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Abstract
The development of large scale solar photovoltaic (PV) power plant is of great interest, especially in
regions with favourable weather climate conditions such as Taiwan. However, designing large scale
systems brings several challenges, including land availability as well as dealing with high temperature
impact on PV modules. Combining floating PV plant (FPV) and active cooling system is a promising
collaboration, using water availability on site to cool down the PV panels on a regular basis. FPV plant can
be installed on unused water bodies to save land for other activities. Spraying water on the PV modules
can help increase daily production and reduce system losses. The utilization management of such cooling
system needs to be planned and optimized, according to local meteorological conditions. Therefore, this
thesis study aims to investigate the impacts of implementing an active water cooling system on the FPV
plant techno-economic performance. The objective is to design different cooling utilization strategies and
analyse the behaviour of the FPV plant, evaluating whether or not the combined FPV and cooling system
is technically efficient and economically viable. In this thesis work, a techno-economic analysis is
performed based on FPV plant and water cooling models, given specific weather climate and economic
conditions at the chosen location. The developed models are implemented with MATLAB and
simulations are carried out on real data collected from a planned FPV plant at Sugu site in Taiwan.
Performance indicators are then calculated and compared for different cooling strategies. For the given
technical and economic assumptions, introducing PV panels cooling at an optimal maximum irradiation
value shows a net yearly generation gain of 6.6% in comparison the FPV alone. This configuration
increases capital costs but provides a 9.1% reduction in the solar plant payback, while slightly reducing the
cost of electricity.
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Sammanfattning
Utvecklingen av storskaliga solcellsbaserade (PV) kraftstationer är av stort intresse, särskilt i regioner med
fördelaktiga klimatförhållanden som Taiwan. Utformningen av sådana storskaliga system ger dock flera
utmaningar, inklusive tillgänglighet av mark samt hantering av påverkan av höga temperaturer på PVmodulerna. Att kombinera flytande PV-kraftstationer (FPV) och ett aktivt kylsystem där vatten som finns
tillgänglig på plats används för att kyla ned PV-panelerna är ett lovande upplägg. FPV-anläggningen kan
installeras på oanvända vatten kroppar för att spara mark för andra aktiviteter. Att spruta vatten på PVmodulerna kan öka daglig produktion och minska systemförluster. Utnyttjande av sådana kylsystem
behöver planeras och optimeras enligt lokala meteorologiska förhållanden. Därför syftar denna
masterprojekt arbete till att undersöka effekterna av att implementera ett aktivt vattenkylsystem på FPVkraftstationers tekno-ekonomiska prestanda. Målet är att utforma olika strategier för kylutnyttjande och
analysera FPV-anläggningens beteende samt utvärdera om det kombinerade FPV och kylsystemet är
tekniskt effektivt och ekonomiskt genomförbart. I detta masterprojekt utförs en tekno-ekonomisk analys
baserad på FPV-kraftstations och vattenkylningsmodeller med hänsyn tagen till lokala ekonomiska och
väderförhållanden på den valda platsen. De utvecklade modellerna implementeras med MATLAB och
simuleringar utförs på real data som insamlad från en planerad FPV-kraftstation i Sugu i Taiwan.
Prestationsindikatorer beräknas sedan och jämförs för olika kylstrategier. För de givna tekniska och
ekonomiska antaganden som gör, visar införandet av PV-paneler vid ett optimalt maximalt
bestrålningsvärde på en årlig 6.6% jämfört med enbart FPV. Denna konfiguration ökar kapitalkostnaderna
men ger en minskning med 9.1% av solelkraftstationens payback samtidigt som kostnaden för el minskas
något.
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Nomenclature
Abbreviations
AC

Alternating Current

a-Si

Amorphous Silicon

BOS

Balance of System

CAPEX

Capital Expenditure

CdTe

Cadmium Telluride

c-Si

Crystalline Silicon

CPP

Cooling Payback

DC

Direct Current

DHI

Direct Horizontal Irradiance

EPC

Engineering, Procurement, Construction

FIT

Feed-in-Tariff

FPV

Floating Photovoltaic

GHI

Global Horizontal Irradiance

HDPE

High Density Polyethylene

IEA

International Energy Agency

IRENA

International Renewable Energy Agency

IRR

Internal Rate of Return

LCOE

Levelised Cost of Electricity

MATLAB

Matrix Laboratory

MPP

Maximum Power Point

MPPT

Maximum Power Point Tracker

NOCT

Nominal Operating Cell Temperature

NPV

Net Present Value

NREL

National Renewable Energy Laboratory

NTD

New Taiwan Dollar

O&M

Operation & Maintenance

OPEX

Operating Expenditure

PR

Performance Ratio

PV

Photovoltaic

STC

Standard Temperature Condition

TMY

Typical Meteorological Year

USD

United States Dollar

UN

United Nation
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Symbols
A "#

Panel area

[m2]

C

Cost

[US$] or [NT$]

E%&',)*+,

FPV electricity yield

[MWh/year]

E"-."

Pump consumption

[kWh]

G0,1

Global tilted irradiance

[W/m2]

G2345

NOCT irradiance

[W/m2]

I.""

MPP current

[A]

I78

Short-circuit current

[V]

P%&'

FPV power

[kW]

T.;<

Module temperature

[°C]

T.;<,,*=

Module reference temperature

[°C]

v?@A<

Wind speed

[m/s]

V.""

MPP voltage

[V]

V;8

Open-circuit voltage

[V]

y

Cost scaling coefficient

[-]

α

Heat transfer coefficient

[-]

ε?@A<

Wind resistance coefficient

[-]

θ1

Incident angle

[°]

θG

Zenith angle

[°]

η

Efficiency

[%]

χ"+77@#*

Passive cooling coefficient

[%]

µμ."

Power temperature coefficient

[%/°C]
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1   Introduction
1.1   Background
1.1.1   Context
Energy is a broad field currently facing many challenges, from developing access to electricity and grid
connection, to climate change mitigation and shift to renewable energy solutions. Energy development is
very often associated with education, social equity and economic growth, thus representing a key topic. As
pointed out by the United Nations in the frame of “Sustainable Energy for All” initiative, sustainable
energy systems are key for developing sustainable societies (United Nations 2012).
However, current energy systems around the globe have been described as unsustainable and dangerous,
leading to inequalities, human conflicts and natural disasters. Current systems are using conventional
resources, mainly fossil fuels such as gas, oil or coal, to cover the global energy and electricity demand.
Yet, conventional resources are getting scarcer and traditional energy utilization has been one of the main
reasons of climate degradation and global rise of air pollution (Copenhagen Economics 2017). The world
has gradually realized the dangerous path of continuing the use of fossil fuels massively. As a result, a
global interest has merged to move towards sustainable energy systems, and tackle these challenging
issues.
During the last past decades, many conferences at international and national levels have been taking place
around the world, to find cleaner and efficient solutions, lead and influenced by the United Nations and
some major international agencies such as IRENA and IEA. Countries have started to gather and set
ambitious goals for promoting clean energy systems (United Nations 2017). Locally, NGO and
associations also participate to the shift towards sustainable low-carbon economy. Developing new energy
alternatives has always been expressed as key for sustainability, and current challenges actually stimulate
technical development in the field of renewables. Thus, the share of renewable energy technologies in the
global energy mix has been steadily increasing, especially in the energy sector. In 2016, the renewable
accounted for two-third of new added power capacity, with almost 168 GW connected (IEA 2017).
Solar energy is currently one of the most promising renewable technologies. Solar energy is the most
abundant resource on the planet, thus encouraging the deployment of technological solutions to
transform this energy in an efficient way. Among solar energy technologies, the fastest growing solution is
solar PV. New solar PV installed capacity has reached 74 GW in 2016 (IEA 2017). This growth is mainly
due to the decline of PV module prices, which constitutes the largest part of PV systems investments,
together with ambitious government incentives. Offering utility scale and cost effective installations, largescale solar PV plants are definitely in the scope of project investments.
However, building large-scale PV plants first requires high land availability, while many countries face land
scarcity (Shum 2017). Yet, in a sustainable economy, lands play a crucial role for farming or economic
activities. In much the same way, implementations of solar PV project often face land issues such as land
acquisition or sub-station capacities and availability (NREL 2013). Projects are then planned in large
remote areas, increasing investments costs for electricity transport. On the other hand, solar PV plant
performance is highly affected by temperature. As the temperature rises, the power output of the PV plant
decreases consequently, because of high absorption of PV modules involving an increase of the module
temperature (Ibrahim 2017). A considerable interest has then grown to control such temperature
variations. Indeed, efficiency improvements for solar PV are key to increase the viability of this
technologies.
To overcome these two critical problems, a new concept has come in front and propose to install solar
PV plants on water bodies thanks to floating structures. Floating solar PV is a solar innovation with less
than 10 years of technological development. Still a niche market a couple of years ago, the floating solar
market now reaches several hundreds of installed MW around the globe, with the majority of the
-12-

installations being connected in Asia (Grand View Research 2017). Floating solar application are
particularly interesting for countries with irregular ground, such as mountainous or coastal lands, coupled
with very high population and activities density. Moreover, the PV panels installed on a floating structure
are subject to natural convection due to the lower temperature of water. The high availability of water is a
very useful parameter when starting thinking about complex cooling methods. Thus floating solar
application have great potential in hot and arid countries, where operating temperature need to be
regulated to optimize plant performance.
The project work presented in this report was performed in collaboration with Ciel & Terre, the global
leader in floating solar PV systems development. Ciel & Terre has launched several projects concerning
the introduction and optimization of innovative cooling techniques on floating solar plants.
1.1.2   Ciel & Terre Presentation
Ciel & Terre is a recognized and experienced innovative French company, pioneer in the PV sector since
2006. The company provides a large range of technical and engineering services, managing all aspects of
project development process from site selection and feasibility studies to construction kick-off and
operation (Ciel & Terre s.d.). Since 2011 Ciel & Terre has been fully devoted to floating solar PV systems,
developing the first patented and cost-effective system Hydrelio technology. In response to the land use
conflicts, this solution consists of installing standard PV modules on large natural or artificial water
bodies, to avoid taking away large farmlands. This system is particularly suitable for water-intensive
industry and grid-connected installations. Hydrelio technology has a 25 years’ lifetime. For its innovations
and sustainable activities, Ciel & Terre won Inter Solar Award 2017 (PV Europe s.d.). Inter Solar is the
world leading exhibition for the solar industry, promoting innovations within the solar field.

