in the module level
depends on the reflector quality and the direct radiation drive. On clear days, irradiation
intensities of up to 2000 W / m² can be achieved
with good reflectors. The V-Trough solution can
achieve an energy gain of 58% compared to
conventional solar cells with the same size
(measured in Central Europe) . This reduces the
proportion of expensive solar cells. The mirror
surface is significantly cheaper than the module
surface (Archimedes Solar GmbH, 2008).
Figure 19. Cross-section V-Trough
Generally, efficiency increasing methods in the solar sector are divided into 3 groups. Solar
tracking systems, mirrors and concentrators.
Coming to the topic of Mirrors it has been proven that the Attachment of Heliostats to the solar
cells would not be efficient after all. Additionally, it can be seen a change in the last years
related to the V-Trough concentration method. Looking at the sources of the known efficiency
enhancement measures for solar energy systems, it is noticeable that V-trough technology has
hardly received any attention for some time (Powalla, 2019). According to an email conversation
with Dipl. -Phys. Dirk Stellbogen from the Zentrum für Sonnenenergie- und
Wasserstoff-Forschung Baden-Württemberg (ZSW), the V-Trough technology, especially the
refinement of photovoltaic elements by mechanical and/or optical elements, isn’t feasible
anymore due to dropping performance- as well as area-related prices. The only feasible solution
left, would be a very simplified, cost optimized, one-axis tracking, bifacial module which is
worked on in this project.
Among the concentrators there are various variants of special cells. The Fresnel lenses, tandem
solar cells or fluorescent cells are only a few variants and types of different lens and cell types.
The Fresnel lenses have the highest efficiency with respect to the problem of photovoltaic use in
Finland and have therefore been considered in more detail.
The focus will be set on bifacial panels combined with the V-Trough Technology, in form of
adding mirrors in a 60° angle to the panels.
In addition to the research which was done on panels and efficiency increasing methods,
another interesting aspect was the creation or the composition of the already mentioned mirrors.
It is an advantage that mirrors for photovoltaic systems do not require highly specialized and
expensive materials. However, the mirrors must be resistant to all weather conditions for a
period of at least ten years and have a total photon reflectance of wavelength intervals of about
I = 300-1100. The mirrors use a wide variety of materials (Almeco Group).
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Figure 20. Vega Energy WA layers
The differentiation goes from commercially available glass mirrors, simple thin glass mirrors with
a reflectance of 92%, or aluminum and silver based mirror surfaces in general, to more complex
variants. For example, the mirror surfaces of the Almeco Group are made of pre-anodized
aluminum with a thin, PVD-coated multiple coating of up to 99.99% pure aluminum or silver and
ceramic protective layers.
Generally, mirrors can be made out of:
❏ a rolled stainless steel plate with a special surface coating
❏ a rolled aluminum plate with a polymer coating that protects against the effects of the
weather (PVF protection)
❏ a silver-coated acrylate film
❏ an aluminum-coated acrylate film
2.7.3

Cooling Systems

A main advantage of FPV systems is their capability to utilize the water body as a source to cool
the PV panels appropriately. Proper cooling is important to solar systems and it can significantly
increase performance and the energy harvested from the sun. The increase in efficiency by
cooling results from two different sources.
1. The water refraction index of 1.33 which helps reduce the reflection effects of solar
radiation when water flows over the solar panel. This effect gives a gain of about 2% if
radiation is perpendicular to the panel (Rosa-Clot M., Tina G. M., 2018).
2. The loss of efficiency as the temperature increases. For every 1 ⁰C increase in surface
temperature on the PV module will cause a reduction in efficiency of 0.5% (Rosa-Clot
M., Tina G. M., 2018). This is most significant during the intense radiation hours and is
further enhanced if mirrors or other concentration devices are utilized.
Various cooling techniques have been investigated, but for the purposes of this project have
been narrowed down to the following cooling systems below. Each cooling technique listed
gives an overall operational description, and their capability of addressing undesirable influence
of temperature on PV efficiency in terms of their advantages and disadvantages.
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Water Veil Cooling System
The Water Veil Cooling (WVC) system consists of a pump and an irrigation system made of
polyethylene pipes positioned on the top of each solar panel. This technique includes a
temperature control system that switches on when the solar panel temperature exceeds a fixed
threshold, typically the maximum temperature for solar panel is 30 ⁰C (Siecker J., Kusakana K.,
Numbi B. P., November 2017). A low pressure, submersible water pump is used to move the
water through the pipes to the top of the panel. Figure 21 below shows a typical layout of a
WVC system.
A WVC system utilizes a uniform water layer to lower PV cell surface temperature and create a
refractive layer to decrease the solar radiation reflected by the glass. For reference, the
refractive index is 1.3 to water and 1.5 to glass (Castanheira A., Fernandes J., Branco C.,
2018). A WVC system is estimated to increase the efficiency of a solar panel by 10% on an
annual basis to 15% output at peak radiation conditions. There is also potential for panel
surface cleaning caused from the irrigation system water flow. Key disadvantages of a WVC
system include a large power requirement to circulate the cooling water, and water blockage
that is caused by dust or dirt deposition on the panel. It is significant to note that this cooling
technique may compete with other non-solar, conventional energy supply systems as a result of
this system’s higher operating costs.

