POLITECHNIKA KRAKOWSKA im. T. Kosciuszki

Faculty of Environmental
NA ‘ (-'

Engineering and Power =
9 I\
Engineering

Department of Energy

Development of a new cooling system for

photovoltaic modules with a sun-tracking system

Doctoral Dissertation

Mgr inz. Mehmet Ali Yildirim

Supervisor:
Dr hab. inz. Artur Cebula, prof. PK

Assistant Supervisor:

Dr hab. inz. Piotr Cisek

Cracow 2024



Streszczenie

Integracja odnawialnych zrédet energii w produkcji energii stata sie koniecznoscig, poniewaz
Swiat zmierza w kierunku bardziej ekologicznej przysztosci. Rosngce zapotrzebowanie na
zrownowazong i wydajng energie sktania naukowcéw do opracowywania hybrydowych
systemoéw energetycznych. Systemy fotowoltaiczne/termiczne (PV/T) przyciggnety ogromng
uwage badaczy ze wzgledu na ich zalety w poréwnaniu z samodzielnymi systemami
fotowoltaicznymi i stoneczno-termicznymi (ST), poniewaz systemy PV/T sg hybrydowymi
systemami energetycznymi, ktore jednoczesnie przeksztatcajg energie stoneczng w energie
elektryczng i cieplng. Biorgc pod uwage obecne progi maksymalnej sprawnosci cieplnej
osigganej przez moduty PV/T proponowane w literaturze i dostepne na rynku moduty PV/T,
zwykle wahajgce sie miedzy 30% a 85%, niniejsza rozprawa doktorska miata na celu
opracowanie wysoce wydajnego, tatwego w produkcji, zaawansowanego i kompaktowego
systemu chtodzenia dla modutéw PV. Badania koncentrowaty sie na zaprojektowaniu nowego
modutu PV/T, ktérego celem byto przekroczenie 90% sprawnosci cieplnej przy jednoczesnym

zachowaniu maksymalnej sprawnosci konwers;ji elektrycznej modutu PV.

Metodologia badan obejmowata zaprojektowanie i opracowanie wysoce wydajnego systemu
chtodzenia, ktéry moze zmaksymalizowaé chtodzenie modutu fotowoltaicznego i zbieraé
ciepto odpadowe. Do ostatecznego zaprojektowania systemu chtodzenia wykorzystano
najnowoczesniejsze narzedzia symulacyjne. Wyprodukowany system chtodzenia zostat
przebadany w warunkach laboratoryjnych i zewnetrznych w celu przeanalizowania wydajnoSci

cieplnej i sprawnoséci konwers;ji elektrycznej zaprojektowanego modutu PV/T.

Wyprodukowany system chtodzenia zostat najpierw przetestowany w laboratorium. Zbadano
wydajnos¢ cieplng i charakterystyke wymiany ciepta w roznych warunkach. Zaprojektowany
system PV/T osiggnat sprawnos¢ cieplng na poziomie 96,47+1,40%, a system chiodzenia byt

w stanie obnizy¢ temperature warstwy ogniw PV 0 40,72 °C.

Eksperymenty zewnetrzne przeprowadzono w celu przeanalizowania wydajnosci systemu
PVIT we wrzesniu i pazdzierniku. Maksymalne chtodzenie modutu PV zaobserwowano 12
wrzesnia 2023 r., a temperatura tylnej powierzchni chtodzonych i niechtodzonych modutow
PV wynosita odpowiednio 16,56 °C i 70,98 °C. Maksymalna sprawnos¢ cieplna wynoszgca
98,03+1,57% osiagnieta w ciggu dnia byta najwyzszg sprawnoscig cieplng zaobserwowang
podczas dwumiesiecznego eksperymentu. Sprawnos¢ konwersji elektrycznej modutu PV
wyniosta 19,12+1,14%. Wdrozony system chtodzenia pozwolit na wygenerowanie 38,86%
wiecej energii elektrycznej na koniec dnia testowego. Eksperymenty na zewnatrz wykazaty,
ze zaprojektowany modut PV/T przekroczyt przewidywang docelowg sprawno$c¢ cieplng 90%

i utrzymat maksymalng sprawnos¢ konwersji elektrycznej.



Abstract

The integration of renewable energy sources in energy production has become imperative as
the world transitions towards a greener future. The growing demand for sustainable and
efficient energy leads researchers to develop hybrid energy systems. Photovoltaic/thermal
systems (PV/T) drew huge attention from researchers due to their benefits compared to stand-
alone photovoltaic and solar-thermal (ST) systems, as PV/T systems are hybrid energy
systems that simultaneously convert solar energy into electrical and thermal energy.
Acknowledging the current thresholds of maximum thermal efficiency achieved by the PV/T
modules proposed in the literature and commercially available PV/T modules, typically
hovering between 30% and 85%, this dissertation focused on inventing a highly efficient, easy-
to-produce, advanced, and compact cooling system for PV modules. The research focused
on designing a novel PV/T module aimed at exceeding 90% thermal efficiency while

maintaining the maximum electrical conversion efficiency of the PV module.

The research methodology involved designing and developing a highly efficient cooling
system that can maximize the cooling of the PV module and harvest the waste heat. Cutting-
edge simulation tools were used to achieve the final design of the cooling system. The
manufactured cooling system was studied in laboratory and outdoor environments to analyze

the thermal performance and electrical conversion efficiency of the designed PV/T module.

The manufactured cooling system was first tested in the laboratory. The thermal efficiency and
heat transfer characteristics under various conditions were investigated. The designed PV/T
system reached a thermal efficiency of 96.47+1.40%, and the cooling system was able to

reduce the PV cell layer temperature by 40.72 °C.

The outdoor experiments were conducted to analyze the performance of the PV/T system in
September and October. The maximum cooling of the PV module was observed on the 12
of September, 2023, where the back surface temperatures of cooled and non-cooled PV
modules were 16.56 °C and 70.98 °C, respectively. The maximum thermal efficiency of
98.03+1.57% achieved during the day was the highest thermal efficiency observed during the
experiment period of two months. The electrical conversion efficiency of the PV module was
19.12+1.14%. The implemented cooling system allowed for generating 38.86% more electrical
energy at the end of the test day. The outdoor experiments showed that the designed PV/IT
module surpassed the projected 90% thermal efficiency target and maintained the maximum

electrical conversion efficiency.
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Chapter 1 - Introduction

The rise in energy prices and the desire to reduce the environmental impact of pollution
emitted into the atmosphere encourage researchers and scientists to find solutions to cover
the energy demand. The share of renewable energy in energy consumption in the EU was still
as low as 22.1% in 2020 [1]. The use of renewable energy has many potential benefits,
including a reduction in greenhouse gas emissions (GHGSs), the diversification of energy
supplies, and a reduced dependency on fossil fuel markets. EU directives require the member
states to increase the share of renewable energy sources (RES) in the total energy mix —
Directive 2009/28/EC, with a new emission reduction target of 50% by 2030 compared with
2021. The energy demand of the buildings is essential for the European Union’s energy
efficiency policy, as they account for 40% of total energy consumption. Under Directive
2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the energy
performance of buildings, by 31 December 2020, all new buildings should be zero-energy
buildings [2]. The nearly zero or very low amount of energy required should be covered to a
very significant extent by energy from renewable sources, including energy from renewable

sources produced on-site or nearby, taking into account the following:

o decentralized energy supply systems based on energy from renewable sources;

e simultaneous generation in one process of thermal energy and electrical and/or
mechanical energy;

e district or block heating or cooling, mainly where it is based entirely or partially on

energy from renewable sources;

In 2016, the European Commission [3] recommended 2016/1318 on guidelines for the
promotion of nearly zero-energy buildings and best practices to ensure that, by 2020, all new
buildings are nearly zero-energy. The document explains the definition of such a building
included in the EU Directive 2010/31. The nearly zero-energy building (NZEB) concept reflects
that renewable energy and efficiency measures work together. When placed on-building,
renewable energy will reduce net delivered energy. In many cases, on-site renewable energy
will not be sufficient to bring energy needs close to zero without further energy efficiency
measures or a significant decrease in primary energy factors for off-site renewable energy
sources. Therefore, higher and more demanding requirements for highly efficient NZEB will
also drive increased use of on-building renewables, resulting in the adaptation of primary
energy factors for off-site energy carriers, considering their renewable energy content. The
framework definition of NZEB in the Directive does not differentiate between new and existing

buildings. ‘Refurbishment into NZEB’ means a refurbishment of a magnitude that allows the



energy performance requirements of an NZEB level to be met. This does not prevent having
different timelines and financial support for existing buildings in recognition of the more
extended period required for NZEB levels to be cost-optimal in the case of existing buildings.
In its recommendations, the European Commission draws attention to the fact that there
cannot be a single level of ambition for NZEB across the EU. Flexibility is needed to account
for the impact of climatic conditions on heating and cooling needs and the cost-effectiveness

of energy efficiency packages and renewable energy source measures.

Numerous negative consequences arise because of the global population and the
environmental impacts of GHGs. The change in climate and low air quality are the two most
visible effects of GHG. Residential buildings in the world consume a significant fraction of
energy. CO2 emissions from residential buildings reached 10 Gigatons in 2019, representing
28% of global energy-related emissions [4]. In the EU, the building sector consumes 40% of
the total energy. Space heating and cooling and domestic hot water preparation represent
55% of the total energy consumption [5]. The EU has taken several initiatives to ensure a

clean and fair energy transition across all economic areas.

The Clean Energy for All Europeans package, introduced in 2016, was described as the most
ambitious set of proposals in the field of energy. One of the areas that the package covered
was to take global leadership in using renewable energy sources, which in practice means
achieving a target of 32% renewables by 2030. The second area concerned energy efficiency
and aimed to achieve at least 32.5% efficiency in energy use. In particular, the focus is on
improving the energy performance of buildings, which account for 40% of final energy
consumption and 36% of greenhouse gas emissions in Europe [6]. More than half (55.5%) of
the European Union’s energy, particularly crude oil and natural gas, was imported in 2021 [7].
EU regulations aimed to reduce energy imports and increase the use of local renewable
energy sources. Saving energy by increasing energy efficiency and producing energy from
RES is one of the easiest ways to increase energy independence. In 2020, the EU published
another new strategy for action called the European Green Deal. The main objective of the

plan was to transform the EU into a modern and efficient economy by ensuring:

e by 2050, becoming climate-neutral;

e decoupling economic growth from resource use.

The discussed measures require investment in improving energy efficiency and increasing the
share of renewable energy sources. Renewable energy resources become viable solutions at
this point as they are primarily pollutant-free and harmless to nature. Thanks to technological
progress, harvesting clean energy from renewable energy sources has been developing

dynamically.



Current status of the solar energy systems

Renewable energy sources provided 14.21% of the total world primary energy supply and
19.29% of the EU27 (27 countries) energy supply in 2022. The primary energy consumption
of EU27 in 2022 was by source: 6,148.37 TWh - oil, 3,433.64 TWh — gas, 1,938.50 TWh —
coal, 1,522.53 TWh — nuclear, 1,096.26 TWh —wind, 721.81 TWh — hydropower, 540.30 TWh
— solar, 208.64 TWh — biofuels, 551.05 TWh — other renewables [8]. The share of energy
sources in consumption of EU27 energy in 2022 is shown in Figure 1-1.
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Figure 1-1. EU27 energy consumption by source

Solar energy was 3.34% of the total energy consumption in 2022. Compared to 2021, energy
consumption by the source of solar energy constituted 2.64% of the total energy consumption.
Due to the fast annual growth rate compared to other renewable sources, the solar fraction of
the total energy consumption increased the most in 2022.

Solar energy is most often used by photovoltaic (PV) cells that convert direct sunlight radiation
to electricity. Over the past 15 years, the cumulative annual growth rate of photovoltaic
production has been over 40%, making the photovoltaic industry the fastest-growing industry
in the world. The global annual installed capacity of new photovoltaic installations increased
from 29.5 GWp in 2012 to 107 GWp in 2018. China (44 GWp) accounted for the largest share
of this result, followed by India (9 GWp) and the United States (8 GWp). The total installed
photovoltaic capacity worldwide at the end of 2018 was 489 GWp [9]. Between 2010 and 2021,
the PV capacity grew 21 times, with 862 GW cumulative installed PV capacity worldwide by
the end of 2021. The global cumulative installed PV capacity amounted to 1.05 GW, with
roughly 191 GW of new solar PV capacity installed in 2022.



Poland’s cumulative yearly photovoltaic (PV) installation capacity is shown in Figure 1-2.
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Figure 1-2 PV installation capacity of Poland during the years [10]

The increased interest in photovoltaic technology in recent years was mainly due to decreased
prices of PV modules. The average installed cost of a PV system was 823.44 €/kW in 2022,
82.90% lower than in 2010 and 4.47% lower than in 2021 [11], as illustrated in Figure 1-3.
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Figure 1-3 The global total installed cost of the PV system

The levelized cost of electricity (LCOE) obtained from photovoltaics in 2010 was 0.418 €
/kilowatt hour (kWh), while in 2022, it decreased to 0.046 €/kWh, indicating an 88.99% decline,
as shown in Figure 1-4.
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Figure 1-4 The global weighted average levelized cost of electricity

In 2009, the Ministry of Economy of Poland published a document entitled “Energy Policy of
Poland until 2030” describing Poland’s energy policy directions. The record indicated that one
of the directions is the development of the use of RES [12]. However, attention was given to
biomass, followed by wind, hydroelectric, geothermal, and, at the very end, solar energy due
to technology lag in solar energy and PV systems. In 2020, The Ministry of Climate submitted
an updated version of the energy policy of Poland underlining a minimum share of 32% of

RES in electricity production through photovoltaics and wind [13].

The recent actions taken by the Polish government, the development of the technology in
RES, the adverse effects of GHG and RES subsidies, the “my electricity” subsidy in 2019, and
the launch of auction systems led to the rapid growth of PV in Poland over the years. Other
effects of the rapid growth of interest in PV systems were due to the continuous improvement

and development of PV technology.

On the 2™ of February 2021, the Ministry of Climate and Environment of Poland adopted
Poland’s energy policy until 2040 [14]. One of the key energy transition topics was adopting
zero-emission energy systems. The expectation is that in 20 years, reaching an almost new
electricity system and, by 2040, withdrawing a large amount of coal-fired capacity from the
national energy system. The policy also stated that there will be a significant increase in
installed capacity in PVs. Approximately 5-7 GW increase of installed capacity by 2030 and
10-16 GW by 2040.