Figure 1: Ciel & Terre Logo
Ciel & Terre was first focusing on roof-top and ground-mounted solar plants in France. Due to the end of
government incentives for roof-top solar PV, the company decided to innovate in floating solar solutions,
and designed Hydrelio technology, patented in 2011 (Ciel & Terre 2017). The first floating project using
Hydrelio was installed in Piolenc, France, with a total capacity of 15 kWp. The company developed then
many project in Japan, in UK and in South Asia. In July 2017, Ciel & Terre portfolio included more than
72 MWp in 78 connected floating solar installations, and expected to expand its market to more than 200
MWp by the end of 2017 (Ciel & Terre 2017).
Ciel & Terre has today local offices in Japan, China, Taiwan, Malaysia, USA and France. The company has
also created Joint Venture in Brazil and UK, as well as License in South Korea to expand its market
worldwide. Manufacturing lines of Hydrelio system are operated in 7 countries, especially in Asia where
the products demand is higher.
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Handling the whole installation process, Ciel & Terre offers a diverse range of activities in the field of
floating solar power systems:
Engineering
Floating island and electrical design, R&D innovations, Environmental Analysis.
Financing
Due diligence services and lease agreement, Direct investment capabilities.
Procurement & Construction
Hydrelio production, Equipment Sourcing, Installation and commissioning
Operation & Maintenance
Monitoring & Reporting, Corrective Maintenance, Asset Management
Project Development
Feasibility studies, Grid-connection application, FIT advices, Planning
Currently, Ciel & Terre has around 90 employees worldwide, and expects a large expansion in the coming
years. All employees share common values: innovation spirit and creativity, state-of-the-art technologies
and mutual enrichment of cultures. Deploying renewable energies as key of the future of humanity is a
believe shared by all employees (Ciel & Terre 2017).
This master thesis has been performed in Ciel & Terre Taiwan, within the design department. Ciel &
Terre Taiwan is a very recent local office which has opened in January 2017. It is growing very fast, as the
solar PV market in Taiwan is favourable. The design department is in charge of all technical feasibility
studies, floating power plant design and yield simulations.
The thesis work was also part of a research project, lead by the R&D team in the headquarters in France.
This research project aims at implementing efficient and cost-effective active cooling system on floating
solar plants.
1.1.3   Master Thesis Purpose
The development of solar PV plants is challenging and the market is starting to become critically
competitive. New technological innovations and process need to pave the way for cost-effective solutions
with very high performance level. In this area, smart innovative solutions such as floating solar systems are
promising and can bring important added-value regarding the global empowerment of renewable energies,
land costs saving, as well as new synergies between local actors. Floating PV plants also provide very
interesting electrical performance results, as they are located on water bodies with high convection
potential.
To enhance its floating solar PV plant performance and stay competitive within the floating solar market,
Ciel & Terre is willing to provide a new cost-effective solution involving an active cooling system to its
clients, by spraying water on the panels. The main goal is to increase net annual yield so as to generate
more electricity throughout the year, especially in hot countries such as Japan or Taiwan. At the moment,
no concrete analysis has been carried out on both technical and economical aspects, to understand how to
provide the maximum generation at the lower costs.
This master thesis has its main focus on the techno-economic potential benefits of Ciel & Terre active
water cooling system, with regards to several cooling strategies and time plan. This study aims to model
different cooling process for the proposed system in order to understand the impact on the electricity
generation side.
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1.2   Previous Works
Several papers have been published on similar topic areas. The present section details some relevant
studies focusing on floating solar or cooling techniques in the field of solar PV. As mentioned above,
floating solar system is a quite recent solution, and only a few studies dealing with techno-economic
performance are available in the literature. On the other side, cooling techniques with water for enhancing
solar PV performance have been largely investigated and several papers highlight very interesting results.
A study (Choi 2014) performed by K-Water, Korea Water Resources Corporation, analyses the
performance of a floating PV system compared to an overland plant. The study shows that because of
lower module temperature for FPV than overland PV, the chosen floating PV system has 11% better
efficiency on average. The author carries out an empirical technical comparison analysis of yearly
electricity generation between 2 floating solar systems (100 kW and 500 kW with the same 33° tilt angle)
and a standard land-based solar plant (1MW with a 30° tilt angle). Wind speed and wave height are also
measured to provide array position variation and general advices on floating systems design. In much the
same way, another paper (Majid 2014) written by the University of Malaysia simulated an 80 W floating
PV plant with multi-crystalline cells. The experimental system shows a 6% and 15% higher power output
for short-term (2 hours during mid-day) and long-term simulations respectively, compared to standard PV
overland module. The study also highlights the benefit of such floating applications for tropical countries,
with high irradiance et high temperature. While these two papers perform a study on floating PV plants
from a technical point of view and a comparison with overland PV plants, they neglect any form of
economic analysis. Furthermore, only passive water cooling is evaluated.
Combining both economical and technical aspect of floating solar plant, a paper (Song 2016) published by
Pukyon National University (Korea) analyses the potential of a floating PV system installed on a mine
lake, located in Donghae City. The modelling tool used in the study is System Advisor Model (SAM)
designed by NREL. Total capacity of the studied plant is about 1MW. The FPV design is performed
through shading and spacing analysis, while optimizing panel tilt angle. An environmental analysis is also
carried out, showing that the annual reduction of greenhouse gas emissions would be about 470 tCO2.
The results indicate that building a floating plant over ancient mine areas is economically beneficial, with a
payback period of about 12 years. However, it did not consider any water cooling system.
Numerous experimental and numerical comparison studies have been performed between actively cooled
and standard PV modules. Water cooling on the front of PV panels is studied in (Krauter 2004) where the
temperature of the cells is reduced by 22°C resulting in a 9% gain on the electricity production. A paper
(Abdolzadeh 2008) from the Bahonar university in Iran also developed a cooling system for improving PV
pumping system, which spray part of the pumped water on the front of the cells. Daily maximum
generation yield increase is about 17%.
In much the same way, a study (Bahaidarah 2016) evaluates jet impingement cooling to increase electricity
generation, with two different weather conditions in June and December. The work reveals a power
output improvement of 51.6% and 49.6% in June and December respectively. Performance enhancement
of PV panels based on water spraying technique is experimentally evaluated by (Moharram 2013) and
(Salih 2014) with similar optimal cooling rate results, while analysing the daily power output. Finally, a
study (Nizetic 2016) investigates water spray cooling technique on both side of PV modules for
Mediterranean climate. Both experiments and numerical analysis are performed, achieving an effective
increase of 7.7% in electric energy, while decreasing the panels temperature from 54°C (non-cooled) to
24°C (cooled). The decrease of soiling losses through cooling technique is also highlighted.
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Figure 2: Daily comparison between cooled and uncooled PV modules (Abdolzadeh 2008)
The techno-economic viability of coupled water cooling and PV panels is positively evaluated (Schiro
2017) in high temperature and irradiance weather conditions. Several short-term cooling cycles are
analysed, concluding that the off-cycle cooling time must allow PV cooled panels to reach the steady state
temperature of the uncooled, while cycle cooling time must be much shorter. Annual economic impact of
the cooling system is also studied by calculating pay-back time for a numerical case study in southern Italy.
The payback time for the chosen plant of 100 kWp is almost 8 years. Finally, experimental research work
is done to study cooling uniformity impact on system efficiency. However, the techno-economic
performance is not evaluated on a long-term basis.
The R&D department of Ciel & Terre has started to analyse the first incoming performance data of the
FPV plant operating with a demonstrative cooling system. Real-time data have been studied in order to
calculate technical performance indicators, such as net power gain or pump consumption over a short
period of time. While real-time data analysis is crucial for evaluating site performance, it does not
necessary set conclusion for future investments of cooled FPV projects.
To summarize, lots of research work have been performed in the field of cooling technique for solar PV.
However, no in-depth performance analysis of such systems have been studied on a long-term basis,
whilst coupling floating solar PV technical aspects with economic conditions. Moreover, few are
evaluating the potential of such cooling systems on large-scale installations. Hence the purpose of this
master thesis, which aims at modelling coupled FPV plant and cooling system, for specific hot weather
condition and market.

1.3   Objectives
The main hypothesis in the present research work is that introducing smart cooling processes in a floating
solar system can increase its profitability and thus viability. The main idea is to use synergies between the
system and its environment to enhance overall performance by taking advantage of the presence of water.
Given the motivation mentioned above, the overall objective of the present thesis is to investigate the
impact of implementing active cooling strategies on floating power plant techno-economic
performance.
The expected deliverable of the master thesis is a final project report with detailed model explanations and
results analysis. Other tools are expected to be modelled and provided to Ciel & Terre at the end of the
study. Finally, a synthesis report and a guide will be written for the R&D department
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1.4   Methodology
The present section details the methodology chosen to carry out the study within the time frame of the
thesis work.
Therefore, the following specific steps need to be fulfilled:
1.   Extensive literature review on PV fundamentals and FPV system, with related temperature impact
on installation performance. Theoretical review of cooling techniques and acquaintance of Ciel &
Terre cooling system.
2.   Development and validation of a floating power plant and cooling system models to ensure
higher performance. This includes the implementation of cooling strategies.
3.   Investigation into Taiwan market for floating solar and specific data collection.
4.   Techno-economic performance analysis of the given FPV plant with the modelled cooling system
in Taiwan. Comparison of key indicators for different cooling strategies.
The modelling will be performed with MATLAB. The model will apply standard methodology for solar
PV plant electrical design with specificities due to the floating aspect.
Concerning the data collection, some weather data will be extracted from PVsyst software. Technical
electrical specifications will be collected from manufacturer datasheet, and from Ciel & Terre floating
power plant experience. In much the same way, economic data, such as installation or material costs, will
be taken from Ciel & Terre previous projects.
The model aims at performing simulations of a floating solar plant coupled with active cooling. The task
will consist in comparing modelled FPV plant with current floating solar plant without such cooling
system in terms of performance indicators. First, the floating PV plant will be designed. Cooling system
scenarios will also be studied. Finally, costs analysis will be carried out to evaluate the profitability of such
investment.
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2   Theoretical Framework
The following section is a detailed summary of the extensive literature review conducted in the early stages
of the master thesis. It aims to provide the necessary theoretical framework to get a full understanding of
the various aspects of the thesis. Both relevant definitions and concept explanations are included. Firstly,
the solar PV technology is defined, from physical fundamentals to system performance. Floating solar
system concept is then explained in great detail, including the main benefits and constraints of such
system. Finally, cooling techniques are summarized and discussed, together with a detailed overview of
Ciel & Terre cooling system.

2.1   Solar Energy
2.1.1   Solar Resource
As mentioned above, solar energy is undoubtedly the most abundant resource in the world. It paves the
way for a very promising future of clean, affordable and sustainable energy generation in the next decades
(IEA 2011). Indeed, the energy coming from the sun is by far greater than the annual energy consumption
of humanity, as illustrated perfectly by Figure 3 (Howels 2016). The figure also highlights the potential of
other available energy sources, while comparing with annual global energy consumption. Following the
figure, global solar radiation on all continents would be equal to 1800 times the global primary energy
consumption, whereas hydropower would only meet the global primary consumption for one year.

Figure 3: Global Energy Consumption and Energy Resources
According to the International Energy Agency, the estimated reserves of oil, natural gas and coal are 46
years, 58 years and 150 years respectively (IEA 2011). These values are estimated from proven fuel
reserves and consumption at current rates. In much the same way, if the global annual solar resource was
about to be stored, it would represent over 6,000 years for global world consumption.
When it comes to the solar energy field, understanding common terminology is very important. Irradiance
components are the very base of solar PV plant calculations.
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Direct Normal Irradiance
Direct Normal Irradiance (DNI), also know as beam irradiance, is defined as the direct solar radiation
received on a perpendicular surface from a narrow solid-angle. It is measured as solar radiation per surface
area. When the surface of the PV module is normal to the solar radiation, the solar radiation received is
maximized. Thus, PV module tilt angle is a critical parameter for maximizing solar radiation absorption.
Diffuse Horizontal Irradiance
Diffuse Horizontal Irradiance (DHI) is defined as the amount of solar radiation received on a horizontal
surface on the earth, including ground reflect radiation.
Global Horizontal Irradiance
Global Horizontal Irradiance (GHI) is the sum of the DNI and the DHI. It is the measure of the total
quantity of available solar radiation per surface area.
Regardless of the great potential mentioned in the previous section, solar energy only accounts for a tiny
portion of the global electricity generation mix. Considering only electricity generated by renewable
sources, solar energy share is still relatively small compared to other sources, such as hydropower, wind
power or biomass. Thus, future electricity generation from solar energy and its growth within the
electricity mix is highly expected to rise in the next decades. The main barriers are undoubtedly investment
costs, together with the need of large available area for large-scale plants.
2.1.2   Solar PV Market
There are two main types of solar energy technologies currently available in the market. The two
technologies operate from two different fundamental process for harvesting solar energy: heat and
photoreaction. These technologies are solar PV and Concentrated Solar Power (CSP). Both technologies
are used for a diverse range of applications, from domestic water heating to utility scale electricity
production. This thesis work is focusing on solar PV applications and performance.
Solar PV is currently the most cost-effective solar technology in the market, due to its simplicity and the
decreasing manufacturing costs. For about one decade, solar PV has started to expand rapidly in the world
(Figure 4), including utility scale generation installations especially in Asia, USA and South-America. At
the end of 2016, the total installed capacity globally was around 303 GW (IEA 2016). It represents around
1.8% of the world’s electricity generation. According to the IEA, the global share of PV in the electricity
mix could reach 16% by 2050, representing a total installed PV capacity of 4,600 GW (IEA 2016).

Figure 4: Regional PV cumulated installed capacity in GW (IEA 2016)
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The global growth is actually caused by many contrasting developments at a regional level. Asia ranks in
the first place with around 67% of the global PV market in 2016. China leads the cumulative capacities
with 78 GW, followed by Japan, Germany and USA with 42.8 GW, 41.2 GW and 40.3 GW respectively.
At the end of 2016, 24 countries in the world had at least 1 GW of cumulative PV capacity (IEA 2016).
In 2016, the PV market expands by 50% with an annual installed capacity of 75 GW. In 2015, the PV
annual capacity growth was only 25%. Before 2012, Europe was dominated the global PV market in terms
of annual installations. However, Asia PV market started to grow since 2012 and this growth is confirmed
in recent years, as illustrated by Figure 5. China actually represented by itself 48% of the annual installed
capacity in 2016, while Europe share was around 34% in the same year (IEA 2016). The market in Europe
has actually declined in the previous years, moving from 8 GW of annual added capacity in 2015 to
around 6 GW in 2016.

Figure 5: Evolution of annual PV installation in GW (IEA 2016)
Solar PV is today used in a diverse range of installations, ranging from solar roof-top to ground mounted
power plants. Roof-top PV power station are generally located on residential or commercial buildings.
They are relatively small in terms of capacity, featuring a capacity of about 5-20 kW for residential building
and often 100 kW on commercial structures. Ground mounted PV systems are generally large, utility scale
solar power plants with capacities in the MW range. There are located in region with very high irradiance,
and involve high investment costs (IEA 2016).
A new way of installing solar PV power is growing rapidly since a couple of years: floating solar PV, using
water bodies to avoid the burden of intense land requirement and to create new synergies.

2.2   Photovoltaic Fundamentals
2.2.1   PV Effect
Solar photovoltaic systems use the PV effect to convert solar energy into electricity. Simply stated, the PV
effect is the generation of a current under exposure to light. PV cells absorbs direct normal irradiance
(DNI) and diffuse horizontal irradiance (DHI). When a photon from solar light makes contact with a PV
material, the photon can be transmitted, absorbed or reflected. In the case of absorption (Figure 6), an
electron can be released and removed if the energy of the photon is higher than the band gap of the semiconductor. This physical effect is done through the P-N junction of the PV cell, which basically acts like a
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diode, and thus creating an electric direct current, as free electrons are flowing between the N-type and the
P-type semi-conductors.