Figure 21. Diagram of a WVC system (Rosa-Clot M., Tina G. M., 2018)
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Water Sprinkler Cooling System
A water sprinkler cooling system is a simpler alternative to a WCV system. Instead of irrigation
pipes, the system utilizes high-pressure sprinklers that operate at a pressure of 2 to 3 bar. As a
result, the cost of cooling is much less than the WCV system while still increasing the power
output by 10% on an annual basis. A issue that may become a concern is the shadowing effect
caused from the water jet. Although this can be limited by the amount of time spent spraying.
Spray time can be planned for a very short amount of time to maintain a low panel temperature
without waste of pumping energy and loss of solar radiation (Siecker J., Kusakana K., Numbi B.
P., November 2017). Therefore, major disadvantages of this cooling system are water and heat
wastage. Visuals of a high-pressure sprinkler attachment and layout of water sprinkler cooling
system is shown in Figure 22 and 23 below.

Figure 22. Visual of high- pressure sprinkler head for solar panel cooling system (Castanheira
A., Fernandes J., Branco C., 2018)

Figure 23. Visual layout of water sprinkler cooling system (Castanheira A., Fernandes J.,
Branco C., 2018)
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Forced Water Circulation Cooling System
The forced water circulation cooling system has thermal collecting pipes mounted to the back of
the solar panel. Water is used as the working fluid that circulates through the thermal collecting
pipes by a DC pump. The heat generated from the PV cells is transferred to the circulating
water in the thermal collecting pipes and the recycled flow goes back to a hot water insulated
collecting tank for other uses (Siecker J., Kusakana K., Numbi B. P., November 2017). A major
disadvantage associated with this system is that the operation of the DC pump and water tube
network are expensive to run, making this system the most high-costing. Another issue of
concern is that the system is incapable of reaching optimal efficiency due to the constant flow
rate of the system. On the other hand, the system is capable of the greatest drop in operating
PV cell temperature as well as the highest increase in power output. Depending on other
environmental and economical factors, this system may not be a feasible cooling technique for
this project.
Forced Air Circulation Cooling System
The forced air circulation cooling system is designed so that the PV module is placed on top of a
support structure with an air channel underneath. A fan powered by the PV module will force the
air acting as the cooling fluid through the channels. The width of the channel has significant
effect on the PV cell temperature, or the natural cooling due to convection. As the width of the
channel increases, the cavity velocity and size of the heat exchanging surface increase. This
allows the heat from the solar panel to transfer to the air in the channels via convection and
reduce in surface operating temperature, therefore reaching a higher electrical efficiency
(Siecker J., Kusakana K., Numbi B. P., November 2017). Depending on the size availability for
the location design area, this relationship could work positively or negatively in favor for the
project.
This cooling technique is not as efficient as the other cooling techniques listed above and is only
economical for large-scale PV systems. Another issue of concern is that the temperature
controller is required to adjust the air flow rate which adds additional costs. However, forced air
circulation systems are very effective in cold climatic conditions compared to hot climatic
conditions making this more favorable for Finland. The system is additionally one of the lesser
energy intensive cooling techniques available.
Transparent Coating (Photonic Crystal Cooling)
This cooling system technique incorporates a transparent coating (photonic crystal cooling)
based on silica photonic crystals. The coating creates a new material atop the solar cells
enabling the PV cells to reflect generated heat in the form of infrared light under solar irradiance
back into space (Siecker J., Kusakana K., Numbi B.P., November 2017). The transparent
coating is capable of keeping PV cells cooler even though the PV cell absorbs the same amount
of sunlight. In fact, researchers predict the transparent coating could help solar cells turn
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approximately 1% more sunlight into electricity (Li W., Shi Y., Chen K., Zhu L., Fan S., 2017 ).
Although this amount may seem insignificant, it is in actuality a significant increase in efficiency
for such a small addition to the system. By using the sky as a heat sink to eliminate unwanted
generated heat, the cooling material is capable of lowering the cell temperature and eliminating
the problem entirely. Like the forced air circulation cooling system, the transparent coating also
works better in a cooler climate such as Finland.
Disadvantages of the material is that it needs to be replaced as the coating degrades with time
and will no longer work as effectively. Another issue this cooling technique is that some of the
heat generated will be wasted when it could be utilized for energy. Figure 24 below shows a
typical diagram of the transparent coating material.