Chapter 2 - Research aim and scope

Acknowledging the current thresholds of maximum thermal efficiency achieved by the PV/T

modules proposed in the literature and commercially available PV/T modules, typically

hovering between 30% and 85%, this doctoral research stated and aimed to break new

ground. Through designing an innovative cooling system and taking advantage of water as a

working fluid, the designed PV/T module aspires to outperform existing PV/T systems. The

thesis hypothesized that the designed PV/T module will exceed 90% thermal efficiency. The

envisioned outcomes aimed to introduce a transformative and groundbreaking solution for

PV/T technology. The core idea was to invent a highly efficient, compact, cost-effective water-

based PV/T system that redefines industry expectations. While achieving the water-based

PVIT system, the scope of the research has been:

Numerical modeling of a PV module to analyze the thermal behavior of PV module and
temperature effects on electrical conversion efficiency and power output.

Designing a highly efficient cooling system for PV/T modules by considering the
thermal behavior of PV modules and recent developments in PV/T technology.
Conducting laboratory and outdoor experiments on the manufactured prototype to
assess the effectiveness of the designed PV/T system by evaluating the performance
metrics such as electrical and thermal efficiency;

Carrying out a comparative study between the developed PV/T module in this
dissertation and existing state-of-the-art PV/T systems proposed in the literature.
Conducting a techno-economic analysis in a comparative manner with available PV/T
systems in the market to determine the viability and potential for commercial

implementation.

In order to invent a highly efficient, compact, cost-effective water-based PV/T system within

the scope of the study, the objectives of this dissertation have been as follows:

Identifying the adverse effects of the temperature on PV modules and conducting a
comprehensive literature review on PV/T systems to analyze the design considerations
and limitations of the proposed PV/T systems.

Developing a numerical thermal model of a PV module to analyze the influence of
temperature effects on electrical power output and efficiency of PV modules. Use of
the numerical model to estimate the electrical power output and efficiency of the
designed PV/T module before manufacturing and conducting outdoor experiments.
Designing a cooling system and conducting 3-D numerical analysis. Manufacturing the

cooling system and conducting thermal tests in the laboratory.



e Carrying out outdoor experiments and conducting an energy analysis to estimate the
yearly electrical and thermal energy generation of the designed PV/T module.

o Realization of a comprehensive comparative analysis of the designed PV/T system
with the existing systems in the literature.

¢ A comparative techno-economic assessment to analyze the economic performance of
the designed PV/T module, along with available PV/T modules in the market.

e Designing and implementing a case study based on domestic hot water demand

coverage of a single-family house using the designed PV/T module.
Structure of the thesis

The introduction section starts with bringing the latest policies and regulations of the EU on
green energy transition based on renewable energy systems. The chapter discusses the
concept of NZEB and the future goals of the EU on energy transition. The current status of
solar energy systems and the share of solar energy in renewable energy generation in the EU
are detailed. The cost of PV energy per kW over the years, the cumulative installed capacity
of PV systems in Poland, and the policies of the Ministry of Climate and Environment of Poland
are presented at the end of chapter one. The aim and scope of the dissertation are explained
in detail, along with the objectives to achieve the aim of the research in chapter two. Chapter
three briefly provides the influence of temperature on the electrical conversion efficiency and
power output of PV modules. The chapter extends with the state-of-the-art PV/T technologies
in the literature. The drawbacks of the proposed PV/T technologies are highlighted in this
chapter. The research methodology employed while designing a highly efficient cooling
system and developing a PV/T module is explained in chapter four. The thermal modeling of
a PV module to determine the effects of temperature on PV modules is realized and presented
in chapter five. The steps taken for designing a cooling system for PV modules, procedures of
numerical studies on initial and final designs, along the manufacturing process of the final
design are presented in chapter six. The laboratory tests conducted on the cooling system
and PV/T module are presented in chapter seven. The outdoor experiments, along with the
analysis of cooling uniformity, pressure drop, and yearly energy generation of the designed
PV/T module, are presented in chapter eight. A comparative study of existing literature with
the designed PV/T module is presented in chapter nine. A techno-economic analysis of the
designed PV/T module is presented comparatively with PV/T modules available in the Polish
market in chapter ten. A case study is conducted to cover the domestic hot water demand of
a single-family house with the PV/T module and a conventional gas boiler system. The
conclusions related to the objectives and scope of the dissertation are presented in chapter

eleven.



Chapter 3 - Review of the literature

This chapter presents the influence of temperature on the electrical power output and lifetime
of PV cells. The chapter continues with a critical review of relevant research work on PV/T
systems and provides an in-depth understanding of the various proposed systems in the
literature. The performance of the various PV/T systems was reviewed to determine key points
in designing a cooling system for PV modules. The extensive literature review provided in this
chapter endeavors to convey a better understanding of current state-of-the-art PVIT

technologies.
3.1 Influence of operating temperature on the performance of PV modules

The PV cells operate best at low temperatures as other semiconductor devices. Higher
operating temperatures shift the properties of semiconductors, subsequently resulting in a
slight increase in current; however, more considerable decreases in voltage in PV cells.
Almost 80% of the absorbed solar radiation is turned into heat in PV cells, causing higher
operating temperatures and consequently decreasing electrical conversion efficiency and
power output. The electrical conversion efficiency (n,;) is the percentage of power converted
from solar irradiation to electricity by PV cells. The efficiency of the PV cell is determined as

given in Eq. 1.
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where Vy¢, Is¢c, and FF are the open-circuit voltage, short-circuit current, and fill factor of the
solar cell, respectively. G stands for the solar irradiation level falling on the cell and A, is the
surface area of the cell. The fill factor determines the maximum power from a PV cell and can

be calculated using Eq. 2.
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The power output of photovoltaic cells is greatly influenced by the rise in operating
temperature. The PV modules operate mainly above the ambient temperature owing to the
thermal energy of solar irradiation from the sun. Mounting configuration, solar irradiation, wind

speed, and ambient temperature are the factors that affect the operating temperature.

The operating temperature of the PV module affects the most the open-circuit voltage. The
open-circuit voltage is adversely affected by the increase in temperature of PV cells. In
contrast, the short-circuit current slightly increases with the higher operating temperature of

the PV module. The change in short-circuit current with temperature is smaller than the change



in open-circuit voltage, as shown in Figure 3-1, causing the drop in power output of the PV

cells.
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Figure 3-1. The temperature effect on open-circuit voltage and short-circuit current

In Figure 3-1, the To temperature is 25 °C; when the temperature of PV cells rises over the To
temperature, a slight increase in Isc and a drastic drop in Voc can be seen. Every one degree
increase over 25°C in PV cell temperature causes a drop in the power output of the PV
modules. The temperature coefficient of power of PV modules ranges between 0.11% and
0.63% based on the type of PV cells used [15].

In addition to the adverse effects of temperature on electrical conversion efficiency and power
output, the high operating temperature of the PV modules causes degradation in PV cells.
Koehl et al. [16] conducted accelerated damp-heat testing on commercially available PV
modules. Experimental tests were conducted by exposing PV modules to 75 °C, 85 °C and
90°C. The degradation in a chosen PV cell due to thermal stress was observed during the

experiments, as shown in Figure 3-2.
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Figure 3-2. Electroluminescence pictures of a PV cell at different times during damp-
heat testing at 85 °C [16]
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In the study, the time of failure of PV modules was chosen as the 20% power loss. Testing at
85 °C was realized for 5000 h, and results showed that more than 20% of power losses
occurred before 4000 h. One of the PV modules tested lost 90% of its initial power at the end
of the test. The results showed that for this PV module, the PV cells lost 50% of their capacity.
The damp-heat testings at 75 °C and 90 °C led to similar results, as shown in Figure 3-2.
However, the test durations were 3250 h and 8500 h for the tests conducted at 90 °C and 75
°C, respectively. The failure time (20% power loss) was 5000 h for most PV modules at 75 °C.

The negative effects of temperature on electrical power output and degradation of PV modules
showed that cooling PV modules could eliminate the adverse effects of temperature by
reducing the operating temperature. Cooling of the PV modules is realized by combining a PV
module with a cooling system to reduce the operating temperature for harvesting the maximum
available electrical energy from the PV cells. The heat dissipated by the PV module can be
extracted during the cooling procedure according to the design type of the photovoltaic/thermal

system.
3.2 PVIT systems

Photovoltaic/thermal systems drew huge attention from researchers and academics due to
their ability to convert solar energy into electrical and thermal energy simultaneously. The dual
energy generation capability using a single PV module minimizes the issue of space
availability compared to stand-alone PV modules and solar thermal collectors. Numerous
PVIT system designs and working fluids have been proposed in the literature to harvest the
waste heat from PV modules and minimize the adverse effects of temperature, starting from

the 1970s. [17]. The state-of-the-art PV/T systems reviewed in this section are as follows:

e Air-based PV/T systems,

o Water-based PV/T systems,

o PV/T systems with heat pipes,

e Thermoelectric generator combined PV/T systems,
¢ Phase change material based PV/T systems,

¢ Nanofluid-based PVIT systems.

3.2.1 Air-based PV/T systems

In air-based PV/T systems, the air is used as heat transfer fluid from the PV module. The
cooling is achieved using a single or double pass with active or passive mode. The passive
cooling mode uses natural convection and heat conduction to remove the excess heat from

the PV module, whereas, in active cooling mode, a fan or blower is used to force the air to
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flow in the thermal collector of the PV/T system. Air-preheating, drying, space heating, and

ventilation are the main application areas of air-based PV/T systems.

In air-based PV/T systems, Cetina-Quifiones et al. [18] conducted a two-phase study on an
air-based photovoltaic thermal (PV/T) system; a numerical and parametric analysis was
conducted in the first phase. Different exergetic, energetic, and environmental analyses were
realized in the second phase. In the numerical analysis, various shapes of fins were studied
to cool down the PV module. The authors concluded that wavy fins were proved to be best on
the basis of outlet air and PV module temperatures. The overall thermal efficiency of 33.02%
was achieved. Saygin et al. [19] designed a modified air-based PV/T system. The designed
system was investigated experimentally in Istanbul, Turkey. In this system, the air flows over
and below the PV module in opposite directions to remove the excess heat, as shown in Figure
3-3. The distance of the PV module inside the collector was varied from 3 cm to 7 cm to the
collector to analyze the performance of the system. A fan was used to circulate the air in the
system. Different cooling system configurations were tested, and results showed that the
highest thermal efficiency of 56.41% was obtained when the distance between the PV module

and the cooling system was 3 cm.
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Figure 3-3. Schematic diagram of an air-based PV/T system [19]

Sarhaddi et al. [20] developed a numerical model of an air-based PV/T collector to estimate
the thermal and electrical parameters, including PV cell temperature, rear side temperature,
and outlet air temperature of a typical PV/T air collector. The results show that the thermal and
electrical efficiency of the investigated air-based PV/T system was 17.18% and 10.01%,

respectively. Ozakin and Kaya [21] investigated an air-cooled PV/T system. An air channel
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was prepared to circulate the forced air under the PV module. An experiment stand was
prepared for the tests, and a theoretical model was developed using commercial software.
The thermal efficiency of the air channel system was found to be between 33% and 35%. Teo
et al. [22] presented a study of a cooling PV panel where fins attached to a duct that is placed
under the panel, and a direct current and alternative current blower were used to enhance
heat transfer. The results showed that the temperature of the non-cooled panel was as high
as 68 °C, and the electrical efficiency dropped to 8.6%. An operating temperature of the
module at 38 °C was achieved by taking advantage of using a blower and maintaining the
electrical conversion efficiency of 12.5%. In the experiment, an airflow rate of 0.055 kg/s was

used and found to be sufficient to absorb the maximum amount of heat from the PV panel.

The literature review on air-based PV/T systems showed that the general framework efficiency
(electrical plus thermal) ranged from 20% to 60% due to the low heat capacity of the working
fluid. These values were rarely surpassed in proposed air-based PV/T systems. The low heat
capacity of air led to the removal of a limited amount of heat from the PV module. The
increased flow rate of air to enhance thermal efficiency in these systems resulted in higher

electricity consumption due to the increased fan operation.

3.2.2 Water-based PV/T systems

Water is one of the most commonly used working fluids in PV/T systems due to its availability,
low price, high heat transfer coefficient, and specific heat capacity. Water-based PV/T systems
are one of the active cooling types. A pump is often used to circulate the water through the
cooling system to cool down the PV module. The waste heat recovered from the PV/T system
is utilized in many applications, such as heat pumps and space heating. Other areas where
thermal energy is utilized are swimming pool heating, low-temperature thermal desalination,

and domestic hot water heating.

In water-based PV/T systems, Hussein [23] conducted research on a water-based PV/T
system in Oman. In the experiment, two 100 W PV modules were used, and a water-based
cooling system was placed on one PV panel. A rectangular absorber shape with a direct flow
configuration was designed and placed on the rear side of the PV module. The electrical
performance of the water-based PV/T and conventional PV modules was compared. The
author found that the average power of the PV/T system was 6% higher than the conventional
one. Shalaby et al. [24] investigated the influence of back surface cooling on the electrical
efficiency of PV modules experimentally. Two identical 250 W PV modules were tested
simultaneously, while one had the rear surface cooling system attached. The cooling system
was created using fifteen PVC tubes of half circular cross sections of 0.0381 m diameter. The

test results showed that the power generation of the cooled PV module was improved by 14%.
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Gomaa et al. [25] designed a water-based cross-fined cooling system for PV systems and
numerically analyzed the system using commercial software. Two different configurations, thin
and thick cross-fined constructions, 3 mm and 15 mm, respectively, were studied. A 300 W
PV module was modeled, and the cooling system was attached to the rear side. Different solar
irradiation levels and flow rates were investigated. The numerical analysis showed that when
the PV/T system was subjected to intense solar irradiation, such as 1,000 W/m?, optimal
cooling was possible for both thin and thick cooling systems with a flow rate of 3 liters per
minute (L/min). Octon et al. [26] proposed a PV/T system consisting of sheet and U-tube type
segments and a water-glycol mixture as a working fluid. Numerical and experimental analyses
were conducted using a 280 W PV module. The effects of the number of segments and
different mass flow rates were investigated. The results showed that the cooling system with
six segments (12 U-tubes) was optimal for the proposed PVIT system. Zhang et al. [27]
investigated a spray-cooling integrated PV/T system with different nozzle heights, installation
angles, water pressure, and ambient conditions. The optimal configuration of the systems led
to a 12.31 °C reduction in PV cell temperature and an increment of 1.10% of electrical

conversion efficiency under 800 W/m? solar radiation and an ambient temperature of 35 °C.