Figure 6: Photovoltaic Effect (Guedez 2017)
2.2.2   PV Terminology
In this section, some of the key PV parameters used by the manufacturers are defined and explained
shortly. This terminology is common to the global PV market, and thus will be used extensively in this
thesis work.
Open Circuit Voltage Voc
Open-circuited voltage of the PV module, at rated irradiance and temperature.
Short Circuit Current Isc
Short-circuited maximum current generated by a solar module, at rated irradiance and temperature.
Peak power Pmax
PV module power generation at rated conditions.
Maximum Power Point MPP
Voltage-current pair (Impp and Vmpp) for which the PV module delivers the maximum power output, at
given irradiance and temperature. The MPP plays actually a crucial role in the PV module and system
performance analysis.
2.2.3   PV Cell Types
PV cells are generally optimized to maximize both the amount of light received and absorbed, together
with the power generated. Thus, metal grids are used for conduction, and anti-reflection coating are
applied to the top of the cell. In much the same way, the efficiency of the PV cell is strongly linked with
the fabrication of the cell, which involved very often high laboratory and fabrication costs with regards to
material costs (for instance with silicon Si).
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The efficiency of the PV cells is highly impacted by optical losses (reflection or high-energy photon) and
resistive losses (series and shunt resistance), which are independent of given environmental operating
conditions (Guedez 2017).

Figure 7: PV Cell Power Density
The two main PV cell technologies are crystalline silicon (C-Si) and thin film (TF). The solar PV market is
currently strongly dominated by crystalline silicon which represents approximately 90% of the market,
while thin film technology accounts for around 10% of the market share.
C-Si cells are composed of monocrystalline (mC-Si) and polycrystalline (pC-Si) cells. mC-Si cells are made
from pure monocrystalline silicon and are composed of a single crystal with almost no impurities. The
main advantages of this single continuous crystal lattice structure is the high efficiency reached by the cell,
which is typically around 17%-19%. Recent tests of NREL and SunPower have even showed efficiency up
to 28%. However, mC-Si cells fabrication involves critical manufacturing costs. pC-Si cells are produced
using numerous grains of monocrystalline silicon. Instead of using a single crystal, pC-Si cells are
manufactured by cutting very thin wafers of molten polycrystalline silicon. There are less expensive than
mC-Si, but have lower efficiencies, around 14%-16%. Both cells are highly affected by temperature
variation.
TF cells are separated in amorphous silicon (a-Si), cadmium telluride (CdTe) and Copper Indium Gallium
Selenide (CIGS). TF cells are produced by arranging atoms in a thin homogeneous layer, since they absorb
light more effectively than crystalline silicon. TF cells have lower manufacturing costs and are usually less
affected by temperature. Moreover, a-Si and CIGS cells offer flexibility, which can be useful for certain
applications. However, they operate with lower efficiencies, approximately 7%-9% for a-Si, 10%-12% for
CdTe and CIGS.
For a couple of decades, multi junctions PV cells have also started to join the market, providing very high
efficiency (up to 50% in 4 junctions) thanks to lower spectral and resistive losses. However, their very high
manufacturing costs are a critical barrier for large-scale applications.
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For the last past decades, PV cells market have known some dramatic changes, in terms of costs and
efficiency. On the first hand, PV cells efficiency has continuously increase for the past 40 years, thanks to
in-depth study in private or public laboratories (Figure 8). For instance, the efficiency of TF CdTe was
about 8% in 1980, against around 20% today, that is to say an increase of 67%. In much the same way, the
most used C-Si cells were 15% efficient on average, but they can currently reach 25%. Figure 8 also
illustrates the late discoveries in the cells development. Since two decades, multi-junction and organic cells
have started to enter the market, with very promising efficiency results. While organic cells have very
interesting applications and structure properties but lower efficiencies, multi-junction cells provide the
highest efficiency with still very high costs.

Figure 8: PV Cell Efficiency Evolution
On the other hand, modules prices have plummeted, and they are expected to decrease more and more in
the future. If we are to believe Figure 9 from IRENA, C-Si and CdTe module prices are deeply linked
with the global installed capacity, and they decrease as the modules demand increase. Indeed, if we are to
take values between 1992 and 2012, the average module price went from 10 USD/Watt to 0.9 USD/Watt
for C-Si PV panels. At the very same time, the cumulative production of C-Si modules was about 100 MW
in 1992, whereas it reached around 100,000 MW in 2012. Thus a continuous massive costs reduction is
expected in the next years as well.
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Figure 9: PV Cell Costs Evolution
2.2.4   PV Cell Performance
The performance of a PV cell can be visualized with an I-V curve, as illustrated by Figure 8. For given
operating and weather conditions, the curve shows the maximum power point (MPP) reached by the cell.
Specified conditions are usually provided by standard testing condition (STC) and normal operating
condition (NOCT). STC is defined by an irradiance of 1000 W/m2, an ambient temperature of 25°C and
an air mass of 1.5 (Guedez 2017). In order to be more accurate on real world condition, NOCT
conditions are used. In this case, an irradiance of 800 W/m2 is assumed and an ambient temperature of
20°C, together with an average wind speed of 1 m/s. These two specified conditions can be used to
calculate the real performance of the PV cell, considering local weather conditions and temperature
correction coefficient provided by manufacturers.
The maximum power output of a PV cell at given operating conditions is the product of Impp and Vmpp.
In order to obtain the MPP at any moment, the PV modules have to be utilized together with a MPP
tracker (MPPT). MPPTs regulate and optimize the operating voltage of the module so as to maximize the
module current. MPPTs are usually located directly in the inverter so there are operating at array level.
However, they can also be used at module or string level for potential performance benefits, but involving
higher costs. Figure 10 illustrates the MPP point on a I-V curve.

Figure 10: I-V curve and MPP of a PV cell
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There are are two main parameters that significantly affect the performance of the PV module. Firstly, the
output current of the PV module increases proportionally with the solar irradiance. As the power voltage
slightly changes while the irradiance is increasing, the maximum power output increases as well. Such
performance variation is described by Figure 11.

Figure 11: Irradiance impact on PV performance (SMA 2013)
Module temperature also highly affects its performance. As illustrated by Figure 12, for a fixed solar
irradiance, the output voltage decreases together with an increasing trend of the module temperature,
while the output current roughly stays constant. Taking into account that module temperature is directly
dependent on the ambient conditions, the maximum power output is primarily dependent on weather
conditions. This thesis will highly focus on this temperature impact on PV system performance.

Figure 12: Temperature impact on PV performance (SMA 2013)
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2.3   Floating Photovoltaics
2.3.1   Concept of Floating Solar System
The extensive land use of standard ground-mounted solar large-scale PV plants can be partially avoided by
using the emerging concept of floating solar on water bodies. It is particularly true in countries with nonflat land, mountains areas and very often unused water areas. Applications of floating solar systems comes
with a diverse range of water bodies:
•  
•  
•  
•  
•  
•  
•  

industrial water ponds
water treatment sites
quarry and mine lakes
irrigation and retention reservoirs
drinking water surfaces
aquaculture farms
hydroelectric dams

Many academic studies have shown the numerous benefits of floating solar, compared to standard landbased solar systems.
Environmental Benefits
•   Minimizes water evaporation, preserves existing ecosystems (Melvin 2015)
•   Reduces algal bloom (Sahu 2016)
•   Limits erosion of reservoir embankments by reducing wave actions
Economic Benefits
•  
•  
•  
•  

Converts unused space into profitable area
Reduces grid-connection costs enjoying existing electrical infrastructures (Wästhage 2017)
Smoothest development process
Enhances electricity generation thanks to water natural passive cooling effect (Choi 2014)

Social Benefits
•   Preserves valuable land for agriculture or other uses (Sahu 2016)
•   Rehabilitated contaminated areas generating clean energy
•   Positive aesthetics
2.3.2   Floating Solar Market
Many countries have started to be interested in floating solar technology and potentials, especially where
land constraints preclude other forms of PV installations. Several developing companies are involved
within the market, such as Kyocera (Japan) or Sunrise (Taiwan), but Ciel & Terre remains the world leader
with more than 50% market share. Very few data about current FPV market are available in scientific
literature, new project installations can only be known through press articles. Data provided in this section
are mainly collected through Ciel & Terre internal documents.
The first floating solar plant was connected in 2007 in California. Currently, the floating solar market is
mainly active within the Asian market. Japan was the very first country where large-scale floating power
plants were installed and connected, with currently a total installed capacity of around 60 MWp. After the
Fukushima nuclear disaster in 2011, the government decided to implement incentives for promoting
renewable energies development within the countries. With very few land available area but lots of water
bodies, floating solar installations have been developed. More than 22 project have been implemented in
different regions. The very first project was a 1.3 MWp plant on Nishihira pond in March 2015. The
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biggest plant is currently on the Yamakura dam, with an installed capacity of 13.7 MWp. Both project have
been developed with Hydrelio solution from Ciel & Terre.
On the other hand, China and India are starting to develop massively floating power plants, with for
instance a 70 MWp FPV plant under construction in the Anhui province, China. The countries will mainly
install large-scale plants. In Asia, two other countries have played a crucial role in floating solar
deployment: South Korea and Taiwan, with respective current installed capacity of 4MWp and 3.2MWp.
In Europe, few projects have also been installed, and the largest one is implemented in UK with 6.3
MWp, on Queen Elisabeth II reservoir.
If over 96MWp were installed worldwide at the end of 2016, the total installed capacity of floating solar
PV plants is currently around 300 MWp. FPV plant capacity vary dramatically, from 10kWp to 20MWp
(Grand View Research 2017).
The future deployment of floating solar systems is very dependent of countries location and market
situation. Table 1 shows the main key countries where floating solutions are most likely to be deployed,
with their main market focus. In Europe, the market for floating solar is not expected to expand, due to
no concrete new electricity demand.

Japan

Utility scale installations

South-East Asia

Off-grid & Installations on shrimp farm

India

Utility scale installations

USA

Industry self-consumption

China

Utility scale installations

Brazil

Hydropower reservoirs & hybrid systems
Table 1: Market focus for key countries involved in floating solar deployment

2.3.3   Floating Solar Operation
In a similar way as standard ground-mounted PV panels in utility scale plant, FPV modules are connected
in series to create strings, and strings are then combined to create solar arrays. As shown in Figure 13,
connecting PV panels in strings increases the voltage, while connecting strings increases the current
(Guedez 2017). Electrical design is then made to size strings and arrays so as to achieve voltage and
current requirements of the array.
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Figure 13: FPV system electrical configuration

Standard weatherproof electrical combiner boxes allow the DC strings to be connected in a single
submerged DC wire. DC boxes are mounted above the waterline, and should have a maximum weight of
60 kg due to buoyancy of the system. DC cables should be suitable for possible immersion, typically PVC
sheathed.
According to its total power capacity and system configuration, the inverters of a FPV plant can be either
located per string (Figure 14) or central (Figure 15). Module inverters are not often used for investment
costs and cable losses purposes. String inverters are connected to each string of the array. As each string
has its own MPP, the power of each string can be altered independently from the others. The power
losses due to shading or mismatch are then reduced. However, the costs of small inverter are generally
high (Castillo 2014). On the other side, a central inverter consists of one array connected to one single big
inverter. This configuration is the most common utilized due to smaller installation costs and its
simplicity. However, compared to string inverter, it is susceptible of having a negative effect of the global
array voltage, since the entire array operate with a single MPP. Mismatches between the string can indeed
occur (Castillo 2014). In this thesis, only central inverter configuration will be considered, because it is
extensively used for Ciel & Terre floating power plants with, as far as the installed capacity is over 200
kWp.

Figure 14: FPV string inverters configuration (Guedez 2017)
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Figure 15: FPV central inverter configuration (Guedez 2017)
2.3.4   C&T Floating System
This master thesis focuses only on Ciel & Terre floating system, which is based on Hydrelio Technology.
However, similar components can be found on other system, and similar results would have been
expressed.
The Ciel & Terre FPV plant consists of solar PV panels mounted on a floating structure, composed of
several floats connected together. The floating platform is made of primary floats, supporting PV panels,
and secondary floats used for maintenance, maintaining distance between PV panels. The floats are made
of High Density Polyethylene HDPE and are connected together by reinforced connection pins (Ciel &
Terre 2016). The tilt angle is fixed, and can be 5° or 12° depending of the use and the location of the
plant. The primary float is designed with a hole in the middle, for passively cooling and ventilating the PV
panel. PV modules are connected to the floats thanks to aluminium mounting rails, depending on the size
of the module’s frame.

Figure 16: Floating structure supporting PV panels
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Figure 17: Hydrelio floats supporting PV panels
Extra rings of Hydrelio floats are always installed around the PV island, to ensure higher buoyancy
reliability and easier maintenance. While designing a Hydrelio FPV plant, several requirements must be
taking into account.
Anchoring Design Material
Because the mounting structure of a floating sola plant is by definition installed on water, the floating
island must be anchored at the bottom of the lake, or very often on the shores, according to the
constraints of the site. Basic equipment for mooring lines include spreader bars, shackles, chain and
mooring cables. Aluminium spreader bars are used to connect the anchoring lines with the island so as to
spread the load on the floats. The maximum load on each spreader bar is 2000 daN (Ciel & Terre 2016).
Anchors chosen are also dependent of the location and the composition of the soil, and can be either
dead-weight in concrete, screw galvanized anchors or plate anchors driven into the earth by hydraulic
hammers. Figure 18 illustrates the different components of the anchoring system, for a bank anchoring.