Figure 24. Diagram of Photonic Crystal Cooling Material (Li W., Shi Y., Chen K., Zhu L., Fan S.,
2017)
2.7.3.1 Solution to Calcite Formation
For water cooling techniques that utilize water for cooling by exposing water to the solar panel
surface, certain precautionary steps can be taken in order to prevent the formation of calcite
formation. To avoid calcite formation suction pipes with a non-return strainer and, or a
strainer/filter attachment can be utilized before water enters the pipes to prevent unwanted
particles from entering the system. A pre-water treatment system could also be another option
but it should be kept in mind that this would drastically increase the cost of the cooling system.
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2.7.3.2 Conclusion
As of today, economical and technically viable design options along with effective cooling
system information are still in early development. As a result, only a limited amount of data is
currently available (Castanheira A., Fernandes J., Branco C., 2018). Therefore generating
numbers regarding energy intensitivity for cooling and quantity of PV cell electrical output for
each cooling technique is hard to determine and compare at this point. Moving forward, the
team has determined the water sprinkler cooling technique to be the best option in terms of
increased performance and energy gain, durability and the minimal maintenance required to
upkeep the system.

2.8

Other Design Components

2.8.1

Floating Structure

The structure is an important part of the project and, due to the location chosen, ice and
corrosion are two of the hardest inconveniences. To find a good material for the floating
structure, the research has to be focused on the next chart.
Table 9. Required characteristics of a floating material
Corrosion resistance

high

Impermeability

high

Floatage / Buoyancy

high

Density

low

Rigidity

medium / low

Traction resistance

high

Bending resistance

medium

Deformation

low

Ice compressión resistance

high
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Many materials have been considered such as wood, stainless steel, PVC, and other composite
materials with fibers and special finishing treatments.
PVC, PE polyvinyl chloride (PVC) and polyethylene (PE-HD, PE-LD) belong to the plastics. In a
study on the topic of corrosion in water pipes, the material plastic is generally classified as
harmless (Förstner, 2012). There is no influence of the water on the plastic (corrosion), nor of
the plastic on the water. For cable insulation often a so-called soft PVC is used, which is also
used in the underwater cables. This PVC plasticizer (phthalates) are added, which are not
bound to the plastic and thus easily escape (Umweltbundesamt, 2017). These can accumulate
in 40 sediments and accumulate in the food chain via enrichment in fish. The effects of
phthalates on humans are not fully understood. Due to controversial opinions, there are now
also alternative plasticizers such as adipates, adipic acid polyesters or citrates. Hexamol®
DINCH and citrates in particular have been scientifically studied and approved as plasticisers in
toys and food contact. With these phthalate alternatives, there are no indications to date of
negative health and environmental effects (Windsperger und Tuschel, 2007).
PE-HD is considered to be very resistant to diluted acids, alkalis, alcohol, gasoline, water, fats
and oils. Solar radiation affects PE-HD, as well as most plastics, in its mechanical properties
and in its color. Antioxidants or active carbon black are often used as UV protection.