Salman et al. [28] proposed a water-based thermal collector to enhance the performance of
PV modules. The paper studied the effects of solar radiation, porosity, and mass flow rate on
the average temperature of the proposed PV/T system numerically and experimentally using
water as the working fluid. The results showed that the cooling system with a porosity of 0.53
and flow rate of 0.0166 kg/s exhibited the optimum behavior while reducing the surface

temperature of the PV module by 10 °C.

Erdogan et al. [29] studied a water film cooling design implemented on the upper surface of a
PV module to minimize the negative effects of temperature experimentally. Two PV modules
with a maximum power output of 270 W were used to demonstrate the effectiveness of the
cooling system. The experiments were conducted for three days between 11.30 a.m. and 2.30
p.m. A 9.51% average power output increase and 13.69% enhancement of electrical

conversion efficiency were achieved.

NizetiC et al. [30] proposed an alternative cooling system using ten water nozzles placed on
the rear side and ten nozzles on the upper side of the PV module, as shown in Figure 3-4.
The cooling system was tested in outdoor conditions of the Mediaterrian climate in June
between 11 a.m. and 2 p.m. The solar irradiation level ranged from 810 W/m? to 850 W/m?,
and the surrounding air temperature varied between 27 °C and 30 °C. The effects of flow rate

on the temperature of the PV module were analyzed. The electrical power output and
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conversion efficiency were enhanced by 16.3% and 14.1%, respectively, compared to the non-

cooled PV module.

Figure 3-4. Water-based PV/T system [30]

Herrando et al. [31] numerically analyzed an uncovered water-based PV/T system with a roll-
bonded thermal collector. The fluid flow and energy analysis were conducted on a developed
detailed computational fluid dynamic (CFD) model. The acquired numerical results were
compared to experimental test results obtained from the PV/T system manufacturer. The
maximum electrical conversion efficiency of 14.5% was achieved. The comparison of the
thermal efficiency between the CFD model and experimental results showed a maximum of
6.5% error. Abdullah et al. [32] designed a dual oscillating absorber copper pipe flow combined
with a PV module, creating a water-based PV/T system. The developed system was studied
theoretically, and data collected from simulation results were validated with indoor
experiments. The system’s electrical, thermal, and combined efficiency was measured under
different solar radiation levels and mass flow rates. The maximum electrical efficiency of
8.23% and thermal efficiency of 58.64% were achieved with a volumetric flow rate of 5 L/min

under the solar irradiation level of 1,000 W/mZ.

The water-based PV/T systems in the literature are considered the most efficient type of PV/T
technology. Due to significant attention received from water-based PV/T systems, numerous
materials and geometries were proposed. The designed PV/T systems primarily consist of a
sheet-and-tube absorber placed on the rear side of the PV module. The working fluid was
circulated via forced convection through the pipes. Various flow designs such as serpentine,
web-flow, parallel pipes, and spiral shapes were proposed; however, the most used
configuration was the parallel pipes. The literature review showed that copper was the most
widely used material due to its high thermal conductivity. The thermal efficiency of the water-

based PV/T systems in the literature varied between 30% to 85%.
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3.2.3 PV/T systems with heat pipes

Heat pipes are widely used, highly efficient heat transfer devices that enable heat
transportation. Heat pipes are also called thermal superconductors due to their high thermal
conductivity and ability to transfer heat even in small temperature gradients. One of the
advantages of heat pipes is that they do not consume energy. No moving part exists in heat
pipes, allowing them preferable heat transfer devices. A typical heat pipe structure is an
evacuated tube partially filled with a working fluid. Inside the heat pipe, the working fluid exists
in liquid and vapor phases. One side of the heat pipe is an evaporator, which absorbs heat
and evaporates the working fluid. Then, the working fluid, in the form of vapor, condenses and
releases heat at the condenser side of the heat pipe. The phase transition allows for high heat

transfer.

In PV modules coupled with heat pipes for cooling, Gang et al. [33] proposed a PV/T system
with heat pipes and investigated the thermal efficiency and electrical conversion efficiency of
the PV cells experimentally. The experimental data was used to validate the dynamic
numerical model of the system. The effects of various parameters on cooling efficiency, such
as flow rate, tube spaces of heat pipes, and the number of heat pipes, were analyzed. During
the experiments, an average electrical conversion efficiency of 10.2% and thermal efficiency
of 45.7% were achieved under 590 W/m2. The results showed that when the tube space of
heat pipes was reduced, the thermal and electrical energy generation was enhanced. Zhang
et al. [34] conducted a numerical, experimental, and design sensitivity analysis for a heat pipe
PVIT system. The paper investigated wickless gravity-assisted four heat pipes coupled with a
PV module. An aluminum plate was placed at the rear side of the PV module, and the
evaporator section of the heat pipe was welded to the plate, whereas the condenser part of
the heat pipe was inserted in the water header. Water was circulated through the condenser
side of the heat pipes, as shown in Figure 3-5. A deviation of 4.5% occurred between the
experimental results and the transient numerical model of the system. Various parameters
affecting thermal and electrical energy efficiency were investigated based on the validated
numerical model. The results indicated that the electrical and thermal energy efficiencies
increased with the increase of water mass flow rate and the diameter of the condenser section
of the heat pipe. The numerical results concluded that a maximum thermal efficiency of
47.96% and a maximum electrical conversion efficiency of 10.13% could be achieved using

the proposed PV/T system.
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Figure 3-5. The front view of the heat pipe employed PV/T system [34]

Hou et al. [35] proposed a PV/T system with a micro heat pipe array. An experimental and
numerical study was conducted. A seasonal experiments approach was used, and the data
was collected annually. The results showed that the thermal efficiency of the proposed system
could reach up to 40%, whereas the electrical conversion efficiency was approximately stable
at 13%. Moradgholi et al. [36] employed a heat pipe structure at the rear side of the PV module
and constituted a PV/T system. Methanol was used as a working fluid in twelve heat pipes,
which have a length of 35 cm and a diameter of 8 mm. The water was used to cool the working
fluid in the condenser side of the heat pipes. The set of experiments was conducted during
spring and early summer. The results showed that the PV module temperature could be
reduced up to 15 °C while 15.3% and 44.38% higher efficiency (including thermal efficiency)
were achieved during spring and summer, respectively, compared to the stand-alone
photovoltaic system. Modjinou et al. [37] designed a PV/T system with micro-channel heat
pipes and crystalline silicon PV modules. The acetone was used as a working fluid in heat
pipes. The study was conducted experimentally, and a numerical model was created using
MATLAB software to predict the transient behavior of the proposed PV/T system. A maximum
thermal efficiency of 54.0% and a maximum electrical conversion efficiency of 7.6% were

achieved.

Microchannel flat heat pipes and cylindrical heat pipes were the most used types in PV/T
systems. The literature review showed that this type of PV/T technology is still undeveloped
due to less attention received and low thermal efficiency. In most cases, the establishment of

heat-pipe combined PV/T systems was not clearly explained. The non-uniform cooling of the
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PV module was another drawback of this technology. The reviewed studies showed that the

thermal efficiency did not exceed 60% in this PV/T technology.

3.2.4 Thermoelectric generator (TEG) combined PV/T systems

Thermoelectric generators are devices that directly convert a temperature gradient into
electrical energy through a phenomenon called the Peltier effect. The temperature difference
between the hot and cold junctions formed by alloys allows for generating potential between
junctions. The use of TEGs in PV/T systems increases energy yield by 1-10%, depending on

configuration and TEG material.

In TEG-combined PV/T systems, Lin et al. [38] conducted a performance analysis of a PV/T
system consisting of a PV module, a TEG module, and a heat sink. In the model, the hot side
of the TEG was connected to the rear side of the PV module, and the cold side was connected
to the heat sink to create a temperature gradient. The numerical results showed that the
maximum efficiency of the PV/T system could reach up to 13%. The created model allows one
to conduct a theoretical study on the performance characteristics of a TEG-combined PV/T
system. Babu and Ponnambalam [39] developed a hybrid PV system using thermoelectric
generators (TEGS). The excess heat produced by the PV module was utilized to generate
electricity using TEGs. A numerical analysis was conducted on flat plate PV-TEG
configuration, and the results showed that the energy production was improved by 5% and the
overall efficiency was enhanced by 6%. Fini et al. [40] proposed a PV/T system consisting of
TEGs and water-cooled heat exchangers. The designed system was studied numerically and
validated by conducting experimental research. The average system temperature was
measured as 44.2 °C at maximum irradiation and compared to the conventional system, which
was at 57.1 °C. Maleki et al. [41] established a test stand including a hybrid TEG-PCM-based
PVIT system with metallic heat transfer enhancers to compare it to a TEG-based PV/T system
experimentally. In the proposed system, TEGs were used to generate electricity by taking
advantage of the temperature gradient, and PCM was used to minimize the adverse effects of
temperature on the PV module. The results showed that the average electrical efficiency of
the system was 8.1% higher than the PV/T-TEG system. Gopinath and Marimuthu [42]
experimentally investigated the different heat dissipators in TEG-combined PV/T system
under various solar irradiation levels. In the experiments, 40 in-series TEGs are attached at
the rear side of a 12 W polycrystalline PV module, as shown in Figure 3-6. Under three
irradiation levels, 516 W/m?, 704 W/m?, and 823 W/m?, colloidal graphite, and aluminum were
tested as cold-side heat sinks. The use of graphite sheets improved the TEG voltage 0.75

times and increased the temperature gradient between hot and cold sides up to 3.92 °C
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compared to TEG alone under 823 W/m?2. In contrast, using aluminum as a heat sink enhanced

the TEG voltage 1.78 times and increased the temperature difference up to 5.96 °C.

Solar Panel’s Terminals \

\lk \\\~\\w’ u' Hiﬂ/

Figure 3-6. TEG combined PV/T system [42]

The main drawback of the TEG combined PV/T system was the economic feasibility due to
the material cost of TEGs. Most studies focused on small-scale (from 10 W to 50 W PV
modules) experiments. The non-stable temperature of PV/T modules affecting the
temperature gradient, causing impacts on the efficiency of TEGs, was another drawback of

this technology.

3.2.5 Phase change material (PCM) based PV/T systems

Phase change materials are used to eliminate the adverse effects of temperature on PV
modules and improve performance. Many researchers suggest taking advantage of phase
change by absorbing or releasing heat, as the PCMs have high latent heat storage capabilities.
The PCM-based PV/T systems can further be enhanced by water or air cooling. The PCM-
based PV/T systems are designed considering the design temperature range, specific heat

capacity, thermal conductivity, and chemical properties of the PCM material.

Nizetic et al. [43] investigated and tested experimentally various PV/T systems incorporating
with PCMs in an extensive review paper. The analyzed PV/T-PCM systems showed that the
electrical efficiency was generally less than 20%, whereas the enhancement in thermal
efficiency was between 40% and 70%. The authors suggested further investigation to discover
variable economic solutions as the PCM materials have high unit costs. Zheng and Zhou [44]
conducted research using PCM for a PV/T system numerically. In addition to the PCM, a
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cooling system integrated at the rear side of the PV module, a porous material with high solar
transmittance and low thermal conductivity, silica aerogel, was integrated into the top surface
of the PV module in order to minimize heat losses. The authors proposed a structural design
of the PV/T system along with guidelines on performance improvement. The results showed
that the enhancement in overall energy efficiency was 40.2% and 42.4% for the summer and
winter seasons, respectively. Xu et al. [45] investigated fatty acid PCM-based PV/T system in
Shanghai. The cooling system consisted of a plexiglass container with a 60 mm depth filled
with PCM, a copper plate with nine fins to increase heat transfer area, serpentine tubes for
water flow, and thermocouples to monitor the temperature in the system, as shown in Figure
3-7. Five configurations were tested under real outdoor conditions to obtain the optimum
solution. Three out of five configurations were thermally regulated during the experiments. The
results showed that the overall energy efficiency of thermally regulated configurations was

5.4% and 22.2% higher than those that were not thermally regulated.
Plexiglass
Cover
- PV Panel
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Figure 3-7. PCM-based PV/T system [45]

Zohra et al. [46] proposed a hybrid solar system to enhance electrical conversion efficiency
by absorbing heat from PV modules. In this system, the issue of thermal stability was solved
by using two different PCMs, RT35 and RT42. The results of the numerical analysis of the
proposed PCM-based PV/T system showed that the electrical power output of the system was
improved by 54.5% compared to the conventional PV system. The electrical conversion
efficiency of the system was enhanced by 42.5% with two PCMs. Hossain et al. [47] designed
a serpentine-shaped flow design with copper tubes mounted onto an aluminum sheet. The
absorber was filled with different PCMs (lauric acid and paraffin). The water was used to
regulate the heat transfer from PV to PCM. The system’s thermal efficiency ranged between

75% and 85%. The maximal increase in electrical conversion efficiency was found to be 11%.
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The design showed a high improvement in thermal efficiency; however, the improvement in

electrical conversion efficiency was not as high as that of thermal.

The literature review showed that when the PV/T system is combined only with PCMs, the
operating temperatures can not go below the ambient temperature. The PCM-based PV/T
systems are coupled with air-based or water-based PV/T systems to transfer the stored heat
within PCMs. The primary challenges faced by the PCM-integrated PV/T systems were the
high cost and low thermal conductivity of PCMs, along with the selection of PCM, which
depended on many parameters, such as solar intensity, ambient temperature, and wind

velocity.

3.2.6 Nanofluid-based PV/T systems

The nanofluids are one of the working fluids in PV/T systems and consist of dispersed mixtures
of fluid and nanometer-sized particles, so-called nanoparticles. Most used nanopatrticles are
metal oxides and carbides, enhancing the thermal conductivity, heat capacity, and convective

heat transfer coefficient through Brownian motion compared to the base fluid.