Figure 18: Bank anchoring of a FPV solar platform
Choice of Panel
For floating PV plant, C-Si modules must be selected to avoid any potential impact on water in case of
breakage. Some requirements must be followed due to the fixing system of the Hydrelio system.

Maximum length of the PV panel

1670 mm

Maximum width of the PV panel

991 mm

Minimum height of the PV panel

20 mm

Maximum weight of the PV panel

25 kg

Table 2: PV module requirements for Hydrelio system compliance (Ciel & Terre 2016)
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2.3.5   Floating Solar Anchoring Design
Designing floating solar islands involves in-depth preliminary studies on site conditions and location. In
order to prevent the solar island to be blown away during storms and to minimize its movement, the
artificial island must be anchored at the bottom or the banks of the pond. A proper anchoring design
must also prevent damage on the floating structure. Several data must be collected to undertake a suitable
anchoring design and calculate local loads on the structure.
Wind Conditions
Wind speed is actually generated the main loads on the solar island (Ciel & Terre 2016). Thus it is
mandatory to collect data at the precise location. For every azimuth around the island, wind speed should
be calculated so as to calculate local loads. For Hydrelio technology, maximum allowable wind speed is
58.3 m/s.
Bathymetry
Having the bathymetry is mandatory to define elevation of each points. Avoiding local bumps is critical so
as to keep a relatively flat floating structure.
Water Level Variation
The maximum and minimum water level on the pond have to be considered for the entire lifetime of the
FPV plant, including exceptional weather events such as flood or storms. These data help to understand
whether the floating structure will hit the ground or the bank in some cases. For instance, if anchoring at
the bottom, the maximum water level is the worst case scenario, while it is the minimum level if anchoring
at the banks. Very high water variation must be studied with caution.
Waves and Current Conditions
Site waves conditions are calculated through wind speed analysis. The maximum tolerable waves height is
1m for Ciel & Terre floating solar islands. On the other hand, water current can generate hydrodynamic
loads while water is hitting or running under the float (friction). The maximum tolerable water flow is
1m/s (Ciel & Terre 2016).

2.3.6   Floating Solar Losses
Weather Losses
The FPV plant model will be done with a theoretical irradiance model, taken from literature and detailed
in the next section. Hence, the model does not take into account episodic changes in weather affecting the
rated performance of the FPV plant, called hourly intermittency. Indeed, because of cloud cover, global
incoming irradiance on the solar field can drop dramatically, thus decreasing power output.
The concept of intermittency is visually highlighted by Figure 19. If considering only global incoming
irradiance as an external factor, the PV plant power output differs from one day to another. On Day 1 and
Day 2, the power output variance is higher because of cloud covering the solar field, thus decreasing
power generation at some time of the day.
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Figure 19: Intermittency of power output (Larchet 2015)

Shading and Soiling Losses
Solar irradiance reaching the PV modules can be reduced by shading and soiling. Shading is the process
whereby PV panels are shaded by other elements, such as clouds, trees or other PV panels. This can result
in current and voltage differences between PV panels of the same strings, illustrated by Figure 20, thus
creating mismatch losses and impacting the performance of the array (Larchet 2015). It can even damage
PV modules.
This phenomenon can be limited through usage of by-pass diode, or by designing the plant layout so as to
reduce shading. However, in utility scale PV plant, it can not be completely avoided.

Figure 20: I-V curve variation due to partial shading (Larchet 2015)
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In much the same way, soiling losses are due to dust and dirt presence on PV modules, especially in arid
area where rainfall is limited. This creates shading losses and the dust decreases the transparency of the
glazing of the panel, thus decreasing PV cell performance. For FPV plant, the presence of water
encourages to clean the PV panel more often than standard land-based plants.
Low-irradiation Losses
At low irradiations, PV panels usually work less efficiently, due to higher reflection and absorption.
Hence, a low-irradiation efficiency coefficient is introduced.
Availability Losses
A FPV plant may require some maintenance where power may be cut off. For instance, natural
catastrophes or grid outage can happen and lead to a needed disconnection of the plant. Moreover, if the
FPV plant is installed on fish ponds, the island might need to be moved and disconnected to collect
fishes. In order to take this process into consideration, an availability efficiency is introduced.
Electric Losses
Electric losses come first from DC and AC cables. For DC cable, the higher the intensity, the higher the
losses because of electric resistance following Ohm relation Pohm = RI2. Considering AC cables, between
the inverter and the substation. FPV plants are very often installed close to a sub-station, so we neglect
AC losses. The value chosen for DC losses is a common value taken from literature.
Moreover, the efficiency of the inverter depends on its loading and its annual operation performance.
Figure 21 shows the efficiency curves as a function of its loading.

Figure 21: Inverter power efficiency
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2.4   Cooling Techniques
2.4.1   Cooling Fundamentals
The performance of a PV plant comes with a critical paradox. Solar PV modules relies on high irradiance
to generate electricity, but increasing their operating temperature negatively affects their efficiency. Indeed,
one of the main high operating barrier for photovoltaic panels is overheating due to excess solar radiation.
Such effect has been largely investigated in the literature by (Fesaraki 2011) and (Jiang 2012), where PV
modules performance have been studied for a wide range of temperatures. Existing PV panels usually
converts between 15% and 25% of incoming radiation, while the remaining radiation is absorbed and
transformed into thermal energy. As mentioned before, increasing the temperature of the PV cells will
decrease the voltage in the cell. As illustrated by Figure 22, this phenomenon will lead to the decrease of
the cell’s power output. It represents a critical obstacle, since the PV panel efficiency can then decrease at
a rate of 0.3-0.6 % per degree increment of the module temperature (Hasanuzzaman 2016). It largely
depends on the PV panels used, and the local environment of the PV plant.

Figure 22: Temperature impact on power output (Hasanuzzaman 2016)

As a result, there is a considerable interest in controlling such temperature variations. The more intuitive
physical phenomena helping to overcome this issue is to cool down the PV module, so as to reduce
overall operating cell’s temperature. Cooling techniques use forced convection process to transfer heat
generated by PV modules (Sargunanathan 2016). Thanks to the lower temperature of the coolant, heat is
transferred from the cells to the chosen coolant, following convection laws. Cooling process is desirable
so as to keeps the average temperature of the modules at its minimum, with uniform distribution to avoid
any mismatch (Siecker 2017).
Both passive and active cooling can be used for decreasing operating temperature of PV panels. Passive
cooling technologies are used without any additional power required (Sargunanathan 2016). Natural
convection under or over PV modules are very often used and very simple to adopt. In general, passive
cooling techniques have been largely investigated and can achieve a reduction of cell’s temperature
between 3°C and 20°C depending on the techniques used (Sargunanathan 2016), resulting in an electrical
efficiency improvement up to 15% in the best cases. If passive cooling is a simple way of decreasing
slightly the panels temperature, it is very often relatively slow in terms of cooling attainment. Moreover,
high performance improvement is only reach with very costly passive systems. On the other hand, active
cooling systems involves more effective yet less time consuming processes. Active cooling systems
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requires external power to operate, such as fans or pumps (Sargunanathan 2016). It often uses high heat
transfer process offer by liquid coolant such as water, for its wide availability, and more effective than air
active cooling.
2.4.2   Water Active Cooling Technologies
Numerous technologies of water active cooling have been studied, and some effective methods are
presented in this section, with their main highlights.
Immersion cooling
Implementing immersion cooling technique lead to install PV modules under water. High efficiency
improvement results are obtained through heat absorption by water from the PV panels. For instance, a
paper (Mehrotra 2014) shows that with a depth of 1cm, a 17.8% electrical efficiency enhancement can be
achieved. While this technique has very little environmental impact and high temperature reduction
potential, immersion cooling is not applicable to floating solar systems.
Forced water circulation
For decreasing operating temperature of PV modules, thermal pipes can be mounted to the back of the
panels, while water is used as circulating fluid to cool the cells. Waste heat for PV modules due to excess
radiation absorption can then be transferred to the circulating coolant, and even be used for other uses.
According to several studies such as (Wu 2011), the overall efficiency of the system is very much
dependent of pipe material heat transfer capacity. However, the implementation of such technique results
in high installation and material costs, and thus forced water circulation cooling process is not a suitable
solution of large-scale solar plants.
Water spraying
In this system, water is sprayed through sprinklers on the front of PV modules thanks to a pump and
connected pipes. Several studies mentioned the previous sections have obtained interesting results,
showing electrical efficiency increase of up to 15% in extreme weather environments (Salih 2014). While
large quantity of water is used and wasted with this system installed on overland PV plant, it can be a
suitable and costs-effective solution for floating solar systems.

Technology

Advantages

Disadvantages

Reduction in T °C

Immersion Cooling

Highly efficient

Ionised water impact

Economic-friendly

Low efficiency during
cloudy days

Up to 40 °C, depending
on the depth

Forced Water
Circulation

Very efficient

High investment costs

Re-use of water

Equipment degradation

Water Spraying

Very efficient

Area of PV panel only
partially cooled

Simple process

Usually 20-30 °C
Max 30 °C (both sides)
Max 22 °C (front side)

Wasted water
Table 3: Advantages and Disadvantages of active water cooling techniques
2.4.3   Ciel & Terre Cooling System
Ciel & Terre has developed an active cooling system based on water spraying techniques. Combined with
passive cooling from water of the ponds or reservoirs, the cooling system aims at rising total electricity
yield, without generating very high additional installation costs. Thus water spraying is a suitable solution
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for floating solar, avoiding the issue of wasted water. Such cooling system has already been implemented
in one of Ciel & Terre floating power plant in Japan. Located in Isawa, the power plant is installed on an
irrigation pond and connected since October 2016 (Figure 23). Installed capacity is 631.8 kWp with 2,340
Kyocera modules of 270 Wp each, with a total surface of 350m2.

Figure 23: Photo of Isawa Ike floating power PV plant
On the south part (SP) of the plant, Ciel & Terre has implemented its cooling system, while the north part
(NP) of the plant has stayed uncooled so as to compare the specific production of each side. Thus the
cooled modules represent 63% of the PV plant, that is to say around 400 kWp. The hydraulic part of the
cooling system is composed of a central submersible pump and water pipes, allowing water to circulate
through the all SP, as well as sprinklers to spray water on the front of PV panels. At the moment, one
sprinkler is used to spray water on 4 different modules. A water filter is also used at the output of the
pump to avoid any damages within the pipes system, and to prevent dust to be sprayed onto the panels.
Moreover, a monitoring system is used to control the pump, hence the cooling time process, and monitor
all the data collected by several sensors, as presented in Figure 24. All data are available in real-time and
need to be stored and analysed.

Figure 24: Cooling system description
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The cooling system was first commissioned on April 2017, and several simple cooling process scenarios
have been tested during the past few months. Scenarios of pump activation are defined by data collected
through site sensors, such as wind speed, irradiation and panels temperature. Only monthly performance
results are currently available, varying from around 3% net generation gain in November 2018 to 7.49% in
July. Performance improvement is linked with both weather conditions and cooling strategies.
However, current cooling strategies are not optimal and Ciel & Terre is willing to improve such cooling
scenarios. Moreover, a techno-economic model to simulate generation performance enhancement while
implementing Ciel & Terre cooling system would be a very useful tool to investigate annual potential gain
for future system implementation on FPV plants. Thus, the main goal is to be able to propose
implementing the cooling system in future FPV power plants in Asia and provide techno-economic
specifications.

3   Case Study: Taiwan
The following section aims at describing the chosen case study for the implementation of a coupled FPV
plant and cooling system. Taiwan has been chosen for its excellent solar resource and the promising
government incentives towards renewable energy development, and especially solar installations. The city
of Tainan, in the south-west part of the island, is the chosen location. Moreover, the country is used to
very high temperature, which makes it a very interesting country for implementing active cooling systems.
Taiwan is considered as a key country by Ciel & Terre for future investments and large-scale FPV
installations.

Figure 25: Global GHI in China - Taiwan (SolarGIS 2015)
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Taiwan has a good solar resource, especially the south-west part of the country which has been chosen as
case location. As illustrated by Figure 25, the accumulated average annual GHI is approximately 1800
kWh/m2 (SolarGIS 2015) in Tainan. Clouds are very often covering the north part of the islands, but a
clear sky remains in the south part most of the time.
Tainan has a subtropical climate with very high temperature in summer, whereas winter are mild. Tainan is
located in south of Tropic of Cancer, thus ambient temperatures are relatively high. The mean air
temperature is 28.7 °C in summer, and 18.4 °C in winter (Central Weather Bureau of Taiwan 2011). A
typhoon season also occurs every summer between June and August, with very high wind speed and heavy
rainfall up to 400 mm (Central Weather Bureau of Taiwan 2011), whilst avoiding any potential critical
soiling losses. Except for the raining season, the monthly rainfall is under 50 mm. The relative humanity is
relatively constant throughout the year, with value in the range of 75-80 %.

Figure 26: Monthly distribution of temperature in Taiwan (Central Weather Bureau of Taiwan 2011)
Taiwan is considered as a key market for floating solar since the country has an extraordinary number of
water bodies. Water bodies in Taiwan are mainly used as fish ponds, or for irrigation purposes. Yet, the
constraints of being able to resist to typhoons is a critical parameter for solar project investors.