Figure 25. PE-HD Floating photovoltaic power plant parts
Polyethylene is water-repellent and does not swell when stored in water. Due to its resistance to
chemicals, PE-HD has been the preferred material for drinking water pressure pipes and
sewage pipes for more than 40 years. From the food and pharmaceutical perspective, there are
no concerns about the use of PE in the water and it is a non-dangerous variation for the
platform building in floating solar park foundations (Domininghaus, 2012).
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Figure 26. Submerged & floating photovoltaic systems
Nowadays there are some floating platforms in the freshwater area. Several test basins were
installed in Singapore in 2016 in cooperation with the Solar Energy Research Institute of
Singapore (SERIS). Ciel et terre, a French company, which is the leader in floating freshwater
technology. Similar to floating footbridges in bathing lakes, Ciel et terre has developed a
modular plug-in system consisting of polyethylene pontoons on which solar modules are
mounted (Ciel et terre 2017). In 2017, 4CSolar built a first floating prototype of tubes, also made
of PE-HD, in the Maldives (Smadja and Smadja 2017).
Kyocera, a Japanese company, is installing floating equipment in Japan using the polyethylene
substructure of Ciel et terre and its own solar modules (Kyocera 2017). There is also a
development concept of Swimsol in the freshwater area, in which polysurf pontoons are used
instead of the polystyrene floats. This has the advantage that the entire construction manages
with fewer components and as a result, the assembly is also less expensive. Larger systems
can be installed in less time and installation costs are minimized. The French company Ciel et
terre uses a custom pontoon type to mount their solar modules directly on top. These are also
characterized by a very fast installation time (Ciel et terre 2017). In the new development
concept of Swimsol, the floats originally made of styrofoam are exchanged for blow-molded
polyethylene floats.
Nevertheless, there are other methods of building swimming platforms which are being tested
just as a swimming solarpark in Albania by Statkraft shows.
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Figure 27. Swimming Solar Park by Statkraft, Albania
The PV Cells are mounted on a flexible membrane which is an effective barrier against the
waterbody, carefully designed to withstand mechanical stress and sun exposure. This solution is
a great alternative for more southern regions, but due to the fact that the angle to the sun can
not be adjusted, the non-permeable membrane is not a solution for solar parks in Finland
(Ocean sun, 2018). When you take all this in consideration, the most efficient way in building
foundations for swimming solar platforms are the polysurf pontoons by Swimsol and the PE-HD
variations, which capture the least cost and are easy to assemble.
2.8.2

Anchoring

Since many options for floating systems are available there are also many options for anchoring
systems. Most of the anchoring systems consist of an anchor, being attached to a fixed object,
or a combination of the two. Fixed objects include the land, a driven pile and pole, or something
in the environment that is going to stay fixed.
After further research and a discussion about the structure type, it seems like the best options
are to either anchor the structure straight down from the bottom and have another fixed point off
to the side to limit the structure from rotating all the way around or to anchor the structure at
points diagonal to each other and either cross the anchors inward or place the anchors farther
apart to hold them in place. The following figures detail the two ways anchors could be placed.
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Figure 28. Chains Crossed Inwards
(How to Anchor a Dock System)

Figure 29. Chains Going Outwards
(Floating Power Plant…)

These anchors can be dredge-anchors that will stick into the ground further as the platform
moves around a little bit or can be a simple concrete block that is of enough weight to hold the
structure in place.
2.8.3

Rotation

As for rotation, there seems to be two ways main ways to rotate the panels. One way is above
water, which includes gear-like movement, and another way is under water where motors or
propulsion machines would be necessary to move the platform.
Rotating underwater might be less accurate, but would require less of an exact design up front
and would possibly require better solar tracking in the end. For below water rotation, there are
many “motor-like” options. The best design seems to be to attach two motors to the outside
edges of the floating platform and have them be able to spin both directions to rotate the
platform back and forth to follow the sun. Options for motors could be an electric outboard
motor, a pump that expels water quicker on one side that the other, or an electric propellor
motor generally used for trolling. The final design will have to take into account the energy used
to run these motors to see which one is the most feasible.
Besides the “motor-like” options, rotation above the water is also possible. This can be done in
the form of a gear system on top of the floating platform that would be able to rotate as it
tracked the sun. This could take the form of a singular rotating system is in the middle of
multiple platforms holding panels and all rotating at the same time or a rotating system could be
put in the singular structure, row, or panel even making everything more modular when it came
to rotation. With this option, a more static anchoring system would be required. This type of
rotation may also be more exact and could warrant better efficiency values, but could also incur
a higher energy cost to run. More research will be needed to produce a full energy analysis for
the rotation system.
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3.