Various studies have been conducted in the literature on using nanofluids in PV/T systems.
Hooshmandzade et al. [48] experimentally investigated the influence of single and hybrid
nanofluids composed of water and SiO;-Al,Os nanopatrticles as a coolant for the PV/T system.
Indoor and outdoor experiments were conducted using various volumes of nanofluids. The
highest thermal and electrical efficiency results were obtained using the hybrid nanofluid,
achieving 65.05% and 13.17% efficiencies for outdoor tests and 56.08% and 11.47% for
indoor tests. Karaaslan and Menlik [49] numerically studied the effects of mono and hybrid
nanofluids for sheet and tube PV/T systems. The performance of CuO+Fe/water and
CuOl/water (50:50) nanofluids as a working fluid was compared to water under different inlet
boundary conditions. During the numerical analysis, the heat flux and inlet temperature were
considered to be constant. The authors achieved the maximum electrical efficiency of 11.36%,
11.51%, and 11.60% for pure water, CuO/water, and CuO + Fe/water nanofluid, respectively.
Sangeetha et al. [50] investigated the effects of three different nanoparticles, namely TiO,,
MWCNT, and Al,Os, with a constant volume ratio of 0.3% on PV/T systems. The impacts of
nanofluids on PV module temperature and thermal efficiency of the PV/T system were
analyzed. The water-based, nanofluid-enhanced cooling system was tested using a PV
module with a peak power of 110 W. The highest thermal efficiency, electricity generation, and
electrical conversion efficiency of the PV/T system were achieved using MWCNT
nanoparticles. Naghdbishi et al. [51] prepared a system consisting of copper tubes mounted
on a copper plate. The copper plate and tubes were covered with Merck 107158 PCM material.

The base fluid, water/ethylene glycol mixture, was enhanced with MWCNT nanoparticles to
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improve thermal conductivity. The system’s electrical efficiency improved by 4.2%, whereas
the thermal efficiency improved by 23.5%. Margoum et al. [52] numerically investigated the
thermal and electrical efficiency performance of a conventional sheet-and-tube PV/T system
using three different working fluids: pure water, Al,Os/water nanofluid, and Cu/water nanofluid.
Copper and aluminum oxide nanoparticles with 2% volume were dispersed in water to prepare
the working fluids in the PV/T system. The mathematical model of the system was created in
MATLAB software based on the energy balance equation. The results indicated that when the
mass flow rate of the working fluid was 0.04 kg/s, Cu/water nanofluid decreased the
temperature of the PV module by 2.36 °C, whereas Al,Os/water nanofluid reduced by 1.89 °C.
The thermal efficiency of the PV/T system was enhanced by 26% with Cu/water nanofluid and
by 10.33% with Al,Os/water nanofluid.

The literature review showed that adding nanomaterials to the base fluids (water, ethylene
glycol, or others) improved the thermal properties of the working fluid. Various types of
nanoparticles were studied; however, the main issues with the nanofluids were the long-term
thermal stability due to agglomeration of the nanopatrticles, toxic characteristics, and high-cost

implementation.
3.3 Summary

The literature review on air-based PV/T systems showed that the general framework efficiency
was low due to the low specific heat capacity of the working fluid. The low heat capacity of air
led to the removal of a limited amount of heat from the PV module. The increased flow rate of
air to enhance thermal efficiency in these systems resulted in higher electricity consumption

due to the increased fan operation.

Previous research confirmed that most studies focused on conventional water-based PV/T
systems. These systems added an absorber plate at the rear side of the PV module and a
pipe network in various configurations, causing limited heat transfer and low thermal and
electrical efficiency. In addition to conventional PV/T systems, the investigations on increasing
the efficiency of PV/T systems targeted the working fluid by adding nanomaterials to enhance
thermal conductivity and heat-carrying capacity rather than geometry optimization. Another
type of PV/T technology reviewed was heat pipe combined PV/T systems. The literature
review showed that this type of PV/T technology is still undeveloped due to less attention
received by research activities and complex system design. The reviewed studies showed that

the thermal efficiency did not exceed 60% in this PV/T technology.

Most studies on TEG-combined PV/T systems showed that TEG-based PV/T technology is

still under development due to the complex integration of PV/T systems with TEGs. The non-
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stable temperature of PV/T modules affecting the temperature gradient, causing impacts on
the efficiency of TEGs and cost of thermoelectric materials, were the other drawbacks of this
technology. The PCM-based PV/T systems were limited to cooling PV module temperature
until the ambient temperature. This issue was solved by combining PCMs with water-based
or air-based PV/T systems. The main issue of the PCM-based PV/T systems was the low
thermal conductivity characteristic of PCMs. Nanoparticles gained popularity due to their
effects on thermal conductivity and heat capacity. The high cost of implementation and the
toxic nature of the nanoparticles were the main drawbacks to using nanoparticles in working

fluid for PV/T systems.

Despite the significant attention received by PV/T technology and research activities,
commercially available PV/T modules are scarce due to complex system designs and

insufficient knowledge of PV/T technology.
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Chapter 4 - Research methodology

This chapter presents the research methods employed in this dissertation. A nhumerical and
experimental research approach was used to develop a highly efficient cooling system for
PVIT systems. A 1-D numerical transient thermal model of a PV module was developed in
MATLAB software [53] to obtain the temperature distribution on each layer of the PV module.
The developed numerical thermal model was validated using normal operating cell conditions
(NOCT). The developed numerical model allowed for obtaining the PV cell layer temperature
and consequently led to the estimation of electrical conversion efficiency and power output of
the PV module from the 1-D thermal model. The numerical model was then used in the design
process of the PV/T system. In the initial and final design stage of the PV/T system, the
temperature of the PV cell layer obtained from the 3-D CFD model was fed to the 1-D thermal

model to estimate the electrical conversion efficiency and power output.

The initial design of the cooling system was prepared based on knowledge obtained through
the literature review and a 1-D thermal model. A commercial software, Ansys SpaceClaim 3D
CAD modeling software [54], was then used to develop the 3-D initial design geometry. The
designed cooling system was combined with a PV module and investigated by employing
various inlet mass flow rates and temperatures under NOCT. The thermal efficiency of the
system, temperature distribution on the PV cell layer, and uniformity of the cooling system
were studied. Based on the results, the design was further improved to increase the thermal
efficiency. The same boundary conditions were applied under NOCT to the 3-D CFD model of
the final design of the PV/T system to compare the improvements. The achieved thermal
efficiency and the uniform cooling of the PV module led to the preparation of the technical
drawings of the cooling system for the manufacturing process. The prototype was prepared

for the thermal tests in a laboratory.

The laboratory test rig was prepared to conduct the preliminary thermal tests of the designed
PVIT system. The test rig consisted of three heating radiators, each with three modes of
heating powers, P1-800 W, P2-1,600 W, and P3-2,500 W, placed 0.5 m above the cooling
system. The test rig had a flow meter, pump, water storage tank, and K-type sheathed
thermocouples in the inlet and outlet section. A self-calibrating digital heat flux sensor was
used to measure the heat flux on the surface of the cooling and PV/T systems. Different inlet
mass flow rates and temperatures were tested under P3-2,500 heating mode to analyze the
thermal output and efficiency of the prototype cooling system. Upon completion of the
experiments on the cooling prototype system, the 3-D CFD model of the cooling system was
validated using the data obtained during the tests. The validation of the numerical model led

to coupling the cooling system with a PV module to establish the PV/T module. Thermal
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grease was used to adhere the PV module to the cooling system to eliminate air bubbles
affecting effective heat transfer. Various inlet mass flow rates and temperatures were
investigated under different heat flux conditions. The thermal output and efficiency of the PV/T
system and the rear side temperature of the PV module were investigated. The rear side
temperature of the PV module was compared when the cooling was active and non-active.
The rear-side temperature of the PV module was then fed to the 1-D numerical model to
estimate the PV cell layer temperature. The estimated PV cell layer temperature was used to
calculate the electrical conversion efficiency and power output of the PV/T system. The cooling
impact was determined by comparing the results of electrical conversion efficiency and power
output of the PV module when it was cooled and non-cooled. The 3-D numerical model of the
cooling system was combined with the PV module in the software and validated with the data
obtained during the experiments. The validated numerical model allowed for analysis of the
temperature distribution on the PV cell layer. An uncertainty analysis of thermal efficiency was

performed with measured quantities to determine the reliability of the experiments.

The results obtained during the laboratory experiments confirmed that the prototype of the
designed PV/T system was ready for outdoor tests. In order to conduct outdoor experiments,
a test rig was prepared with the designed PV/T module and a non-cooled PV module. The test
rig preparation was started by placing four PT-1000 temperature sensors on the rear side of
the non-cooled PV module, and three PT-1000 temperature sensors were put on the rear side
of the PV/T module. Three K-type sheathed thermocouples were inserted between the cooling
system and the PV module to measure the rear side temperature of the PV module. When the
temperature sensors were placed in proper locations, the test rig preparation was continued
with the construction of a single-axis sun-tracking system. The system was placed near the
roof of a building, where solar irradiation was not interrupted by any disturbance. The system
was donated with a sun-tracking solar irradiation sensor, pyranometer, control system, and
grid-tie microinverters. A pyranometer was placed between the non-cooled and cooled PV
modules to measure the solar irradiation falling on the PV modules. High-performance PLC
controllers and analog input modules were used to control and monitor the system and collect

data from the sensors.

The designed test rig consisted of two loops where water was used in the PV/T cooling loop,
and water/glycol mixture was used in the chiller loop. The PV/T loop comprised a pump,
expansion vessel, heat meter, and hydraulic elements. The buffer tank contained an immersed
coil heat exchanger. The tank was filled with water and used in the PV/T cooling loop. The
water/glycol mixture was circulated through the heat exchanger coils inside the buffer tank.
The coil of the immersed heat exchanger was connected to a heat exchanger, which was

placed between the chiller and the buffer tank. The evaporator side of the chiller was
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connected to the heat exchanger to cool down the water inside the buffer tank. The condenser
side was connected to another heat exchanger, which was connected to an underground heat
storage unit to reject the heat. Another heat meter was placed between the buffer tank and

the heat exchanger to measure how much heat was rejected from the buffer tank.

The real outdoor tests were started after the test rig preparation. The outdoor tests were
conducted for two months to analyze the performance of the PV/T system in September and
October. Based on the collected data, an energy analysis of the PV/T system, including
electrical conversion efficiency, thermal efficiency, electrical and thermal power outputs, was
investigated. The cooling uniformity of the cooling system was analyzed, and the pressure
drop tests were conducted with various flow rates in the test rig. An equation was derived to
estimate the pressure drop. An uncertainty analysis was performed for the collected data
during outdoor experiments. The reliability of the measured quantities obtained during the

experiments was determined.

In order to assess the effectiveness of the designed PV/T system, a comparative study of
existing literature with the proposed PV/T system was realized. A comparative framework was
employed to highlight the key performance metrics. The comparative analysis consisted of
analyzing the type of the PV/T system, mass flow rate, test conditions, type of study, and

electrical and thermal efficiency.

An economic analysis of the proposed PV/T module was realized through market research.
The energy generation and cost of PV/T modules available in the Polish market were
compared to the designed PV/T module. A cost-benefit analysis was performed based on the
actual domestic hot water demand of a single-family house. A comparative framework was
deployed in the cost-benefit analysis by taking into account the designed PV/T module and a
conventional gas boiler system. The standardized metrics, such as the levelized cost of
electricity, levelized cost of heat, and levelized cost of energy, were used to assess and
compare the lifetime costs of the proposed PV/T module. A payback analysis was conducted
on the designed PV/T module by comparing it to a conventional gas boiler system to assess

the cost recovery and financial viability.
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Chapter 5 - Thermal model of PV module

The first step while developing a thermal model of a photovoltaic panel is to consider the
physical model, which provides each layer’'s material, thermal properties, and thickness. The
optical and radiation model is needed to evaluate the total absorbed and reflected radiation
by the layers of a photovoltaic module. The total radiation and coherent boundary conditions
were used to achieve temperature distribution. In the developed 1-D transient thermal

numerical model, the following assumptions were made:

® no contact resistance exists between the layers of the PV module;

o the surface of the PV module is not disturbed by shading, dust, or snow;

¢ the material and thermal properties are assumed to be isotropic and independent of
temperature;

e each layer’s transmittance and absorptance are independent of the wavelength of the

incident solar irradiation.
5.1 Physical model

A commercial 325 W PV panel consists of 120 monocrystalline solar cells in series. The solar
cells have a dimension of 158.75 x 79.375 mm. The overall length and width of the module
are 1,696 x 1,002 mm. The layers of the PV module considered in thermal modeling are given
in Table 5-1. The material and thermal properties of the layers considered are detailed in Table
5-1. The EVA Bottom and EVA Top layers have the same material and thermal properties and
enclose the PV cells. The top-most and bottom-most layers are glass, with the same material
and thermal properties. The model used to investigate the thermal behavior of the PV module
does not contain thinner layers, such as the ARC layer, which has a thickness in the
nanoscale, typically between 100-125 nm [56].

The material and thermal properties of layers are given in Table 5-1.

Table 5-1. Material properties of the layers

Thickness Thermal Conductivity  Specific Heat Capacity Density

Layer (mm) (W/m.K) (kg .K) (kg/m?)
Front side glass 2.0 1.8 790 2,500
Top side EVA 0.2 0.4 1,675 1,090
PV cells 0.4 148.0 677 2,330
Bottom side EVA 0.2 0.4 1,675 1,090
Back side glass 2.0 1.8 790 2,500

The layers of the PV module and the heat transfer mechanism considered to develop the

thermal model of the PV module are illustrated in Figure 5-1.
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Figure 5-1. Considered PV panel layers

The PV module properties under standard test conditions (STC) provided by the manufacturer

are given in Table 5-2.