3.1   Energy Market and FPV Regulation
As an isolated power system, Taiwan network faces important challenges in balancing supply and demand,
and currently extensively relies on imported fossil fuels. In 2016, thermal power, including coal, gas and
oil, accounted for 82% of the country total installed capacity, while renewables only represented less than
5%. Moreover, electricity demand on the north exceeds the local generation, so part of the power supply
actually comes from the south part of Taiwan, which often creates supply demand mismatch. The
decreasing reserve margin of the power system raises the alarm for building new power capacity within the
country.
In June 2016, the Bureau of Energy launched the Energy Transition and Power Market Reform, which
aims at establishing the vision for a sustainable, low carbon and economically efficient energy system
(Bureau of Energy 2017). The main goals are to achieve by 2025 the “nuclear-free homeland”, and
targeting an energy distribution structure composed only of renewables (20%), coal-fired (30%) and gas
(50%). Moreover, an Electricity Amendment was created to ensure stability within the power system, with
the main goals of providing multiple supplies, free power purchasing choices for users and green energy
priority for the grid.
In order to reach the ambitious target of 20% renewable in the power system, the government is willing to
attract foreign investments. Table 4 highlights the main renewable capacity targets for 2025, where solar
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PV will account for more than 70% of the total renewable energy capacity. On a country scale, renewables
new capacity will represent 1/3 of total power capacity investments in the next decade.
Renewable Resources

2016 Power Capacity (MW)

2025 Power Capacity (MW)

Solar PV

1,210

20,000

Wind Onshore

682

1,200

Wind Offshore

-

3,000

Hydro Power

2,089

2,150

Geothermal

-

200

Biomass

741

813

Total

4,722

27,363

Table 4: Renewable power capacity in Taiwan 2016-2025
The solar project development target includes both roof-top and large-scale installations. By 2025, the
total solar installed capacity to be reached is 20 GW, with 17 GW for large-scale projects. Among this
cumulative capacity, around 2 GW would be applicable for floating solar installations on dam and
detention ponds. For instance, 75 MW of floating solar project will be proposed in tender before June
2018.
As land is very expensive in Taiwan, government is pushing floating solar deployment. More than 2000
lakes in the country have been identified for having the potential for floating solar. Thus public authorities
are promoting green incentives to promote such technology. Taiwan was actually the very first country in
the world to introduce a specific Feed-In-Tariff (FIT) for floating solar PV in 2016, which is higher than
standard ground mounted solar PV. In this thesis study, we will use the 2018 FIT, expressed in Table 5.

System PV Type

2018 FIT rate (NT$/kWh)

2017 FIT rate (NT$/kWh)

Ground-Mounted

4.37

4.55

Floating

4.77

4.94

Table 5: Taiwan solar PV Feed-In-Tariff rates 2017-2018 (Kenning 2017)

3.2   Ciel & Terre Installations
Ciel & Terre Taiwan have currently commissioned two floating power plants in Taiwan. The very first
FPV plant was installed in Taoyuan on an irrigation pond in March 2017. Installed capacity is 481 KWp. A
second FPV plant was grid connected in June 2017 on a water retention pond in Agongdian. Installed
capacity is 2,320 kWp. In both cases, Ciel & Terre was in charge of preliminary studies, FPV plant
electrical and anchoring design, as well as Hydrelio supply.
Numerous projects are being planned for the coming years. At least 15 MWp of FPV plant will be
installed and connected by the end of 2018, where Ciel & Terre will work as EPC. On the other hand, the
company also work on large-scale floating projects, ranging from 25MW up to 300MW, as the floating
solar market is booming within the country.
As a result, Ciel & Terre aims at providing all performance services for the coming project to its clients,
and implementing cooling systems is seen as a key market parameter to stay competitive.
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Figure 27: Ciel & Terre FPV plant in Taoyuan

3.3   Chosen Site
The chosen site for this study is the very first EPC project for Ciel & Terre in Taiwan. The site of Sugu is
located in southern Taiwan, near the city of Tainan, in a local industrial park. The water body is a
regulation pond used by surrounding industries, with a total water area of 32,347 m2. Table 6 highlights
the main site data used in the simulation.

Section

Location and System
(Sugu, Tainan)

PV Electrical
(AUO SunVivo)

PV Losses

Data for SUGU

Value

Unit

Latitude

23.10

°

Longitude

120.26

°

Elevation

10

m

UTC

8

-

PV Tilt

12

°

PV Azimuth

82 & -98

°

Power Pump

6

W

Albedo

0.1

-

Wind Speed

2

m/s

Nominal Power

295

Wp

Power Temp. Coefficient

-0.42

%/°C

Efficiency

18.1

%

Panel Area

1.63

m2

NOCT

46

°C

Mismatch

2

%

Soiling

1

%

Shading

2

%

IAM

4

%

Ohmic

2

%

Inverter

5

%

Table 6: Location and system data for SUGU
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Grid connection is planned for summer 2018, and total installed capacity will be 1,132.8 kWp. The
floating system configuration is very specific, using two different azimuth angles in order to optimize
available space within the water pond. Such configuration is called “Duopitch”. Solar island area is then
9,143 m2, covering 28.27% of total water area. PV panels used in Sugu FPV plant are AUO SunVivo 60
cells modules, with a nominal power of 295 Wp. The total number of panels is 3840. In much the same
way, 12 Delta inverters of 80 kVA capacity will be installed. The electrical configuration is set at 20 panels
per strings, and 16 strings per inverter. For this study, a potential cooling system is modelled and different
cooling strategies are studied, to be implemented after grid connection.

Figure 28: Sugu FPV plant layout in Duopitch configuration
At site location, the average annual GHI is about 1623 kWh/m2. All meteorological data are extracted
from NASA-SSE satellite data between 1983 and 2005. Figure 29 shows daily irradiance at Sugu.

Figure 29: Daily maximum irradiance at Sugu site (NASA)
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4   Performance Model
This section details the modelling procedure of performance analysis of the proposed coupled FPV plant
and cooling system. After presenting the overall approach used in the global model, each specific
modelling approach is explained in great details. First, the solar resource model is presented with the
appropriate terminology, and details about site data collection. Then, the floating solar plant is modelled
with regards to the chosen case study, and electricity yield equations for power generation calculation are
discussed. Together with the FPV plant design, the cooling system is also highlighted, and explanation of
temperature variation impact due to cooling and operation is provided. On the other hand, economic
models are presented with regards to both FPV plant and cooling system, and relevant techno-economic
indicators are defined. Finally, the previous detailed models are verified through a technical comparison
with an existing FPV plant coupled with a similar cooling system in Japan. At the end, scenarios and
control strategies are shown and sensitivity analysis is presented.
The model is completely MATLAB based, with some site input provided by PVsyst database. The model
is mainly based on accounting irradiance and temperature impact on FPV plant operation. Figure 28
illustrates the flow of the model procedure. It covers all modelling and simulation steps.

Location and System Data

FPV Electrical Parameters

Weather Data (PVsyst)

Floating Power Plant Standard Operation
Cooling Strategies and Control
Floating Power Plant Operation with Coupled Cooling System

OPEX Calculations
Economics of Location
CAPEX Calculations

Techno-Economic Indicators

Figure 30: Model procedure on MATLAB
The MATLAB-based model is divided in three main calculation steps (in grey), taking as inputs both
location related data (in green), design parameters (in orange) or economic functions (in blue). The overall
model leads to techno-economic calculations to analyse the viability and profitability of the system. All
calculations are minute-based, to ensure the best precision for cooling process activation.
After obtaining the results of the simulation, the general idea was to perform a sensitivity analysis by
changing some key design parameters (FPV electrical or cooling system data) to ensure the best operating
strategies and performance for a given location.

4.1   Solar Resource Model
As mentioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and
s mentioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and
𝐺O,N = 𝐺M,N + 𝐺R,N
mentioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and
mentioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and
entioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and
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is composed of beam radiation 𝐺M,N and
tioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and horizontal
ioned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺M,N and horizontal
oned before, the incoming solar horizontal radiation is composed of beam radiation 𝐺 and horizontal

For an inclined surface, the overall solar radiation is computed with regards to the tilt angle 𝛽 of the PV
modules. In this thesis study, the tilt angle 𝛽 is set at 12° by the orientation of the main float supported
the panels. Moreover, inclined overall radiation is also impacted by albedo or reflection due to the ground
(Guedez 2017). The Equation below presents the total radiation on an inclined surface, by expressing 𝐺T,U
for each radiation components.
𝐺O,U = 𝐺M,U + 𝐺R,U + 𝐺V,U = 𝐺M,N ∗

𝑐𝑜𝑠𝜃U
1 + 𝑐𝑜𝑠𝛽
1 − 𝑐𝑜𝑠𝛽
+ 𝐺R,N ∗
+ 𝐺O,N ∗ 𝜌 ∗
𝑐𝑜𝑠𝜃\
2
2

Where 𝜃\ the zenith angle of the location at every instant, 𝜃U the inclination angle for the chosen tilt 𝛽,
and 𝜌 the ground reflectance (albedo). The albedo value is usually taken at 0.2, following ground
reflectance value (Brennan 2014). In this study, an albedo coefficient of 0.1 is considered to take into
account the presence of water in the surrounding of the FPV plant. Indeed, water absorbs more solar
radiation, and reflection is mitigated.
Global radiation at 𝛽 for the chosen location have been collected at every instant from NASA database.
Hourly data have been collected from PVsyst software, with average values between 1983 and 2005. In
order to simulate the cooling system with more time precision, a linear interpolation has been made
between each hourly values, so as to compute minute-based data. Thus between each hour ℎ and ℎ + 1,
the following process has been implemented to find all 60 minute-based data 𝐷𝑎𝑡𝑎ef,g .
𝐷𝑎𝑡𝑎ef,g = 𝐷𝑎𝑡𝑎N + 𝑚O,N ∗ (𝐷𝑎𝑡𝑎Njk −𝐷𝑎𝑡𝑎N )
With these calculations, a minute-based cooling process can be simulated.

4.2   FPV Power Plant Model
The most appropriate modelling approach for estimating power generation of a PV plant is to perform
calculations to obtain cell’s Impp and Vmpp for every instant, with regards to temperature and irradiance
conditions, hence finding Pmax operating with the inverter. This can be done by solving an equation
linking both Impp and Vmpp (Guedez 2017). However, the chosen model, applied to a minute-based
simulation, is resource and time-consuming. Thus, this thesis work is focusing on a linear approximation
of the generated power, by calculating the PV efficiency variation at every minute. Moreover, this chosen
calculation method allows to take into account passive cooling by applying directly results taken from
literature, described in the previous sections. Finally, the work final objective is to provide a comparison
analysis, so approximating reasonably the power generation is suitable.
In this thesis study, the FPV power generation 𝑃nop (𝑡), at every minute 𝑡, is calculated from the PV
power generation of standard ground-mounted plant 𝑃op 𝑡 , by considering a passive cooling coefficient
simulating the power increase due to the presence of water. The following Equation defines such power
generation.
𝑃nop 𝑡 = 𝑃op 𝑡 ∗ 𝜒rsttuvw = 𝐴rv ∗ 𝐺O,U ∗ 𝜂z{ttwt ∗ 𝜂er 𝑡 ∗ 𝜒rsttuvw
Where 𝜒rsttuvw is the passive cooling coefficient (%), 𝐴rv the PV panels total area (m2), 𝐺O,U the global
incident irradiance (W/m2), 𝜂z{ttwt the sum of all system internal constant losses. Losses taken into
account in the model are composed of shading, soiling, mismatch, IAM, inverter and ohmic losses.
Various papers have studied the impact of temperature on PV efficiency, such as (Skoplaki 2008). The PV
panel efficiency 𝜂er 𝑡 varies actually depending on the irradiance, temperature and wind conditions at
every instant 𝑡. The efficiency is calculated as shown below.
𝜂er 𝑡 = 𝜂er,|w} 1 + 𝜇er 𝑇e{R 𝑡 − 𝑇e{R,|w}
Where 𝜂er,|w} is the reference PV efficiency, often given at STC, 𝜇er the power temperature coefficient
given by the PV panel manufacturer (%/°C) and 𝑇e{R,|w} the PV module temperature at STC. The PV
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module temperature at every instant 𝑇e{R 𝑡 is calculated following the equation described in (Skoplaki
2008), and expressed by the following Equation.
𝑇e{R 𝑡 = 𝑇seM 𝑡 + (𝑇€•‚ƒ,op − 𝑇€•‚ƒ,su| ) ∗

𝐺O,U
∗𝜀
𝑡
𝐺€•‚ƒ …u†R

Where 𝑇seM 𝑡 is the ambient temperature at every minute (°C), 𝑇€•‚ƒ,op and 𝑇€•‚ƒ,su| the NOCT
temperature of PV panels and air respectively (°C), 𝐺€•‚ƒ the NOCT irradiance. All NOCT data are
given by PV manufacturer. The previous equation highlights the impact of ambient temperature, incoming
irradiance, as well as wind condition at every instant for the given site location, in comparison with the
NOCT PV operation. The wind impact coefficient is defined as shown below. Several empirical model
have been studied in (Gökmen 2016). In this thesis work, an empirical model for PV panels close to the
ground has been chosen, since Hydrelio system supports modules at a low height.
𝜀…u†R 𝑡 =