Design Process

3.1

Four Initial Designs

To start, four initial designs were compiled. They were originally designed to try out multiple
shape combinations. The design process started with these four different design configurations
and through discussing and clarifying details the design was narrowed down into one final
design. The following sections detail each design iteration and the process taken to narrow the
design down further.
3.1.1

Details

The following table, Table 10, details the basic designs first mentioned in the Midterm Report.
These designs come from compiling all of the basic background information collected into basic
options and have since been dialed down into one final design.
Table 10. Four Initial Design Ideas

Shape and
Structure

Design 1: Rotating
Circular
Structures

Design 2:
Rectangular
Structure

Design 3: Square
with Circular
Rotating Platform

Design 4: Triangle
Shaped Inflatable
Structure

Four equal-sized
circles around a
smaller center
circle, designated
for rotation. Panels
placed on the four
larger circles.
Structure is held up
by a pole fixed in
the lakebed.
Stationary, doesn’t
need flotation
device.

Panels are placed
in straight columns
and rows to form a
rectangular shape
structure.

Square structure
with a circular inset
that holds the
panels. The square
will be stationary,
while the circular
inset will rotate the
track the sun.

Triangular in shape,
this structure can
easily be placed
near other triangles
to form different
shapes.

Design
Drawing
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Design 1: Rotating
Circular
Structures

Design 2:
Rectangular
Structure

Design 3: Square
with Circular
Rotating Platform

Design 4: Triangle
Shaped Inflatable
Structure

Flotation

Not Needed.

Four HDPE
platforms are used
at the corners to
support the weight.
HDPE comes in
many sizes and
can be adjusted for
the weight.

(See Left)

Outside consists of
an inflatable inner
tube. Tube rests on
the outside, while
structure for panels
is housed on the
inside.

Rotation

The center circle
rotates around with
gear-like pegs on
the outside. The
outside circles
rotate accordingly
in a gear-like
motion around the
center.

Two electric
propeller motors
rotate this
structure. The two
motors placed
across from each
other can propel
the structure in two
directions allowing
it to rotate back
and forth.

The square floating
structure will stay in
place, while the
inset circle will
rotate around within
the square. This
can be done with a
gear system
situated above
water.

One anchoring point
and two piston
locations are used
as anchoring points,
panel can be
attached to a post
with the piston arm.
With these piston
arms, the triangle
can be moved back
and forth to rotate.

Anchoring

This structure is
being held up by a
singular pole in the
middle. The
anchoring method
for this is simply the
driven pile and pole
holding up the
structure. This pile
and pole will need
to be concrete or
metal so that it
does not
disintegrate in the
water.

The HDPE
platforms will have
anchors attached
to the bottoms.
Chains will come
down to a point
where all meet and
go to one chain
attached to the
anchor at the
bottom of the lake.
Another anchoring
point off to the side
will keep the park
in place.

The four HDPE
platforms will each
have their own
chains attached to
anchors. These
chains will be
placed in diagonal
locations to ensure
the platform does
not move out into
the middle of the
lake.

The anchoring
system and rotation
system are one in
the same. This
includes poles or
other nearby
landmarks for
anchoring and piston
arms to hold the
triangular shape in
place. Land is also a
viable option for
anchoring in this
case.

Cooling
Systems

A coating could be
used on the panels
to reduce the
heating effect they
will receive from
being used all day.

Forced air is a
possible method
for cooling the
panels down. This
would mean that
the air blowing
past the panel
would be directed
to help cool each
panel.

A water spraying
system would be
established near
the front of every
row in an attempt to
cool down the
panels.

A water trickling
system works best
for this design as not
all panels are in a
straight row. The
trickling method
allows each panel to
be cooled down
directly without
needing to put them
around a central
cooling system.
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