Table 5-2. PV module properties under STC

Properties Value Unit
Nominal power output 325.00 w
Maximum power voltage 33.60 \%
Maximum power current 9.68 A
Open circuit voltage 40.30 \%
Short circuit current 10.25 A
Module efficiency 19.12 %
NOCT 44+3 °C
Temperature coefficient of power output -0.42 %/°C
Temperature coefficient of open circuit voltage -0.29 %/°C
Temperature coefficient of short circuit current 0.05 %/°C

5.2 Optical and radiation model

A portion of incident solar irradiation falling on the solar panel is lost due to reflection and
absorption in PV panel layers. The losses caused by reflection and absorption can be
estimated employing the optical model, whereas the absorbed irradiation by PV cells is
estimated using radiation models. The measured irradiation data is available in the form of
total global horizontal irradiation (Gyog) with the unit W/m2. The total global horizontal
irradiation is also split into the beam and diffuse components. Duffie and Beckman [57]
proposed two different correlations: the Erbs et al. [58] correlation and the Orgill and Hollands
correlation to estimate the beam and diffuse components of the total global horizontal

irradiation. The Orgill and Hollands [59] correlation was used and expressed in Eq. 3:
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where G, and G, are the beam component and diffuse component. k is the hourly clearness
index. From the definition of k, EQ. 4 can be used to find the value of k:

Gyt Gy
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where G,, is extraterrestrial irradiation. Combining Eqgs. 3 and 4, and using an iterative
method, the values of G,, G; and k can be estimated. The solar radiation absorbed by the

PV cells, S was estimated using Eq. 5:

1+ ;053) 1- cosb’)’

S = () MGpRp K + Gde,d( >

+ Gy + Ga)pgKeag (5)

where (ta),, is the transmittance at normal incidence, and R,, is the angle of incidence of beam
radiation on the horizontal and tilted surfaces. M is the air mass modifier. Ky p, Krg,d, @Nd Kg g
stand for the incidence angle modifier at the beam incidence angle, the incidence angle
modifier at the effective incidence angle for diffuse radiation, and the incidence angle modifier
at the effective incidence angle for ground-reflected radiation, respectively. g and p, are the

tilted surface angle and ground reflectance.

The air mass modifier, M is calculated using Eqg. 6.

4
M=) aam), 6)
0

where AM is the air mass and q; are constants for different PV materials. Fanney et al. [60]
reported that the values of ay,...,a, are 0.935823, 0.054289, —0.008677, 0.000527, and

—0.000011 for monocrystalline silicon cells.

In order to achieve the complete thermal model to find the temperature distribution of the

module, the total absorbed solar irradiation was found.
5.3 Heat sources

A part of the total absorbed solar irradiation is not converted to electric current. The non-
converted part generates heat within the solar panel. The front glass layer has an influential
absorptivity (ag = 0.05), and the PV cell layer absorbs the incident irradiation. The internal

heat generation as a result of absorption in the front glass was calculated in Eq. 7:
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where A, stands for the entire area of the photovoltaic panel, 1.6994 m? and V,; indicates the

front glass volume, 0.0034 m3. The non-converted portion of the total absorbed solar energy
is dissipated as heat in the PV cells' layer. The internal heat generation in the PV cell layer

was found using Eq. 8:

_ (L —npy)ApyS
PV

: )

4%

where Apy and Vpy, express the total area of photovoltaic cells, 1.51 m?, and the total volume
of PV cells, 0.0006 m3, respectively. Oliveti et al. [61] calculated 7, the electrical efficiency of

the solar panel using Eq. 9:

Npv = Npv,ref (1 - {ref(TPV,cells - ref)) ) €C))

where npy . is the electrical efficiency referenced by the manufacturer, which equals 0.1912
at standard test conditions and 0.1779 at NOCT. ¢, indicates the temperature coefficient of
the solar cells and is set at 0.0042 °K 1. Tpy cepis @and T, stand for the temperature of PV cells

and the reference temperature, 25 °C.
5.4 Heat conduction equation

The heat equation is a partial differential equation used to model how the heat diffuses through

the solar panel’s layers. For a solid domain in 3-D form, the heat equation is given in Eq. 10:

T (x,y,z,t) <62T(x, y,z,t) 0%T(x,y,z,t) 0°T(x,y,zt)
pc———=k + +

ot ox? 9y? 922 >+Qg(t)’ (10)

where p, ¢, and k are the density, the specific heat capacity, and the thermal conductivity,
respectively. T is the temperature at point (x,y,z) at time t, and Qg is the internal heat
generation. In this study, p, ¢, and k are assumed to be constant for each layer given in Table
5-1. The 1-D thermal model was developed using the heat equation. The heat conduction

equation can be reduced to Eq. 11:

oT (x,t) (E)ZT(x, t)
pe =

o 52 +> +Qq(1), (11)

where x is the direction along with the thickness.
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5.5 Boundary conditions

Eq. 11 was solved by applying the suitable boundary conditions on the top and bottom glass
layers. The boundary conditions are illustrated in Figure 5-1. The convective and radiative
heat transfer mechanisms occur between the environment and the front side glass and back

side glass of the panel. The natural (hcony,free) @nd forced (hcony,forcea) CONVECtion

mechanism should be considered given in Eg. 12 [62]:
hconv = hconv,free + hconv,forced- (12)
The heat transfer coefficient for the natural convection can be calculated using Eq. 13 [62].

_ Nufreekair (13)

hconv, free I
ch

where Nug,. is the Nusselt number, k,;, is the thermal conductivity of the air and ., is the

characteristic length of the PV panel. Lloyd et al. [63] proposed the Eq. 14 to calculate the

Nusselt number for free convection:

1
0.76Ra%, 10* < Ra < 107,
Nufree = (14)

1
0.15Ra3, 107 < Ra <3 x 10°,
where Ra is Rayleigh number is given in Eq. 15 [62]:
Ra = Gr. Pr, (15)

where Gr and Pr are the Grashof number and the Prandtl number [62].

Pr = CairUair ’ (16)
kair

Gr = glgair(Tsurf - Tamb)lgh ’ (17)
Vair

where c,;r, Uqir @nd k,;,- Stand for the specific heat capacity of the air, the viscosity of the air,
and the thermal conductivity of the air, respectively. In Eq. 17, g and S, is the gravitational
acceleration and the coefficient of thermal expansion of air. Ty, indicates the surface
temperature (the front glass or rear glass) and v, is the kinematic viscosity of the air. The
mentioned properties are determined at the film (Tr;;,,,) temperature, which is calculated in Eq.

18 [62]:

T. +T
f b
Tritm = %_ (18)

Kaplani and Kaplanis [64] determined the [, using the Eq. 19:
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lCh =4 ) (19)

Ppanel

where Apqne; and Ppgpe; Stand for the total area of the PV panel and the perimeter of the PV,

respectively. Ernani [65] calculated the heat transfer coefficient for forced airflow over flat

surfaces as in Eq. 20:
hconv,forced = 3-8377[275159'5' (20)

where v, indicates the wind speed in m/s. The combined heat transfer coefficient h.,,,, can

be obtained, and the convective heat loss Q.,,, can be calculated using the Eq. 21:

Qconv = hconvApanel(Tsurface - Tamb)' (21)
where Tgy,race @aNd Toypy, are the surface and ambient temperatures.

The radiative heat losses from the front and back surfaces of the solar panel were estimated
using a linearized heat transfer coefficient (h,,4). The radiative heat transfer occurs in the

following cases:

e Front side glass — sky
e Back side glass — sky
e Front side glass — ground

e Back side glass — ground

Shahzada et al. [66] proposed Eq. 22 to calculate the linearized radiative heat transfer

coefficient, hyqq4-

_ O-(Tszurface - Tszink)(Tsurface + Tsink)
1- Esurface + 1 ’

gsurface Fsurface—sink

(22)

rad

where o is the Stefan-Boltzmann constant, Ty, is either the sky or ground temperature,
Tsurface 1S the solar panel’s front or back surface temperature. &s,,-rqce is the emissivity of the
front and back glass, 0.85. Fg;face-sink Stands for the view factors which are defined from Eq.

23 to Eq. 26:

1
Ffrontglass—sky = E (1+ cos9), (23)
1
Frrontglass—ground = 2 (1 —cosH), (24)
1
Fbackglass—sky = 2 (1 + cos(m — 0)), (25)
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1
Fbackglass—ground = 2 (1 = cos(m — 0)). (26)

Jones and Underwood [67] proposed the Eq. 27 to calculate the sky temperature:

Tsky = Tamp — 20. (27)
The ground temperature was assumed to be equal to the ambient temperature.
5.6 Energy balance and finite difference methods

The thermal model was solved using the energy balance method while using the finite
difference (FD) method to discretize the heat equation. The finite difference scheme was
applied, dividing the domain into smaller segments called nodes. The 1-D grid formation is
shown in Figure 5-2. The 1-D grid was formed along the thickness of the PV module. The
domain was subdivided into N sections of equal thickness, Ax on the x-direction. Ax was the
distance between the adjacent nodes and was calculated by dividing the total thickness of the

layers considered by the number of sections, N.
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Figure 5-2. Grid formation

The heat equation in Eg. 11 was discretized to the following form using the FD formulation in
Egs. 28 and 29:

OT(x,t) T, t+At) —T(x,t) T —Th

ot At At ’ (28)
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O*T(x,t) Ttk — 2T + Tty
0x? Ax? ’

(29)

where superscript i + 1 and i stand for the new time t + At and previous time t, respectively.
The subscript, m indicates the node of interest. Once the 1-D grid formation was prepared,
the discretized heat equation was constructed by taking into account the energy balance in

the rate form in Eq. 30:
Ein + Eg = Est: (30)

where energy is entering E;,, the energy is generated Eg, and energy is stored Eg. The
different layers have various material properties, and control volumes store different amounts

of energy.

5.6.1 Energy balance on bottom and top surface nodes

The bottom and top surface nodes exchange thermal energy by conduction with the interior
nodes while exchanging thermal energy with the environment via radiation and convection.
Thus, the equations at the bottom and top surface nodes were similar. As an example, node
number N was studied. The node of interest had one neighbor, which is the bottom node N —
1. The node of interest exchanges thermal energy via conduction with adjacent node N — 1
and exchanges thermal energy with the atmosphere via convection and radiation. The bottom
node, N — 1, was Ax meters apart from the node of interest. Applying the energy balance on
the node N, Egs. 31, 32, and 33 can be obtained for E;,, E;, and Ej,, respectively. Similar

equations were used for the bottom surface node.

N .
Epyp = gl <—> + hconv(Tamb - T1€1+1) +

Ax
hrad,N—ground (Tground - Tlfl+1) + hrad,N—sky(Tsky - 16+1 , (3 1)
. . Ax
Eg = Qg (32)
. Ax (TE — T}
Eg = pgﬂgl?( AL ) (33)

where kg, pg; and cg; are the thermal conductivity, density, and specific heat capacity of the
glass, respectively. hyqq n—grouna @Nd hrqq n—sky Stand for the linearized radiative heat transfer

coefficient for node N to ground and node N to the sky. The upper script on temperature terms

was the time steps, as the energy balance equations were solved in implicit form. The implicit
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form was chosen as it is unconditionally stable and allows for freedom to control the execution

time.

5.6.2 Energy balance on the interior nodes

The interior nodes lie inside each layer mentioned in Table 5-1. In order to demonstrate the
equations for an interior node, the node d, an interior node of PV cell layer, was taken as an
example. The node had two neighbor nodes: on the top side, node d + 1, and on the bottom
side, node d — 1. Nodes on the top and bottom sides of d were Ax meters away from the node

of interest. Applying the energy balance on the node d, E;,, E;, and Eg,, equations can be

derived.
. Tyt - 1 ri -1
Ein = kpvcells <+T + kpvcells — Ax ) (34)
Eg = QPVAX, (35)
. Tt —T}
Es = ppvcellscpvcellsAx <A—t> ’ (36)

where kpyceiis: Ppucetts: @Nd cppeens are the thermal conductivity, density, and specific heat

capacity of the PV cell layers.

5.6.3 Energy balance on interior interface nodes

The energy balance was applied on one of the interior interface nodes, k, shown in Figure 5-2,
to demonstrate the equations implemented in the software to achieve a temperature
distribution solution of PV module layers. The interface node had two neighbors: one node on
the top side, k + 1 and one node on the bottom k — 1. The node on the top side, k + 1, was
inside the top glass layer and Ax meters away from the node k , whereas the node on the
bottom side, k — 1, was inside the EVA layer and Ax meters away from the node k. Egs. 37,

38, and 39 were derived for the interior interface nodes.

(T m e

Ein = kg <+T + keva B va— (37)
. . Ax

Eg =Qqu—> (38)

Eg = (pgngl + peva%va)? (T ) (39)

34



where k..., Peva, @Nd c.p,q are the thermal conductivity, density, and specific heat capacity of
the EVA layer.

The total N equations were derived from the energy balance method as there were N unknown

temperatures. As the equations were algebraic, it led to a system of linear equations.
[AKT} = {B} (40)

In Eq. 40, [A] is a matrix size of (N, N), comprising the coefficients adjacent to the unknown
temperature variables. {T} stands for the unknown temperatures with a size (N, 1) and {B}
indicates the known quantities in a size of (N,1). One way to solve the system of linear
equations is {T} = inv(|A]){B}. The matrix [A] had the prominent feature of being a sparse

tridiagonal matrix, meaning most of its elements are zero.
5.7 Model validation

The developed 1-D numerical transient thermal model of the PV module was validated using
NOCT conditions. The validated model led to the study of the effect of temperature on

electrical conversion efficiency and power output of the PV module.
Nominal operating cell temperature (NOCT) validation

NOCT is one of the testing standards and was used to validate the numerical thermal model
of the PV module. The NOCT is defined as the temperature reached by open-circuited PV
cells in a PV module with a tilt angle of 45° under 800 W/m? of incident solar irradiation, 20 °C
ambient temperature, wind speed of 1 m/s and air mass of 1.5 [68]. The datasheet information

of the PV module under NOCT conditions is given in Table 5-3.

Table 5-3. PV module datasheet under NOCT conditions

Property Value Unit

Maximum power output 241.90 w

Maximum power voltage 31.10 \%

Maximum power current 7.79 A

Open-circuit voltage 37.50 \%

Short-circuit current 8.28 A
Temperature coefficient of maximum power -0.42 %/°C
Temperature coefficient of open-circuit voltage -0.29 %/°C
Temperature coefficient of short-circuit current 0.05 %/°C

NOCT 44+3 °C

Module efficiency 17.79 %

The boundary conditions, solar irradiation, ambient temperature, tilt angle, wind speed, and
air mass were fed to the 1-D numerical thermal model of the PV module to estimate the PV

cell layer temperature.
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The developed 1-D numerical thermal model of the PV module was subjected to NOCT
conditions. The temperature of the PV cell layer was estimated to be 44.30 °C by the
developed numerical model, whereas the NOCT value indicated by the manufacturer was
44+3. The temperature difference between the datasheet NOCT value and model estimated

NOCT value was 0.30 °C, indicating a good agreement.