10.91
8.91 + 2 ∗ 𝑣…u†R 𝑡

Where 𝑣…u†R (𝑡) is the wind speed (m/s). For standard condition STC, the wind speed is taken at a value
of 1 m/s, thus avoiding any impact of wind coefficient on PV temperature. As the wind speed is
increasing, the module temperature will slightly decrease thanks to air natural cooling and convection.
Once the power operation of the plant is known at every instant of the year, the annual energy output
𝐸nop,•ws| (MWh) can be calculated by simply adding the all the minute-based contributions.
𝐸nop,•ws| =

1
60

𝑃nop 𝑡 ∗ 10•‘
eu†•Owt	
  O

4.3   Cooling System Model
The previous section describes the calculations steps to simulate the module temperature at every instant.
The equations can be used for standard PV modules, in standard operating condition or uncooled. If
cooling process is implemented, new operating PV panel conditions need to be calculated, and especially
the cooled PV module temperature. Cooling the PV module is intuitively decreasing the module
temperature. As studied in (Prakash 1994), heat transfer coefficient can be used to simulate a cooling
process on the front of PV panels.
𝑇e{R,’{{zwR 𝑡 = 𝑇e{R,•†	
  ’{{zwR 𝑡 − 𝛼 ∗ 𝑇e{R,•†’{{zwR 𝑡 − 𝑇…sOw| 𝑡
The heat transfer coefficient 𝛼 is dependent of ambient temperature, water temperature and ambient
pressure in air. Considering all factors impacted 𝛼, the previous is actually heavily non-linear, as
mentioned in (Bahaidarah 2016). However, a constant 𝛼 will be assumed, only season dependent, for
simplifying the calculations. Since the model aims at investigating techno-economic indicators, and not indepth heat transfer phenomena, the mentioned assumption seems suitable for this study. Moreover, from
an average point of view at long-term level, a non-linear equation is not required to obtain viable results in
a reasonable computation time.
The modelled cooling process is firstly based on the activation or deactivation of the system pump. If the
pump is activated, the cooling is operating and the PV panels are being cooled. If the pump is deactivated,
the PV panels are not cooled. The model neglects all temperature transitions between the cooled and
uncooled states of the PV modules, as well as starting time of the pump. The process is simulated for
every minute of the day, and starts is the panel temperature is higher than the water temperature only.
Figure 29 illustrates the very simple flow diagram of the cooling process simulated.
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Start Cooling Process at minute "
" = " +1
Sensor Irradiance #$,&
Condition NO
Condition '( on #$,&
Condition YES
Activation of the Pump
Cooling with a heat transfer coefficient !
Deactivation of the Pump

Figure 31: Cooling procedure at every instant

Activation of the pump is set by fulfilling a condition with regards to local irradiance at every instant,
simulating solar radiation sensors. This condition can vary depending on the chosen cooling strategy
implemented 𝑖, and it will be discussed in this thesis work. The condition actually plays a role of minimum
irradiance requirement. In other terms, the cooling is proceeding if 𝐺O,U is higher than a set value. In the
existing plant, the monitoring system takes care of this conditional process (automation).
Currently, the condition used on ISAWA power plant is defined by a constant maximum absolute value of
solar irradiance, over which the cooling system is activated. The following Equation shows such current
condition 𝜁–—˜™˜ , which is time and weather-independent if considering the set value.
𝐺O,U 	
   > 400	
  𝑊 /𝑚 ž
One objective of this thesis work is also to evaluate other cooling conditions, especially time-dependent
conditions which would maximise extra power generation profit. This study is focusing on improving the
cooling system process, so as to control the net gain of the system at every instant. In other terms, a
monitoring system is modelled in order to control the instant net gain. If the instant net gain is positive,
the cooling process is activated, while it stops when the net gain is negative. A positive net gain happens
when extra power due to cooling is higher than the pump power, at every minutes of the day. With such
control system, the coupled FPV plant and cooling system are supposed to operate successfully, with high
performance. The two Equations below shows the cooling system controlling the net gain.
Δ𝑃’{{zu†V 𝑡 = 𝑃nop,’{{zwR 𝑡 − 𝑃nop,•†’{{zwR 𝑡 > 𝑃r•er 𝑡
𝐴rv 	
  𝐺O,U 	
  𝜂z{ttwt 	
  𝜂er,|w} 	
  𝜇er 	
  𝛼 𝑇…sOw| − 𝑇seM 𝑡 − ∆𝑇€•‚ƒ
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𝐺O,U
𝜀
(𝑡) > 𝑃’{†t{•r•er
𝐺€•‚ƒ …u†R

4.4   Economic Model
In this section, the procedure for estimating the different costs 𝐶† of a coupled FPV plant and cooling
system is presented. In general, each costs are evaluated through a comparison with existing similar
projects in the same location, by scaling them to the desired installed capacity 𝑋† of the modelled plant.
The following Equation shows the general equation for such scaled comparison. All costs are divided in
two sections, CAPEX and OPEX respectively.
∀𝑛, 𝐶† = 𝐶|w},† (

𝑋†
𝑋|w},†

) •¥

The CAPEX is a measure of the total investment of the system and it is calculated by summing all the
capital costs. The CAPEX is often divided in direct costs, related to equipment and material needs, and
indirect costs, as presented below.
𝐶‚˜o¦T = 𝐶Ru|w’O + 𝐶u†Ru|w’O
Direct costs for the floating installation are composed of the costs of PV panels 𝐶op and of the balance of
system 𝐶§•— , which includes electrical material, floats and anchoring equipment. On the other hand, the
CAPEX of the cooling system includes only the costs of cooling equipment (hydraulic equipment,
monitoring system and fixations) which is called 𝐶’{{z . Indirect costs are assumed to be only included in
the FPV plant CAPEX.
𝐶Ru|w’O = 𝐶op + 𝐶§•— + 𝐶’{{z
The direct costs of modelled system assumed in this thesis work are detailed in Table 6. All data are
collected from Ciel & Terre internal documents. PV panels prices are taken as standard from AUO panel
prices in Taiwan.

Costs direct CAPEX

Equipment

Value (USD/kWp)

PV

Panels

600

Inverters

200

Floating Structure

300

Anchoring

36

Other Electrical

100

Installation & Labour

150

Transport

20

Pump

10

Filter

4

Pipes

6

Sprinklers

5

Monitoring (Sensors & Automation)

35

Support & Fixation

3

-

1269 USD/kWp

Balance of System
BOS

Cooling System

TOTAL

Table 7: CAPEX direct costs for a FPV cooled plant
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Indirect costs include all remaining costs, such as land costs 𝐶zs†R , taxes 𝐶Os¨ , grid connection fees 𝐶V|uR ,
and development costs 𝐶Rwv , as presented as following.
𝐶u†Ru|w’O = 𝐶Os¨ + 𝐶zs†R + 𝐶V|uR + 𝐶Rwv
The indirect costs for the FPV plant are similar to standards costs of ground-mounted PV installations.
However, since costs are higher for land than for water bodies in Taiwan, they are slightly lower compared
to a standard PV power plant.
The OPEX describes the costs associated with the FPV plant operation and maintenance. As expressed
by the Equation below, the OPEX costs are composed of operation and maintenance 𝐶•&ª for both FPV
plant and cooling system and insurance 𝐶u†t . O&M costs includes labour, electrical and hydraulic
maintenance, and power plant monitoring.
𝐶•o¦T = 𝐶•&ª + 𝐶u†t

4.5   Techno-economic indicators
When all simulation has been performed, including operation of the FPV plant and the cooling system, as
well as all costs functions, techno-economic indicators can be computed to investigate the performance of
the modelled system. In this sections, the main techno-economic performance indicators are briefly
presented and explained.
Performance Ratio
The Performance Ratio (PR) is a really important actor to estimate whether the FPV plant is well
designed. It is defined as the ratio between the AC power output of the FPV plant and the theoretical
energy produced by the plant if all incoming solar radiation is transformed into power with regards to
standard PV efficiency at STC. The PR includes both system losses (shading, IAM, etc.) and electrical
losses (mismatch, wiring, etc.). Intuitively, the FPV plant performance ratio will be increased due to the
implementation of the cooling system, since it avoids some temperature losses. The following Equation
defines such performance ratio.
𝑃𝑅 =

𝐸nop,•ws|
𝐺O,U ∗ 𝐴rv ∗ 𝜂er,|w}

The PR is very often a critical parameter when it comes to invest in the power plant. In general, solar PV
plant needs at least an 80% PR to be seen as viable and well-designed.
Specific Production
A FPV plant does not operate at full rated power at every instant, since weather intermittency decrease the
power output. The specific production (SP) reflects the quantity of energy harvesting over a specific
period of time, per unity of installed power. It is particularly useful as it allows to compare several
production regardless of the installed capacity. The annual specific production can be computed as shown
below.
𝑆𝑃 =

𝐸nop,•ws|
𝐸nop,•ws|
=
𝐷𝐶u†tOszzwR 𝑁rs†wzt ∗ 𝑃es¨

Where 𝑁rs†wzt is the total number to panels of the FPV plant and 𝑃es¨ the nominal power of each PV
panels. Unlike the PR, the specific production is directly dependent on the weather input and plane
orientation.
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Raw and Net Gains
The Raw Gain of the coupled FPV plant and cooling system compares the raw production between the
cooled and the uncooled FPV plant within the simulation. It highlights the potential extra generation due
to cooling, in kWh/kWp, and it is simply calculated as follows.
𝑅𝑎𝑤	
  𝐺𝑎𝑖𝑛	
  (𝑘𝑊ℎ/𝑘𝑊𝑝) = 𝑆𝑃‚{{zwR,rw|u{R − 𝑆𝑃±†’{{zwR,rw|u{R
The Net Gain is probably the key indicator of this thesis study. It compares the the raw production
between the cooled and the uncooled FPV plant within the simulation, while taking into account the
consumption of the pump 𝐸r•er used for cooling the modules (still in kWh/kWp). Thus it shows the
real gain due to the implementation of the cooling system, so as to make sure that the cooling system does
not consume more that the extra power generated. For a given period of time, the Net Gain can be
calculated as expressed in by the following Equation.
𝑁𝑒𝑡	
  𝐺𝑎𝑖𝑛	
  (%) =

𝑅𝑎𝑤	
  𝐺𝑎𝑖𝑛 − 𝐸r•er
𝑆𝑃±†’{{zwR,rw|u{R

The Net Gain is directly impacted by weather conditions, as well as water temperature. Thus, monthly Net
Gain are interesting values to compute. In this thesis work, several cooling strategies and scenarios are
investigated, hence changing the net gain and allowing profit comparisons.
Levelised Cost of Electricity
The Levelised Cost of Electricity (LCOE) is one of the main economic indicator for a FPV plant. It is an
indicator which measure the cost of the produced energy, over the lifetime of the plant. In other terms, it
represents the minimum electricity price which generates enough revenues to payback all plant costs. Thus
it is a really convenient indicator to compare different power plant with different capacity or initial
investments. It is particularly adapted to a constant tariff scheme, where a fix electricity price is set for
every instant. The LCOE is calculated by summing all the cash flows and divided by the combined
electricity production during the entire lifetime of the plant 𝑁. This summation is also done using a
discount rate 𝑟, as shown below.
𝐶𝐴𝑃𝐸𝑋 +
𝐿𝐶𝑂𝐸 = 	
  

€
u·k

€
u·k

𝑂𝑃𝐸𝑋u
(1 + 𝑟)u

𝐸nop,u
(1 − 𝜅)u
1+𝑟 u

Where 𝜅 is a degradation factor, used to take into account the progressive efficiency decrease of the PV
panels throughout the years, and the degradation of the electrical equipment. In this thesis study, a real
discount rate of 7% was used.
Internal Rate of Return
The Internal Rate of Return (IRR) is a measure of the profitability of a project, taking into account the
value of money over time. IN simple words, it represents the very discount rate to make the project
profitable. The IRR is defined through the calculation of the Net Present Value (NPV). Indeed, the IRR is
the very value of the discount rate that would make the sum of all cash flows (NPV) equals to zero, along
the lifetime of the plant. the NPV equals zero. The higher the IRR, the more profitable is the project.
Finding the IRR means solving the following Equation X. The IRR for solar PV project are very often
around 5%.
€

𝑁𝑃𝑉 =
u·k

𝐸nop,u ∗ 𝐹𝐼𝑇 − 𝐸r•er ∗ 𝑃𝑟𝑖𝑐𝑒 − 𝑂𝑃𝐸𝑋
− 𝐶𝐴𝑃𝐸𝑋 = 0
1 + 𝐼𝑅𝑅 u
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Where 𝑃𝑟𝑖𝑐𝑒 is the electricity price in Taiwan. In late 2017, the local electricity price at the chosen
location was in the range of 2-5 NT$/kWh. For this economic study, the electricity price is set at 3
NT$/kWh.
Cooling Payback Period
A popular indicator for evaluating the economic viability of a project is the payback period, which will be
applied only for the cooling system (CPP). It represents the total time required to recover the costs of an
initial investment. It is the ratio between the investment cost and the yearly cash flow. This calculation of
the payback period ignores the time value of money, but it is a very simple method to be used as an
additional indicator. In this thesis work, the payback period will be considering for the implementation of
the cooling system, thus investigating whether it represents a profitable investment on a long-term basis.
The following Equation presents the calculation of the payback period for the cooling system investment.
𝐶𝑃𝑃 =

𝐶’{{z
𝐸nop,•ws| ∗ 𝑁𝑒𝑡	
  𝐺𝑎𝑖𝑛 ∗ 𝐹𝐼𝑇 − 𝐸r•er ∗ 𝑃𝑟𝑖𝑐𝑒 − 𝑂𝑃𝐸𝑋

On the other hand, the global pay back of the total FPV system will be evaluated by calculating the
number of years before the NPV equals zero.

4.6   Model Verification
The model described in the previous section needs to be compared to an existing similar power plant
configuration, hence verifying the reasonable standard and precision of the system modelled. Both FPV
plant performance with and without cooling are compared to Isawa plant in Japan, through the real-time
monitoring system available on KIBANA. Table 7 shows the main parameters of Isawa, used in
simulation. Annual verification has not been performed since real case were not found in the literature,
and not available on recent Isawa power plant system.

Section

Location and System

PV Electrical

PV Losses

Data for ISAWA

Value

Unit

Latitude

34.09

°

Longitude

134.34

°

Elevation

97

m

UTC

9

-

PV Tilt

12.0

°

PV Azimuth

0

°

Power Pump

3

W

Albedo

0.1

-

Nominal Power

270

W

Power Temp. Coefficient

-0.46

%/°C

Efficiency

16.4

%

Panel Area

1.65

m2

Mismatch

2

%

Soiling

1

%

Shading

2

%

IAM

4

%
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Ohmic

2

%

Inverter

5

%

Table 8: Simulation input data for Isawa
Both irradiance, temperature and wind speed data on site are taken from SolarGIS 2017 database,
calculated from HIMAWARI satellite and atmospheric data. Data are available monthly, and they are
collected every 10 minutes. Meteorological data are then interpolated in the simulation to have minutebased values, as mentioned before in this report. Figure 30 presents the extracted values of global tilted
irradiance, ambient temperature and wind speed at the site for the month of October.

Figure 32: Daily irradiance, ambient temperature and wind speed in October - Isawa site
Moreover, water temperature values are taken from real data of Isawa pond, with Ciel & Terre
temperature sensors. Water temperature have been collected every 10 minutes by one sensor near the
water pump. The monthly average water temperatures of the pond are highlighted in Table 8.
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Jan.
8°C

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

10°C

12°C

15°C

18°C

19°C

22°C

23°C

22°C

17°C

13°C

8°C

Table 9: Average monthly water temperature of Isawa Ike pond
With all input collected, the modelled FPV plant is then compared to the real Isawa data obtained during
August, September, October and November 2017, where most of the data were available. Indeed, the first
months of cooling system operation, a lot of maintenance was needed, and automation regulation. These
four months provide useful data to be analysed. To simulate the same cooling process, the irradiance
maximum value before cooling the PV panels is taken at 400 W/m2. Thus, the cooling is activated as soon
as the solar radiation on site is higher than 400 W/m2. Moreover, heat transfer coefficient values to
estimate the temperature on cooled PV modules is chosen at 0.8 in August for summer season, at 0.6 for
September, and at 0.4 in October and November for winter season. This values have been extrapolated
from an experimental study in (Bahaidarah 2016), investigating cooling performance depending of
seasonal factors.
In this verification section, only technical performance aspects are compared, including cooled and
uncooled specific production of the plant, as well as raw and net gains. These performance parameters are
indeed able to highlight both electricity generation adequacy and cooling process operation accuracy. The
relative errors between simulated and real net gain are also reported. The results of the performed
simulation are shown in Table 9. The obtained results on MATLAB show relatively good agreement with
the project data, collected on KIBANA.

Indicators
Specific
Production
Uncooled

August

September

October

November

Model

Isawa

Model

Isawa

Model

Isawa

Model

Isawa

135.74

123.03

96.28

85.56

68.90

63.06

81.55

75.94

148.99

134.46

101.37

88.36

71.36

65.85

84.36

78.59

9.71

9.29

5.24

4.85

3.56

3.37

3.44

3.12

9.04

8.91

4.66

4.14

3.04

3.02

2.83

2.38

(kWh/kWp)
Specific
Production
Cooled
(kWh/kWp)
Raw Gain
(%)
Net Gain
(%)
𝜺𝒏𝒆𝒕 (%)

1.46

12.56

0.66

18.91

Table 10: Performance indicators comparison between Isawa and FPV model
For the specific production uncooled, the relative difference is in the range of 7-13%, which can be
assumed to be acceptable considering the fact that SolarGIS meteorological data are calculated through an
interpolation of satellite data with a 50km spatial resolution. The electricity production is slightly
overestimated in all cases, probably due to the chosen wind resistance impact on power generation in the
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simulated model. Furthermore, higher losses within the system might have decreased power production,
for instance by higher mismatch losses during the chosen verification period.
The net production gains between uncooled and cooled production are also compared. In much the same
way, the net gain obtained by the simulation are found to be close to real data, with very good agreement
for the months of August and October. Both September and October simulation net gain results are
reasonable, with relative net differences of 12.56% and 18.91% respectively. Indeed, given the
uncertainties of heat transfer coefficient estimations, the relative errors a relatively low. Moreover, some
cooling system maintenance days in September can also explained lower gain for real collected data.
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4.7   Scenario Cases
In order to study the techno-economic feasibility of a couple FPV-cooled power plant, two different cases
are developed and analysed. The two cases differ by the cooling strategies implemented.
The first case is based on an annual constant cooling strategy condition. Independently of any external
parameters, the condition remains the same all year long. The constant value is chosen by carrying out a
sensitivity analysis and comparing the output net gain and revenues obtained. This case represents the
current strategies implemented at Isawa Ike FPV plant. The second case is about studying the process in
which the cooling starts only if the instant net gain is positive when comparing power production. In
other words, the cooling process is activated only if such cooling is viable from a technical point of view.

Cases

Cooling Condition

Type of Values

Range

Case 1

Irradiance Minimum

Annual Constant

50-500

Case 2

Positive Power Net Gain

Time-dependent

-

Table 11: Description of the 2 cases
For each case, the chosen FPV plant is SUGU the power solar installation described in the previous
section. The reason for this is because it is the very first EPC project of Ciel & Terre Taiwan. Thus, the
idea of implementing a cooling system is strongly examined. Moreover, it is interesting case from a
performance point of view, because of the high temperature and good irradiance conditions on SUGU
site. The main indicators analysed in the thesis study are presented in Table 12, with the comparison
objective between for each case studied.

Performance Analysis

Technical

Economic

Indicators

Comparison Goal

Performance Ratio PR

↑

Specific Production SP

↑

Net Gain

↑

Levelised Cost of Electricity LCOE

↑

Internal Rate of Return IRR

↑

Cooling Pay Back CPP

↓

Table 12: Main indicators and comparison objectives
All technical indicators are expected to be improved by implementing the cooling system within the solar
chosen solar system. Between the two cases, the objective is to select the case with the highest values.
From an economic point of view, both LCOE and IRR are expected to increase with the cooling system
installation.
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5   Results
This section details the results of the performance analysis, performed by simulated different cooling
conditions on MATLAB. Cooling conditions are crucial for FPV plant performance enhancement. First,
the performance results of the PFV plant without cooling is detailed. The two cases mentioned in the
previous section are then presented. Simulations are performed to get a full understanding of how the
cooling process can impact the FPV plant performance. Both cases results are highlighted in terms of
FPV plant operation and performance indicators are presented. Furthermore, the two cases are compared
at the end of the section, together with the FPV plant performance without cooling, and the results
obtained are discussed in great detail.

5.1   FPV Plant Performance
Before implementing cooling strategies, the FPV solar system is modelled and operation is simulated on a
long-term basis during the lifetime of the plant. The results of the performance analysis of the FPV plant
in Sugu are presented in Table 13. The obtained overall performance ratio is high, over 80%. However,
the FPV plant is subject to high temperature losses, about 6.5% on average annually. Moreover, even with
an azimuth angle of about 90°, the specific generation of the solar system is good at the chosen latitude.
From an economic point of view, the total investment of the plant (CAPEX) is 1,626,701 USD, with the
chosen panels and anchoring design. Total costs per year (OPEX) are 28,320 USD, taking into account
maintenance and equipment replacement over the years. Finally, the lifetime revenues of the plant are
2,832,163 USD, with the current Feed-in-Tariff in Taiwan.

Performance Analysis

Technical

Economic

Annual Indicators

Values

Unit

Performance Ratio PR

83.95

%

Specific Production SP

1,362.4

kWh/kWp

Annual Generation

1,543.3

MWh

Lifetime Net Revenue

2,832,163

USD

Net Present Value NPV

890,583

USD

Levelised Cost of Electricity LCOE

117.28

USD/kWh

Internal Rate of Return IRR

12.57

%

FPV Pay Back

11.93

Years

Table 13: Performance of the uncooled FPV plant
Such FPV performance can be improved by the use of cooling system, thus reducing temperature losses
during the day. In the following sections, the FPV plant results are compared to cooled FPV plant results.

5.2   Cooling Case 1: Constant Condition
This case simulates the FPV plant operation under a constant annual cooling condition. A sensitivity
analysis is performed to choose the optimal irradiance condition value, so as to maximise both the net
gain (technical performance) and the net present value (economic performance). Results obtained in the
simulation are presented in Table 14. While increasing the cooling condition on irradiance, the pump
consumption is decreasing since cooling is less used during the day. The best technical performance is
obtained for an irradiance value of 200 W/m2, with an annual net gain of 6.63%. However, starting the
cooling process as soon as the irradiance is above 150 W/m2 provide a slightly better net present value.
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Condition
(W/m2)
Net Gain
(%)
Pump
Con.

50

100

150

200

250

300

350

400

450

500

6.41

6.53

6.60

6.63

6.61

6.54

6.42

6.25

6.02

5.74

23.39

21.04

19.19

17.48

15.82

12.70

11.22

9.74

8.48

964,737

966,646

967,346

966,992

965,387

957,961

951,899

944,178

935,498

14.19

(MWh)
NPV
(USD)

962,383

Table 14: Sensitivity Analysis on cooling condition performance impact for Case 1
For this case, the cooling condition is chosen at 150 W/m2 since it maximises economic performance.
Indeed, an extensive use of the pump will have a good impact on module temperature, yet increasing
pump consumption, whereas a very little use of the pump will reduce such consumption but it will have
smaller impact on module consumption. With a chosen 150 W/m2 condition to start the cooling process,
the annual operation of the FPV cooled plant can be simulated and compared to the FPV uncooled plant.
Figure 33 shows the monthly net and raw gains of the simulated cooled plant, while highlighting the daily
temperature difference between the cooled and uncooled FPV plant.

Figure 33: Annual performance of the cooling system under Case 1
The best gains are reached in April, May and June, with around 9.5% net average gain. This is due to hot
ambient temperature and a very clear sky during these months. Moreover, water temperature is not yet too
high, thus leading to high convective heat transfer with PV modules. During the months of July and
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August, the typhoon season, with strong wind (around 10 m/s on average), leads to lower cooling gains,
even if irradiance and temperature conditions would also be good for cooling.
Typical winter and summer weeks of operation between January 14th and January 21st and June 14th and
June 21st are presented in Figure 34 and 35. In this case, the cooling system starts only if the irradiance is
above 150 W/m2.

Figure 34: Typical weekly operation (winter) of the cooling process under Case 1

Figure 35: Typical weekly operation (summer) of the cooling process under Case 1
If the solar radiation decrease below the conditional irradiance value during day time, due to cloud cover
for instance, the cooling system stops, as shown by the simulation on January 19th. On January 18th the
irradiance is too low for starting the cooling process. When the irradiance is high during summer days, the
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cooling system highly reduces the module temperature. On June 16th and 17th, the temperature is
decreased by about 30°C at noon, which represent a temperature decrease of about 55%. One of the
assumption made in proposed model is to neglect any start-up time of the cooling process, that is to say
temperature transitions. For this reason, before the cooling starts or after it stops, the module temperature
is set immediately at the uncooled value.
The performance indicators obtained are summarized in Table 15. The first part of the table shows the
technical indicators, while the second part highlights the economic performance results.

Performance Analysis

Technical

Economic

Annual Indicators

Values

Unit

Performance Ratio PR

90.53

%

Specific Production SP

1,469

kWh/kWp

Net Gain

6.60

%

Pump Consumption

19.19

MWh

Lifetime Net Revenue

3,061,448

USD

Net Present Value

967.346

USD

Levelised Cost of Electricity LCOE

116.39

USD/kWh

Internal Rate of Return IRR

12.81

%

FPV Pay Back

10.84

Years

Table 15: Techno-economic performance indicators for Case 1
With the implementation of the cooling system, the technical performance of the FPV plant is improved,
since temperature losses are reduced drastically during day time. While starting the cooling process when
solar radiation is above 150 W/m2, the specific production is improved by 7.86% on an annual basis.
Considering the consumption of the pump, which is 52.6 kWh on a daily average, the net gain compared
to the uncooled FPV power plant is 6.60%.
From an economic point of view, the coupled FPV plant and cooling system is viable, with higher Net
Present Value and Internal Rate of Return than the FPV plant alone. In other terms, implementing the
cooling system is profitable on a long-term perspective. Both IRR and Pay Back are improved, passing
from 12.57% and 11.93 years to 12.81% and 10.84 years respectively. Even with higher CAPEX for
cooling equipment installation and OPEX for cooling maintenance, the return of investment is better than
a standard FPV plant. Moreover, by increasing electricity generation, the cooling system helps to decrease
the overall LCOE of the plant, which is also an important data for investors.