The temperature distribution of the PV module through the thickness (x-direction) under NOCT
conditions is shown in Figure 5-3.

Temperature profile of the PV module layers under NOCT conditions

LAYERS

A-Top Glass
B-Top EVA
C-PV cells
D-Bottom EVA
E-Bottom Glass

Temperature [°C]
B
w
w

0 2 22 26 28 48
Thickness of PV module layers [mm)]

Figure 5-3. The temperature profile of the PV module under NOCT conditions

The developed model estimated the maximum power output of the PV module and was found
to be 241.55 W. A difference of 0.14% occurred between the datasheet maximum power
output and the model estimated maximum power output. As expected, the highest temperature

occurred in the PV cell layer.

Based on the NOCT-validated 1-D numerical thermal model, the effect of temperature on the
PV module was investigated. Various solar irradiation levels and ambient temperature were

defined in the model to analyze the PV cell layer temperature.

Different solar irradiation levels ranging from 600 W/m? to 1000 W/m? at 25 °C ambient
temperature were applied to the NOCT-validated 1-D transient numerical thermal model of the
PV module to analyze the temperature of the PV cell layer. The PV cell layer temperature was

initially assumed to be 25 °C for all conditions.

The temperature of the PV cell layer is shown in Figure 5-4.
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PV cell layer temperature under different solar irradiation at 25 °C
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Figure 5-4. PV cell layer temperature under different solar irradiation levels

The temperature of the PV cell layer reached 64.13 °C, 75.40 °C and 85.89 °C under 600
W/m?, 800 W/m? and 1000 W/m? at 25 °C ambient temperature. The electrical conversion
efficiency based on PV cell layer temperatures was calculated using Eq. 9. The electrical
efficiency of the PV module drops to 14.23%, 15.07%, and 15.98% under 1000 W/m?, 800
W/m? and 600 W/m? from the optimal efficiency of 19.12% leading to 83.1 W, 55.02 W, and
32.04 W of power output drop.

The effect of ambient temperature under 1000 W/m? was investigated by varying the ambient

temperature between 15 °C and 35 °C. The result of the analysis is shown in Figure 5-5.

PV cell layer temperature at different ambient temperatures under 1000
W/m?
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Figure 5-5. PV cell layer temperature at different ambient temperatures under 1000
W/m?
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The temperature of the PV cell layer reaches up to 80.04 °C, 85.89 °C and 92.03 °C at 15 °C,
25 °C and 35 °C of the ambient temperature under 1000 W/m?. The increase in PV cell layer
temperature led to a 28.15% electrical conversion efficiency drop of the PV cells and a 91.55

W power output drop at 35 °C ambient temperature.
5.8 Summary

In this chapter, the 1-D transient numerical thermal model of a PV module was developed by
determining the physical model of the module and the optical and radiation modeling in
MATLAB software. The energy balance method and the finite difference numerical scheme
were used to solve the heat transfer problem. The developed model was validated using
NOCT conditions. A difference of 0.14% occurred between the datasheet maximum power

output and the model estimated maximum power output.

Based on the validated thermal model of the PV module, the effect of temperature on electrical
conversion efficiency and power output was studied by varying the solar irradiation and
ambient temperature. The temperature of the PV cell layer reached 85.89 °C under 1000 W/m?
at 25 °C ambient temperature. The electrical conversion efficiency of the PV module drops to
14.23% from the optimal efficiency of 19.12%, leading to a drop of 83.1 W in power output.

The temperature of the PV cell layer reaches up to 92.03 °C at 35 °C of the ambient
temperature under 1000 W/m2. The increase in PV cell layer temperature leads to a 28.15%
electrical conversion efficiency drop of the PV cells and a 91.55 W power output drop at 35 °C

ambient temperature.

The adverse impacts of the temperature on the electrical power output and conversion

efficiency of the PV cells showed the importance of cooling PV modules.
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Chapter 6 - Design of the cooling system and numerical studies

The thermal behavior analysis of the PV module concluded that the increase in operating
temperature of the PV modules led to a drastic fall in electrical conversion efficiency and power
output. The high temperatures that were reached indicate the importance of the heat transfer
area, the material used in the cooling system, and the working fluid used to remove the heat
from the PV modules. These considerations need to be taken into account to bring the

operating temperature of the PV module to the optimal temperature, 25 °C.

In addition to conclusions obtained from the thermal modeling of the PV module, the literature
review on air-based PV/T systems showed these systems lacked effective heat transfer due
to the low specific heat capacity of the air, showing the importance of the working fluid
selection. Most studies on water-based PV/T systems showed that adding an absorber plate
at the rear side of the PV module and a pipe network in various configurations caused limited
heat transfer. The heat transfer area had a crucial impact on the cooling effectiveness and
thermal efficiency. Due to its high thermal conductivity, the proposed PV/T systems in the
literature mostly used copper as the base material when manufacturing the sheet-and-tube
systems. However, these studies did not consider the cost analysis while choosing the
material. When selecting the material, there is usually a trade-off between the thermal
properties and the cost of the material. In the literature, studies did not focus on the uniformity
of the cooling. The uniformity of cooling is an important consideration that has to be taken into

account due to the lifetime of the PV cells and thermal stresses.

The aim was to develop a highly efficient design that uses environmentally friendly, cost-
effective, available, and thermally stable working fluid. Based on the studied 1-D numerical
thermal model and extensive literature review, a process for designing a highly efficient cooling

system was as follows:

e selection of cooling method;
e geometry of the design;
e material selection and cost;

e working fluid selection;

The liquid-based cooling method was chosen for designing the cooling system as the literature
review showed that the thermal and electrical efficiency of the liquid-based PV/T systems was
greater compared to air-based, TEG-combined, and PCM-based PV/T systems due to the
high heat transfer capability of liquids. Once the type of system was decided, the geometry
design was started. During the initial geometry design, the idea was to maximize the heat

transfer area and use the heat transfer area available on the rear side of the PV module. The
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manufactured PV modules generally have 15 to 25 mm of space on the rear side. The design
was planned to be compact to fix the cooling system under the PV module without mechanical

work, excluding adhesives, to avoid air bubbles.

The PV module used for the PV/T system had a length of 1,696 mm and a width of 1,002 mm.
Based on the dimensions of the PV module, the initially designed cooling system had the
dimensions of 1,670 x 965 x 10 mm, with a total surface area of 6.58 m? and a surface area
of 1.59 m? in contact with the rear side of the PV module as shown in Figure 6-1. The bottom
plate and top plate thickness of the cooling system was 2 mm, leaving a 6 mm thickness for
the fluid flow inside the system. The system consisted of three channels separated by long
aluminum rods with a total surface area of 0.019 m? contact with the working fluid to ensure
uniform cooling, shown as A in Figure 6-1. Each channel had one inlet and outlet with an inner
diameter of 5 mm and outer diameter of 5.5 mm, openings for electrical connections of the PV
module, shown as B in Figure 6-1. Short, straight rods (a total surface area of 0.09 m? in
contact with the working fluid), together with circular fins (a total surface area of 0.023 m? in
contact with the working fluid) shown as C and D in Figure 6-1, was placed close to the inlet
section in the first half of the cooling system to reinforce the strength to overcome any
pressure-related issues and increase heat transfer to the working fluid. Similarly, in the second
half of the cooling system, three rods for each channel, along with pins, were used to

strengthen the cooling system and enhance the heat transfer.

Outlets

Inlets

Figure 6-1. The initial design of the cooling system

Crescent-shaped flow routers were placed on the left and right sides of the openings to
eliminate overheating under the opening areas. A dorsal-shaped design was applied under

the cooling box to enhance the convection heat transfer with the outdoor air. The dorsal shape
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applied to the second half of the design and the crescent-shaped flow routers are shown in
Figure 6-2.

Dorsal shape
design

Crescent-shaped
flow router

Figure 6-2. The dorsal-shaped design

The idea of using the dorsal-shaped design was to increase the heat transfer to dissipate the
excess heat in the cooling system to the environment. Another aspect of using such a design
was that the working fluids could reach high temperatures after the first half of the design due
to their specific heat capacity, causing a drop in cooling efficiency. Such design allowed for
enhanced heat transfer with the environment and better cooling. The dimensions of the

designed dorsal-shaped geometry are shown in Figure 6-3.
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Figure 6-3. Dimensions of the dorsal-shaped geometry

Material selection is one of the most essential processes. Thermal conductivity is a crucial
parameter when choosing the material as it highly contributes heat transfer from the PV
module to the working fluid. In PV/T systems, copper and aluminum were the most used and
suitable materials due to their high thermal conductivity. In the current design, aluminum was

chosen as the base material due to its low density and low cost. The low-density characteristic
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of aluminum allows for a 3.3 times lighter weight of design compared to copper. The material

and thermal properties of the used aluminum alloy 6061 are given in Table 6-1.

Table 6-1. The material and thermal properties of the base material

Properties Values Units
Density 2,700.00 kg/m3
Specific Heat Capacity 896.00 J/kg.K
Thermal Conductivity 166.00 W/m.K
Reflectivity 0.61 -
Absorptivity 0.14 -
Emissivity 0.25 -
Tensile strength 310.00 MPa

Additionally, aluminum offers better returns on investment than copper due to affordability,

and its price tends to fluctuate less, making it a safer investment in solar applications.

The selection of the working fluid for the PV/T systems is another important aspect of
designing an efficient and reliable system. The chosen fluid needs to be able to manage both
electrical and thermal expectations, as there is always a trade-off due to the desired
temperature of the working fluid and the operating temperature of the PV module. The thermal
conductivity, convective heat transfer coefficient, availability, environmental impact, and cost
are the parameters that affect the working fluid decision-making process. The climate also has
an influence on selecting the correct working fluid, as in moderate climates, freezing can cause
potential issues. Water and water/propylene glycol (%40) mixture are chosen as the cooling
system was designed in Poland, where the climate is moderate. The availability, cost,
environmental impact, and adequate heat transfer properties were the parameters that made

these two working fluids preferable.
6.1 Numerical analysis of the initial PV/T design

The mathematical modeling was based on 3-D, steady, laminar, and incompressible flow. The
Navier-Stokes’s equations governed the fluid flow and convective heat transfer [69]. Eq. 41 is

the continuity equation.

du Jdv Jdw B

du v ow_ 41
xtaytaz =0 (41)

In Eq. 41, u, v, and w are the components of velocity at the point (x,y, z).

Egs. 42, 43, and 44 represent the momentum equations in x, y, and z directions, respectively.

ou  Ou ou 10p 0°u  9%u  9%u
( =) +g: (42)

__E$+ 6x2+6y2+622
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In Egs. 42, 43, and 44, p and p are the density and pressure. ¥ stands for the kinematic

viscosity. g, g, and g, are the gravitational acceleration in x, y, and z directions, respectively.

Eq. 45 represents the energy equation.

(aT oT aT)_ <62T 0°T 62T> 45)

Ua-l'?]@ﬁ'Wa 6x2+6y2+622

In Eq. 5, T represents the temperature field, and « stands for the thermal diffusivity.

A 3-D CFD model of the initial geometry design was developed in Ansys SpaceClaim 3-D CAD
modeling. The designed initial cooling system consisted of three divided sections, each with
an inlet and outlet. The middle section was chosen to be studied to obtain a high-resolution
mesh to achieve accurate results and reduce computational time. The fluid domain was
extracted from the solid domain to be analyzed. The developed fluid domain was discretized
using Fluent meshing. The Poly-Hexcore elements were used to generate a high-quality and
efficient mesh. The hexcore mesh filled the bulk region volume with perfect cubes of the same
size, preventing orthogonal corrections and providing equal resolution in all directions. The
polyhedral elements to fill the transition zone were used. The implemented process led to

more accurate results while reducing the computational time and using less RAM.

When the pre-processing was completed, the solver settings were defined in the software.
The gravity was inserted as 9.81 m/s? in the —y direction. The energy equation model was
activated to couple the fluid flow with energy analysis. The laminar flow type was chosen as
the velocity of the fluid was relatively slow, indicating a low Reynolds Number. The
water/propylene glycol mixture (40%) was used as the working fluid. The mixture properties

are given in Table 6-2.

Table 6-2. Water/propylene glycol mixture properties

Properties Values Units
Density 1,024.33 kg/m3
Specific Heat Capacity 3,823.50 J/kg.K
Viscosity 0.0027 kg/m.s
Thermal Conductivity 0.433 W/m.K

The boundary conditions were defined based on the NOCT conditions. The shell conduction

feature was used to model the PV module section above the cooling system. The shell
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conduction becomes useful, particularly in modeling thin walls, as in the case of PV module
layers. The shell conduction feature allows for creating one or more layers of virtual cells
without the need to mesh the wall thickness in the preprocessor. The PV layers in Table 5-1
were used while managing the shell conduction walls. The shell conduction feature requires
heat generation in each layer defined. The 1-D numerical thermal model was used to calculate
the heat generation in the glass and PV cell layer using Egs 7 and 8. The convective and
radiative heat transfer coefficients were calculated using Egs. 12 and 22. The ambient
temperature was 20 °C as indicated in NOCT conditions. In addition to the explained boundary
conditions, the pressure-outlet boundary condition was set at the outlet, whereas uniform flow
at constant temperature was defined at the inlet. The boundary conditions given in Table 6-3

were applied in the software to analyze the behavior of the initial cooling system design.

Table 6-3. The boundary conditions

Case @i (L/h)  Vin(m/s) m;(kg/s) Tiin (°C)

90 1.24 0.03
180 2.49 0.05
1 270 3.73 0.08 15
360 4.97 0.10
450 6.21 0.13
90 1.24 0.03
180 2.49 0.05
2 270 3.73 0.08 20
360 4.97 0.10
450 6.21 0.13
90 1.24 0.03
180 2.49 0.05
3 270 3.73 0.08 25
360 4.97 0.10
450 6.21 0.13

In Table 6-3, §: and Vi, are the volumetric flow rate and the inlet velocity of the working fluid.
m; and T¢;» stand for the inlet mass flow rate and temperature. The average temperature of the
PV cell layer temperature and the outlet temperature of the cooling system were analyzed
under NOCT conditions. The useful thermal energy generation and thermal efficiency of the

cooling system were calculated using Eqgs. 46 and 47.

Qu = mfcf (Tf,out - Tf,in): (46)

where Q,, and T¢,,. are the useful thermal energy gain and the outlet temperature of the
working fluid. ¢ stands for the specific heat capacity of the working fluid. The thermal efficiency

is calculated using Eq. 47.
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n¢x indicates the thermal efficiency of the cooling system, H and A.f. stand for the average
heat flux on the surface of the system and effective cooling area, respectively.

The average temperature of the PV cell layer, outlet temperature, thermal energy generated,

and thermal efficiency for each case are given in Table 6-4.

Table 6-4. Numerical model results of initial cooling system design under NOCT

conditions

Case iy (kg/s) Tiin (°C)  Trout (°C)  Tpvces (°C) QU (W) Nypermar (%)

0.03 24.88 26.18 944.61 73.27
0.05 20.25 21.50 1,003.95 77.87
1 0.08 15 18.58 20.32 1,026.21 79.60
0.10 17.71 19.73 1,034.72 80.26
0.13 17.16 18.79 1,032.15 80.06
0.03 29.01 29.95 860.84 66.77
0.05 24.77 26.28 911.05 70.67
2 0.08 20 23.25 24.13 931.95 72.29
0.10 22.46 23.57 939.18 72.85
0.13 21.96 23.14 935.75 72.58
0.03 33.12 33.68 776.11 60.20
0.05 29.29 31.14 819.62 63.57
3 0.08 25 27.92 30.13 837.07 64.93
0.10 27.22 29.59 849.57 65.90
0.13 26.76 29.11 842.45 65.34

Toveels IS the average temperature of the PV cell layer. The average temperature of each PV
cell layer decreased when the inlet flow rate increased up to 0.13 kg/s or the inlet temperature
decreased. Increasing the mass flow rate from 0.03 kg/s to 0.10 kg/s and decreasing the inlet
temperature from 25 °C to 15 °C led to a 21.79% improvement in thermal efficiency and
keeping the PV cell layer temperature at 19.53 °C. The datasheet information of the PV
module in Table 5-3 indicated that the NOCT temperature is 44+3 °C. The initial design of the
cooling system was able to reduce the temperature of the PV cell layer by 25.21 °C when the
inlet mass flow rate and temperature were 0.13 kg/s and 15 °C, respectively. The maximum
thermal efficiency of 80.26% was achieved with the inlet mass flow rate of 0.10 kg/s and the
inlet temperature of 15 °C. The increase in inlet temperature led to a drop in the thermal
efficiency of the cooling system. The maximum thermal efficiency improvement was observed
in all cases when the mass flow rate was increased from 0.03 kg/s to 0.05 kg/s. In cases 1, 2,

and 3, the improvements were 6.28%, 5.83%, and 5.61%, respectively.
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The post-processing procedure was carried out to visualize the temperature distribution of the
PV cell layer for cases where the maximum thermal efficiency was observed, as shown in

Figure 6-4.

Tyt = 15 °C, 712 = 0.10 kg/s Tiee = 20 °C, 712 = 0.10 kg/s Tyt = 25 °C, 1i2 = 0.10 kg/s

15.00 1750 2000 2250 2500 2750 30.00 3250 3500 37.50 40.00

N I .

Figure 6-4. The PV cell layer temperature distribution of cases for the initial design

The maximum thermal efficiency of 80.26%, 72.85%, and 65.90% was achieved with the inlet
temperature of 15 °C, 20 °C, and 25 °C at a constant flow rate of 0.10 kg/s, respectively. The
post-processing results showed that the average PV cell layer temperature was 19.53 °C,
23.57 °C, and 29.59 °C for the cases studied. The initial design was also able to maintain a

uniform temperature distribution for all cases, as seen in Figure 6-4.

The 1-D numerical thermal model was used to estimate the electrical conversion efficiency

and power output of the PV module, as given in Table 6-5.

Table 6-5. The electrical conversion efficiency and power output of initial design at
NOCT conditions

Case Tpvcells_cooled (°C)  Thpveelts (°C)  Pcooted (W) Pron-cooled (W) Npv_cooled (%) Npv_non—-cooled (%)

26.18 44.00 258.65 241.90 19.02 17.79
21.50 44.00 259.94 241.90 19.12 17.79
1 20.32 44.00 259.94 241.90 19.12 17.79
19.53 44.00 259.94 241.90 19.12 17.79
18.79 44.00 259.94 241.90 19.12 17.79
29.95 44.00 254.53 241.90 18.72 17.79
26.28 44.00 258.54 241.90 19.02 17.79
2 24.13 44.00 259.94 241.90 19.12 17.79
23.57 44.00 259.94 241.90 19.12 17.79
23.14 44.00 259.94 241.90 19.12 17.79
33.68 44.00 250.47 241.90 18.42 17.79
31.14 44.00 253.24 241.90 18.63 17.79
3 30.13 44.00 254.34 241.90 18.71 17.79
29.59 44.00 254.93 241.90 18.75 17.79
28.93 44.00 255.65 241.90 18.80 17.79
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In Table 6-5, Tpvcelis_cooled &N Thpveels Stand for the temperature of the PV cell layer of the cooled
and non-cooled PV module. Pcooled, Pron-cooled, Mpw cootea @M Npy non_cootea @re the power
outputs and electrical conversion efficiencies of the cooled and non-cooled PV modules,
respectively. Cases maintained the average temperature of the PV cell layer under 25 °C,

leading to the PV module's maximum electrical conversion efficiency and power output.

The maximum electrical efficiency improvement was 7.48% in the cases where the PV cell

layer temperature was maintained under 25 °C.

A grid independence analysis was conducted to find the optimal number of elements used to
discretize the domain. The analysis was realized for the outlet temperature in the first case
when the inlet mass flow rate was 0.03 kg/s with the inlet temperature of 15 °C. The optimal
number of elements was used in the rest of the analysis. The grid independence analysis

result is shown in Figure 6-5.

Grid Independency Analysis
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Figure 6-5. The grid independence analysis

6.2 The enhanced design of the cooling system

When the numerical study was completed, the ways of improving the system’s thermal
efficiency and cooling effect were investigated. The initial design allowed for maintaining low
temperatures at the PV cell layer and accomplishing maximum electrical conversion efficiency.

However, the maximum thermal efficiency of the cooling system was reached up to 80.26%.

The extensive heat transfer area contributed significantly to the thermal energy gain of the
cooling system. Therefore, the interior design of the cooling system was considered to be
enhanced to achieve higher thermal efficiency. The heat rejection to the environment was

increased by employing the dorsal-shaped design after the first half of the initial design. The
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dorsal-shaped design was removed and changed to a flat plate in the enhanced cooling

system design.

Cylindrical turbulator notches were added to the second half of the cooling system to increase
the heat transfer, thus improving thermal efficiency and overall performance. The 34 turbulator
notches were employed in the second half of the cooling system to enhance the heat transfer
and avoid overheating issues below the opening channels to perform uniform cooling. Each
turbulator notch has a length of 961 mm with a 6 mm diameter. The cylindrical turbulator

notches created in the software and added to the cooling system are shown in Figure 6-6.

A —Inlet
B — Short-straight rod
C — Circularfin

D — Electrical opening
E — Outlet

Turbulator notches

Figure 6-6. The cylindrical turbulator notches

In addition to turbulator notches, the thickness of the cooling system was modified. The
thickness of the working fluid flow section was 6 mm in the initial design. The thickness of the
fluid flow section was extended to 8 mm within the enhanced design to provide a higher

amount of working fluid and achieve higher thermal efficiency.

The designed cooling system had 1,670 x 965 x 12 mm dimensions with 7.014 m? of total
surface area and a surface area of 1.59 m? in contact with the rear side of the PV module. The
thermal collector allows 0.0109 m? working fluid to operate while cooling the PV module and

harvesting waste heat.
6.3 Numerical analysis of the final PV/T design

The same procedure explained in section 6.1 was employed for the final design of the cooling
system. A 3-D CFD model of the final geometry design was developed in Ansys SpaceClaim
3-D CAD modeling. The middle section was chosen to be studied to obtain a high-resolution

mesh to achieve accurate results and reduce computational time as in the numerical analysis
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of the initial design. The fluid domain was extracted from the solid domain to be analyzed. The

developed fluid domain was discretized using Fluent meshing.

The boundary conditions for the inlet given in Table 6-3 were defined for the numerical
analysis. The average PV cell layer temperature and outlet temperature were investigated.

The final design's thermal output, efficiency, and cooling effect were analyzed.

The average temperature of the PV cell layer, outlet temperature, thermal energy generated,

and thermal efficiency for each case are given in Table 6-6.

Table 6-6. Numerical model results of final cooling system design under NOCT

conditions

Case my(kg/s) Tiin (°C)  Trout (°C)  Tpvces (°C) QU (W) Ninermar (%)

0.03 25.78 26.97 1,030.36 79.92
0.05 20.65 21.81 1,079.87 83.76
1 0.08 15 18.84 20.50 1,100.58 85.37
0.10 17.92 19.85 1,115.28 86.51
0.13 17.33 19.39 1,113.15 86.34
0.03 29.96 30.58 951.68 73.82
0.05 25.23 26.65 1,000.20 77.58
2 0.08 20 23.55 25.45 1,018.57 79.01
0.10 22.69 24.77 1,026.95 79.66
0.13 22.14 24.32 1,023.80 79.41
0.03 34.13 34.22 873.18 67.73
0.05 29.79 31.49 916.58 71.09
3 0.08 25 28.25 30.35 931.76 72.27
0.10 27.46 29.70 938.93 72.83
0.13 26.96 29.26 935.62 72.57

The average temperature of each PV cell layer decreased when the inlet flow rate increased
up to 0.13 kg/s or the inlet temperature decreased as in the initial design. Increasing the mass
flow rate from 0.03 kg/s to 0.10 kg/s and decreasing the inlet temperature from 25 °C to 15 °C
led to an 18.78% improvement in thermal efficiency and keeping the PV cell layer temperature
at 19.85 °C. The final design of the cooling system was able to reduce the temperature of the
PV cell layer by 24.61 °C when the inlet mass flow rate and temperature were 0.13 kg/s and
15 °C, respectively. The maximum thermal efficiency of 86.51% was achieved with the inlet
mass flow rate of 0.10 kg/s and the inlet temperature of 15 °C. The increase in inlet
temperature led to a drop in the thermal efficiency of the cooling system. The maximum
thermal efficiency improvement was observed in all cases when the mass flow rate was
increased from 0.03 kg/s to 0.05 kg/s. In cases 1, 2, and 3, the improvements were 4.80%,
5.10%, and 4.97%, respectively.

The maximum thermal efficiency of 80.26% was achieved with the initial design of the cooling

system. The geometrically enhanced final design was able to achieve the maximum thermal
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efficiency of 86.51% under the same conditions, showing a 7.79% improvement. In both
cases, the PV cell layer temperature was maintained under 25 °C, optimal for maximum
electrical conversion efficiency. In the initial design, the average PV cell layer temperature was
19.53 °C, whereas the final design was able to maintain the PV cell layer temperature at 19.85
°C. A difference of 0.32 °C was observed. The post-processing procedure was carried out to
visualize the temperature distribution of the PV cell layer in cases where the maximum thermal

efficiency was observed, as shown in Figure 6-7.

T, = 15 °C, 712 = 0.10 kg /s Tyt = 20 °C, 1i2 = 0.10 kg/s T, = 25 °C, 112 = 0.10 kg/s

1500 17.50 20.00 2250 25.00 27.50 3000 3250 3500 3750 40.00

Figure 6-7. The PV cell layer temperature distribution of cases for the final design

The maximum thermal efficiency of 86.51%, 79.66%, and 72.83% was achieved with the inlet
temperature of 15 °C, 20 °C, and 25 °C at a constant flow rate of 0.10 kg/s, respectively. The
post-processing results showed that the average PV cell layer temperature was 19.85 °C,
24.77 °C, and 29.70 °C for the cases studied.

The final design was also able to maintain a uniform temperature distribution for all cases, as
seen in Figure 6-7. The increase in the inlet temperature from 15 °C to 20 °C and 25 °C led to

an increase in PV cell layer temperature by 4.92 °C and 9.85 °C, respectively.

A grid independence study was conducted similarly as in the case of numerical analysis of the
initial design. The convergence criteria were set for 102° for the monitored residuals, namely,
continuity, x-velocity, y-velocity, and z-velocity. In contrast, the monitored residual for the
energy equation was set to 106, The residual taken from the numerical solver is shown in

Figure 6-8.

50



Residuals
continuity
x-velocity 1e-02 =
y-velocity 1
z-velocity
energy

16-04

1e-06 5

1e-08 —

1e-10 5

1e-12 =

1e-14 =

1e-16 T T T T T T T T |
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

lterations

Figure 6-8. The residual taken from the numerical solver

The 1-D numerical thermal model was used to estimate the electrical conversion efficiency

and power output of the PV module, as given in Table 6-7.

Table 6-7. The electrical conversion efficiency and power output of the final design at
NOCT conditions

Case Tpucells_cooled (°C)  Thpucelis (°C)  Pcooted (W) Phon-cooled (W) Npv_cooled (%) Npv_non—cooled (%)

26.97 44.00 257.79 241.90 18.96 17.79
21.81 44.00 259.94 241.90 19.12 17.79
1 20.50 44.00 259.94 241.90 19.12 17.79
19.85 44.00 259.94 241.90 19.12 17.79
19.39 44.00 259.94 241.90 19.12 17.79
30.58 44.00 253.85 241.90 18.67 17.79
26.65 44.00 258.14 241.90 18.99 17.79
2 25.45 44.00 259.44 241.90 19.08 17.79
24.77 44.00 259.94 241.90 19.12 17.79
24.32 44.00 259.94 241.90 19.12 17.79
34.22 44.00 249.87 241.90 18.38 17.79
31.49 44.00 252.85 241.90 18.60 17.79
3 30.35 44.00 254.10 241.90 18.69 17.79
29.70 44.00 254.81 241.90 18.74 17.79
29.26 44.00 255.29 241.90 18.78 17.79

Cases maintained the average temperature of the PV cell layer under 25 °C, leading to the
PV module's maximum electrical conversion efficiency and power output. The electrical
efficiency improvement was 7.5% in the cases where the PV cell layer temperature was
maintained at 25 °C or lower. The PV cell layer temperature was increased by 9.87 °C when
the inlet temperature was increased from 15 °C to 25 °C at a constant inlet mass flow rate of
0.13 kg/s.
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6.4 The manufacturing process of the cooling system

Upon completion of numerical studies on the cooling system design, the technical drawings of
the final cooling system design were prepared for the manufacturing process. The technical

drawing of the bottom part of the cooling system is shown in Figure 6-9.
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Figure 6-9. Technical drawing of the bottom part of the cooling system

The technical drawing of the remaining parts of the cooling system can be found in Appendix
A. When the technical drawings were completed, the manufacturing process of the cooling

system was started, as shown in Figure 6-10.