5.3   Cooling Case 2: Time-dependent Condition
This second case study describes the impact of implementing the cooling process with a smarter control.
Indeed, the cooling of the panels occurs only if the instant net gain is positive, which directly means that
the cooled FPV system produce more than the uncooled FPV system, taking into account the needed
pump electricity consumption. The cooling model is monitored in such a way that the panels are cooled
when such condition is validated. The cooling condition is no longer only dependent on solar irradiance
condition, but also on ambient and water temperatures, as well as wind conditions.
Figure 33 shows the monthly net and raw gains of the simulated cooled plant for Case 2, while
highlighting the daily temperature difference between the cooled and uncooled FPV plant.
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Figure 36: Annual performance of the cooling system under Case 2
The monthly net gains obtained using the time-dependent conditions are very similar to the monthly net
gains obtained with the optimal annual constant value. The best gains are reached during spring season. It
can be noticed that raw gains are slightly higher in this case. In other terms, electricity extra generation
with the cooling system is higher while using such time-dependent condition. The following Figure 37 and
Figure 38 illustrate the typical weeks of the FPV plant operation using the described cooling process,
during winter and summer season respectively. Starting the cooling

Figure 37: Typical weekly operation (winter) of the cooling process under Case 2
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Figure 38: Typical weekly operation (summer) of the cooling process under Case 2
Even if solar irradiation stays below 150 W/m2 during daytime, the cooling is still activated in this case,
according to the set gain condition. This is the case on January 17th. The cooling is still stopped in the
middle of day, because meteorological conditions are not fulfilling the condition. This is due to lower
ambient temperature on January 17th which does not provide positive net gain during midday. In much the
same way, a longer cooling time on January 18th can be noted that last around 10 hours. On January 21st
and June 18th for instance, the cooling in the chosen case is without interruption during day time.
The performance indicators obtained are summarized in Table 16. The first part of the table shows the
technical indicators, while the second part highlights the economic performance results.

Performance Analysis

Technical

Economic

Annual Indicators

Values

Unit

Performance Ratio PR

90.60

%

Specific Production SP

1,470

kWh/kWp

Net Gain

6.40

%

Pump Consumption

23.52

MWh

Lifetime Net Revenue

3,058,697

USD

Net Present Value

964,595

USD

Levelised Cost of Electricity LCOE

116.29

USD/kWh

Internal Rate of Return IRR

12.79

%

FPV Pay Back

10.86

Years

Table 16: Performance Indicators of Case 2
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From a technical perspective, the cooling condition of Case 2 provides higher performance ratio and
specific production than the standard FPV plant without cooling. Performance ratio value increases by
6.65 percentage points and the annual specific production is improved by 7.93%. The net gain obtained
through cooling the PV modules is 6.40% considering an annual pump consumption of 23.52 MWh.
Taking into account the chosen price of the electricity used for the pumping system, the lifetime revenue
of the couple FPV and cooling system is 8.00% higher than with the FPV alone, which represents
additional 226,534 USD over the 25 years’ lifetime of the plant. Both LCOE and FPV plant payback are
reduced through the use of the cooling system, while improving the internal rate of return.

5.4   Cases Comparison
In this section, the cases results obtained for SUGU are compared from a techno-economic point of view.
Table 17 shows all results obtained for the different cooling condition chosen, compared to the standard
FPV power pant alone.
Performance Indicators

FPV Alone

ISAWA

CASE 1

CASE 2

Unit

Cooling Condition

-

400 W/m2

150 W/m2

Positive
Net Gain

-

PR

83.95

89.81

90.53

90.60

%

Specific Production

1,362

1,457

1,469

1,470

kWh/kWp

Net Gain

-

6.25

6.60

6.40

%

Annual Generation

1,543.3

1,650.9

1,664.3

1,665.5

MWh

Lifetime Net Revenue

2,832,163

3,046,002

3,061,448

3,058,697

USD

LCOE

117.28

117.33

116.39

116.29

USD/kWh

IRR

12.57

12.72

12.81

12.79

%

FPV Pay Back

11.93

10.94

10.84

10.86

Years

Table 17: Summary of performance indicators for all scenarios
As mentioned before, for all cooling scenarios, the overall profit of implementing a cooling system are
larger than the initial investment costs due to extra equipment. Thus in all cases it is a profitable
investment, whist increasing the internal rate of return and decreasing the global FPV plant pay back. The
best technical operation is reached in Case 2, while the optimal economic conditions are probably
obtained in Case 1. It can be noted that implementing the current cooling condition of Isawa power pant
on Sugu is interesting but does not provide the optimal performance conditions.
It is interesting to compare daily operation for Case 1 and Case 2, from both power and temperature
variation perspectives. Figure 29 illustrates the daily maximum PV module temperatures on an annual
basis, by comparing the temperature obtained in Case 1 and Case 2 together with the uncooled PV panel
temperature. It can be observed that the two cases provide very similar output results for the winter
season, whereas the temperature difference of cooled PV modules is slightly higher in summer. On an
annual basis, the daily maximum temperature without any cooling is 64.74°C against 40.67°C and 39.27°C
for Case 1 and Case 2 respectively. In much the same way, the annual average mean temperature without
cooling is 26.4°C, whereas it is 21.61°C for Case 1 and 21.27°C for Case 2. This leads to the fact that
annual power generation is slightly higher in Case 2 than in Case 1, taking into account the temperature
difference of the PV modules in both cases.
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Figure 39: Daily module temperauture comparison between FPV alone, Case 1 and Case 2
Monthly net gain for Case 1 and Case 2 are compared in Figure 40. If the annual generation is higher for
Case 2, the monthly net gains are always slightly higher for Case 1 by considering pump consumption over
the days. The highest differences in terms of net gains are during the very winter season (December and
January). Indeed, PV modules are almost at the same temperature in both cases, while pump consumption
is still slightly higher in Case 2.

Figure 40: Comparison of monthly net gain between Case 1 and Case 2
Daily power production comparison is illustrated in Figure 41 and 42, highlighting power generation in
typical winter and summer days respectively. Pump consumption is also shown to understand cooling
strategies difference during day time.
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Figure 41: Daily power production and pump consumption on a winter day

Figure 42: Daily power production and pump consumption on a summer day
As mentioned earlier, cooling the PV modules has positive impact on power generation. Both winter and
summer daily productions increases while introducing cooling system. It can be observed the difference
when the cooling starts or stops in early morning of late afternoon respectively between the two cases.
The cooling starts earlier for Case 2, thus leading slightly higher power in the morning and late afternoon.
This is especially true on January 2nd between 3pm and 5pm. However, it can be observed that even if the
power net gain is positive when cooling starts in Case 2, the extra power generated is very little compared
to Case 1.
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5.5   Discussion
This section highlights some final discussions on the several cases studied, the comparison results
obtained as well as the method analysis chosen.
One of the most interesting observations is that implementing a cooling system increase the technical
performance and the profitability of the FPV plant at Sugu in all cases. The main reason of this results
would be the case location studied. Indeed, in Taiwan and especially the southern part of the island, global
incoming solar irradiation is very good on a yearly perspective. In much the same way, monthly
temperatures are very favourable to the implementation of such cooling system, having big impact on PV
module performance in summer while staying high in winter. It can be noted that such interesting results
from a techno-economic point of view might differ while changing the location of the studied FPV plant.
Tropical climate seems adequate to cooling system implementation. For instance, net gains would most
likely be lower in Japan, where Ciel & Terre has its main market.
On the other hand, the results extracted from the simulation carried out are very dependent to the
weather database chosen. Indeed, all calculations are first based on a meteorological file containing hourly
values of incoming solar irradiance extrapolated from historical average data over a long-term period. It
must be observed that changing input irradiation and temperature data can have non negligible impact on
final results. On the other hand, wind speed impact is only modelled on a monthly basis for Sugu power
plant, leading undoubtedly to simplification. Taking all this into account, final results must be considered
with reasonable safe accuracy margin.
The chosen heat transfer model chosen can also be discussed in great details. Only a linear model
considering temperature variation as the main factor impacting heat transfer is simulated. Local pressure
or turbulent fluid behaviour are not taking into account in this study. It can be noted that cooling effect is
mainly due to evaporation phenomenon. However, simulating realistic evaporation effect leads to non
linear equations and very complicated calculations, which is not the main purpose of this thesis work. As a
result, a simple yet interesting linear model is simulated, and the main focus is put on techno-economic
calculations and analysis. Moreover, the PV modules temperature transitions between two pump
operations are not taken into account. For this modelling, it is assumed that the PV panels are able to
adjust very quickly to the cooled or uncooled temperatures. The effect on yearly results are negligible with
regards to other margin errors or assumptions.
Another point relating to this discussion is related to the economic performance and results of the FPV
plant. First, it can be noted that results obtained show very little variation from an economic point of
view, especially for the LCOE and IRR. Indeed, most of economic indicators are calculated on a yearly
basis, resulting in very little changes compared to the case with the FPV alone. However, significant
decrease of FPV payback are obtained, which represents a very interesting result for investor. On the
other hand, the current electricity market in Taiwan chosen in the study could be subject to change in the
following years. With a specific FIT for floating solar systems, the market is very beneficial to floating
solar investors.
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6   Conclusion
The thesis work is focusing on a techno-economic performance analysis of combined floating power plant
and active cooling system by spraying water over the photovoltaic modules. The main objective of the
present work was to investigate the impact of implementing active cooling strategies on floating power
plant overall performance in Taiwan. In other terms, the major question was to determine whether or not
a combined FPV plant and cooling system is economically viable and technically efficient, according to
different cooling conditions. In order to reach the mentioned objective, several steps were achieved.
Firstly, an extensive literature review was conducted on FPV plant design and operation. PV panel cooling
physic and systems were also studied, as well as Ciel & Terre own water cooling system. Secondly, a
detailed MATLAB model was developed for designing FPV plant operation. On the other hand, water
cooling for PV modules was also modelled on MATLAB. Thereafter, performance indicators were
calculated in terms of economic and technical operation. The complete technical model was then verified
against a real case in Japan. Cases were finally simulated and compared and the performance indicators
and FPV plant operation were analysed.
Two cases were simulated and provided interesting performance results, under different starting cooling
condition. The cooling scenario cases were based on the pump activation or deactivation. Case 1 was
performed under a constant yearly and optimal cooling condition. The pump was activated only if a
minimum irradiation value of 150 W/m2 was reached at every instant. It showed net improvement in
power generation and a net generation gain of 6.6% was obtained compared to FPV plant alone. On the
economic side, cooling the PV panels under Case 1 was able to reduce the LCOE of the plant by 0.89
USD/kWh. Case 2 was simulated by considering a time-dependent cooling condition, taking into account
local meteorological data and FPV plant operation. The pump was activated only if the extra power
generated due to cooling was higher than the pump power at every instant. The net generation gain was
6.4% compared to the FPV plant alone. On the other hand, the LCOE was reduced by 0.99 USD/kWh.
While comparing to FPV alone or current cooling operation in Isawa, the two cases modelled offer
positive impact on the production side and economic viability. Combining all performance indicators,
Case 1 can be chosen as the optimal strategy, providing both good technical performance and high
profitability. The FPV payback is reduced by more than 9.1% while implementing such cooling system
condition. Irradiation is the main driver for cooling process optimization.
The concept of coupled cooling system and FPV plant is of great interest, especially in tropical and hot
region such as Taiwan. The economic market is undoubtedly favourable for such projects, and the
meteorological conditions are very interesting. This can be noted also with the government incentives,
hardly pushing for a dynamic development of solar projects on water bodies. As a isolated system, the
island of Taiwan is willing to reduce drastically the use of nuclear sources and fossil fuel in the next
decades. On the other hand, the large availability of water bodies and the cheap prices of hydraulic
equipment lead to the global great interest of Taiwan for developing FPV power plant with cooling system
to generates electricity at the lower cost.
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6.1   Future Work
The present thesis work can be further refined and completed by investigating new cases and improving
current models studied. Here is a list of potential improvements and recommendations for future work on
the same topic.
•   The model does not consider complex heat transfer and fluid mechanisms to describe the
evaporation phenomena. A non-linear model extracted from the scientific literature could be
implemented and linked with the cooling strategies to increase the precision and the viability of
the model. A specific convection model could be designed for simulated the water “spraying”
phenomenon.
•   Currently in the proposed model, the ramp up and down when cooling starts or ends are
neglected. Such temperature transitions could be modelled and calculated for any weather climate
conditions.
•   The thesis work carries out a cases comparison for choosing the optimal cooling strategy at the
given location. The model could be extended to perform optimization studies on cooling strategy
as well as cooling condition and FPV plant size and location.
•   In the proposed meteorological model, wind speed data are only calculated on a monthly average,
since hourly data were not available in the chosen database. Such hourly data could be obtained
from other database form NASA. In much the same way, error margins on irradiation and
temperature data could be evaluated in order to understand the impact on final production
results. A comparison with different solar and weather climate database could be performed.
•   In the economic FPV plant model, no dismantlement costs were included. It could be calculated
in future works on the very same topic. Other economic market could also be studied, since the
favourable market in Taiwan is very specific and could change in the next decades.
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