(b)

Figure 6-10. The production process of the cooling system a) the top part of the

cooling system, b) the interior parts of the cooling system
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In Figure 6-11, the interior of the cooling system before the completion of the manufacturing

process is shown.

Figure 6-11. The interior of the cooling system

When the cooling system prototype was manufactured, the laboratory was prepared for the

initial thermal tests of the design.
6.5 Summary

In this chapter, based on the summary drawn from the thermal modeling of the PV module
and the extensive literature review, the initial design of the cooling system was prepared. A 3-
D CAD model of the design was developed and studied numerically. The initial design was
able to achieve 80.26% thermal efficiency while maintaining the maximum electrical efficiency
of the PV module. The maximum temperature reduction of 25.21 °C occurred when the inlet

mass flow rate and temperature were 0.13 kg/s and 15 °C, respectively.

The first design was further developed for the enhanced cooling system to allow higher thermal
efficiency by changing the geometrical properties of the initial design. The enhanced cooling
system design achieved a maximum thermal efficiency of 86.51% under the same conditions
while maintaining the maximum electrical efficiency of the PV module. The maximum
temperature reduction of 24.61 °C occurred when the inlet mass flow rate and temperature
were 0.13 kg/s and 15 °C, respectively. Both designs were able to maintain the temperature
of the PV cell layer under 25 °C. However, the modified and enhanced system design led to
an improvement of 7.79% in thermal efficiency compared to the initial design. The enhanced
system design was then manufactured and prepared for the laboratory tests.
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Chapter 7 - The laboratory tests of the designed cooling system

The performance of the PV/T systems needs to be characterized in terms of their steady-state
and dynamic performance to accurately predict thermal and electrical energy production.
Conventional solar collectors have well-established testing standards such as EN 12975-
2:2006. The standard specifies test methods for validating the durability, reliability, and safety
requirements for liquid heating collectors. However, there is no precise agreed testing
standard for PV/T systems, as the PV/T market is newly developed, and the performance data

available is scarce.

This chapter presents the experiments conducted with the designed and manufactured cooling
system. The cooling system coupled with and without a PV module is investigated thermally
in the Cracow University of Technology laboratory, and results are presented. The numerical
model of the enhanced cooling system coupled with and without the PV module was validated

using the experimental test results.
Laboratory thermal test of the designed cooling system

The laboratory thermal tests were conducted on the manufactured cooling system to analyze
the thermal efficiency and heat transfer characteristics under various conditions using water
as a working fluid. The initial tests were conducted on the cooling system without coupling with
the PV module in the laboratory. The collected data was used to validate the numerical model

of the cooling system.

The validation of the numerical model of the cooling system led to coupling the cooling system
with the PV module using thermal interface material. The use of thermal grease prevents the
air, which is an excellent thermal insulator. The inhibition of air on heat transfer from the PV
module to the cooling system was minimized using the liquid properties of thermal grease.

Various inlet mass flow rates were tested in the laboratory under different heat flux conditions.

The data obtained during the experiments of the PV/T system were used to validate the

numerical model of the PV/T system.
7.1 Thermal tests of the cooling system

The test rig was prepared using three heating radiators, each with three modes of heating
powers, P1-800 W, P2-1,600 W, and P3-2,500 W, placed 0.5 m above the cooling system.
The test rig was equipped with a flow meter, pump, water storage tank, and K-type sheathed
thermocouples in the inlet and outlet sections, as illustrated in the schematic shown in Figure
7-1. A self-calibrating digital heat flux sensor was used to measure the heat flux on the surface

of the cooling system.
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Figure 7-1. A schematic of the test rig
The specifications of sensors and equipment used in the experiments are as follows:

e Three heating radiators (source of heat 2-halogen lamp) with three modes of heating
power, P1-800 W, P2-1,600 W, and P3-2,500 W, were used to reject heat to the
thermal collector.

e A water storage tank without a coil with a 500 L storage capacity was connected to
store the working fluid.

¢ A flow meter was used to measure the flow rate at the inlet, with a measurement range
between 0 and 25 L/min powered by a 5V DC battery and with a 1% flow rate
uncertainty.

e A water pump, 12V, to circulate water with a maximum flow rate and max water head
of 800 L/h and 5 m, respectively. The maximum power consumption of the pump was
22 W.

o K-type sheathed thermocouples with the capability of measuring temperatures up to
900 °C. The uncertainty of the thermocouples was +0.5°C.

e A self-calibrating digital heat flux sensor with a nominal sensitivity of 60x10-
mV/(W/m?). The sensor was also able to determine the temperature up to 150 °C. The
uncertainty of the measured heat flux was +5 W/m?2,

e A data logger was used for data acquisition.

As the designed cooling system consists of three inlets and outlets, two collectors were

produced and connected to inlet and outlet sections to simplify the control of the flow in the
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stand. The cooling system was divided into 18 areas to measure the heat and obtain accurate
data. The areas were named from Al to A18, starting from the left corner of the outlet section
to the right corner of the inlet section, as shown in Figure 7-2. A self-calibrating digital heat
flux sensor with a nominal sensitivity of 60 x 10 mV/(W/m?) and with dimensions of 100 x 30

x 1.5 mm was used to measure the heat flux on each surface area.
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Figure 7-2. Heat flux measurements on the surface of the cooling system

The dimensions of the areas, along with measured heat flux on each surface area for the case

of a mass flow rate of 0.0325 kg/s, are given in Table 7-1.

Table 7-1. Dimensions of the divided surface areas

Area Number Length (m) Width (m) Area (m?) Heat flux (W/m?)

Al 0.23 0.321 0.07383 555.3
A2 0.23 0.323 0.07429 755.2
A3 0.23 0.321 0.07383 532.2
A4 0.24 0.321 0.07704 1,118.6
A5 0.24 0.323 0.07752 1,742.5
A6 0.24 0.321 0.07704 1,220.9
A7 0.22 0.321 0.07062 1,027.6
A8 0.22 0.323 0.07106 1,478.3
A9 0.22 0.321 0.07062 979.8
A10 0.32 0.321 0.10272 1,425.7
All 0.32 0.323 0.10336 1,995.5
Al12 0.32 0.321 0.10272 1,358.6
Al13 0.25 0.321 0.08025 1,043.5
Al4 0.25 0.323 0.08075 1,713.2
Al15 0.25 0.321 0.08025 1,012.5
A16 0.41 0.321 0.13161 913.1
Al17 0.41 0.323 0.13243 1,292.1
A18 0.41 0.321 0.13161 865.6
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The cooling system was tested while the heating radiators worked at the maximum P3-2,500
W heating mode. The cooling system was only tested at maximum to determine the thermal
behavior and validate the developed CFD model before coupling with the PV module. The
average heat flux on the total surface of the cooling system was found to be 1,178.58 W/m?
for case 1, given in Table 3. The inlet and outlet temperatures are 22.40 °C and 35.20 °C,
respectively, for the tested mass flow rate, 0.0325 kg/s. Similar experiments were conducted

for various flow rates, and a summary of the tests is included in Table 7-2.

Table 7-2. Preliminary experimental test results

Case Heat flux (W/m?)  Flow rate (kg/s)  Tintet (°C)  Toutet (°C)

1 1,178.6 0.0325 22.40 35.20
2 1,184.5 0.0367 18.20 29.90
3 1,184.4 0.0542 21.70 29.75
4 1,244.4 0.0683 21.10 27.63
5 1,281.6 0.0958 20.90 25.35
6 1,300.2 0.1417 15.90 18.81

The inlet mass flow rate and temperature were varied to analyze the performance of the
cooling system. The temperature difference between the inlet and outlet of the system, total
heat transferred to the fluid, and thermal efficiency of the system for each case are given in
Table 7-3.

Table 7-3. Useful thermal energy gain and thermal efficiency of the system

Case Flow rate (kg/s) Tintet °C)  Toutiet °C) AT (°C) Qu (W) 1 (%)

1 0.0325 22.40 35.20 12.80 1,739.71 91.60%
2 0.0367 18.20 29.90 11.70 1,794.08 93.99%
3 0.0542 21.70 29.75 8.05 1,823.53 95.54%
4 0.0683 21.10 27.63 6.53 1,866.08 93.05%
5 0.0958 20.90 25.35 445 1,783.45 86.35%
6 0.1417 15.90 18.81 291 1,724.03 82.28%

The maximum thermal efficiency of 95.54% was achieved with the inlet flow rate of 0.0542
kg/s and inlet temperature of 21.70 °C under 1,184.4 W/m?. The water temperature was
increased by 8.05 °C, leading to a thermal output of 1.82 kW. The further increase in the flow

rate caused a drop in the thermal efficiency despite the decrease in the inlet temperature.
7.2 CFD model validation of the cooling system

The CFD model of the cooling system was prepared using Ansys SpaceClaim 3D CAD
modeling software during the design procedure. The model consisted of fluid and solid
domains. The inner side of the solid domain, along with the fluid domain, is shown in Figure
7-3. The solid domain dimensions were 1,670 x 965 x 12 mm, excluding the collectors at the

inlet and outlet, whereas the dimensions of the fluid domain were 1,666 x 945 x 8 mm.
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Figure 7-3. The cooling system, a) interior of the solid domain, b) fluid domain

The cooling system consisted of three divided sections, each with an inlet and outlet. In order
to reduce the computational time and prepare a very high-resolution mesh to achieve accurate
results, each divided section of the cooling system was investigated separately. Three
channels of the cooling system; two of the channels (left and right) had the dimensions 1,670
x 321 x 12 mm in the solid domain, and the channel in the middle had the dimensions 1,670
x 323 x 12 mm in the solid domain. Each fluid domain inside the solid domains had the same
dimensions of 1,666 x 315 x 8 mm. The six faces for heat flux boundary conditions shown in
Figure 7-2 were created on the surface of each solid domain. The completed geometry
preparation in SpaceClaim led to mesh generation using Ansys Fluent Meshing in the pre-
processing phase. In the meshing process, two boundary layers were implemented in the
geometries. The first boundary layer consisted of two layers and took place at the solid-fluid
interface to adequately capture the conjugate heat transfer. The second boundary layer with
three layers was inserted at fluid-region walls to observe the gradients efficiently. The Poly-
Hexcore elements were used to generate high-quality and efficient meshes. When the
meshing process was completed, the solver settings were inserted into the commercial
software. A 3-D, steady, laminar, and incompressible flow was modeled using Ansys Fluent.
The gravity was defined as 9.81 m/s? in the —y direction. The energy equation was activated
in order to perform conjugate heat transfer in domains, and the laminar flow type was chosen
as the velocity of the fluid is relatively slow, indicating a low Reynolds Number (ranging
between 67 and 292). The working fluid was chosen to be water, and a user-defined function
(UDF) was prepared for temperature-dependent viscosity, whereas aluminum was selected
and modified with the parameters given in Table 6-1 for the solid domain. The boundary
conditions were defined in the software. At the inlet, the velocity and the temperature of the
working fluid taken from the experimental data were used. At the outlet, the pressure-outlet

boundary condition was set. On the surfaces where the measurements were taken, fixed heat
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flux condition from wall boundary conditions was set. The convective heat transfer was defined
on the side walls of the cooling system with a constant air temperature of 20 °C with the
convective heat transfer coefficient calculated using Eq. 12. The comparison of the outlet
temperature results of the experiments and the CFD model, along with percentage error, is
given in Table 7-4.

Table 7-4. Comparison of outlet temperature between measurements and CFD model

Case Toutlet_exp (OC) Toutlet_cfd (OC) Error (%)

1 34.85 35.89 1.96
2 29.49 30.32 1.40
3 29.75 30.49 251
4 27.00 27.86 0.83
5 25.00 25.62 1.07
6 18.50 19.05 1.28

Toutet exp @Nd  Toutet cfd Stand for the measured and CFD model outlet temperatures,
respectively, in Table 7-4. The average error for outlet temperature between the

measurements and the CFD model was 1.51%.

The same boundary conditions were applied to the previous design to compare the outlet
temperature and the thermal efficiency of the cooling system. The outlet temperature and the

thermal efficiency of the previous design are given in Table 7-5.

Table 7-5. Outlet temperature and thermal efficiency of the initial design

Case Flow rate (kg/s) Tiniet (°C) Toutlet_ctd_previous (°C) AT (°C) Qu (W) Nen (%)

1 0.0325 22.40 33.59 11.19 1521.41 80.10%
2 0.0367 18.20 28.43 10.23 1,569.11 82.20%
3 0.0542 21.70 28.95 7.25 1,642.31 86.04%
4 0.0683 21.10 26.84 5.74 1,639.17 81.74%
5 0.0958 20.90 25.04 4.14 1,659.21 80.33%
6 0.1417 15.90 18.51 2.61 1,546.29 73.80%

In Table 7-5, Toutet cfd_previous IS the outlet temperature obtained from the initial design. The
difference of 7.25 °C between the inlet and the outlet temperature led to the generation of 1.64
kW of thermal energy for the initial design in case 3. As in the enhanced cooling system results,
the initial design also achieved maximum thermal efficiency, 86.04%, with the inlet mass flow
rate of 0.0542 kg/s and the inlet temperature of 21.70 °C whereas the enhanced cooling
system design was able to reach up to 95.54% of maximum thermal efficiency under the same
conditions. The results showed that the final and manufactured design of the cooling system
led to an 11.04% thermal efficiency improvement. The enhanced cooling system was able to
generate 0.18 kW more thermal energy than the initial cooling system design. The enhanced

cooling system design increased the outlet temperature by 0.91 °C on average.
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A post-processing of the results was realized to analyze the temperature distribution of the

solid domain, as shown in Figure 7-4.

Case 1 (T, = 22.40 °C, 111 = 0.0325 kg/s) Case 2 (T, = 18.20 °C, 111 = 0.0367 kg/s)

Case 3 (T, = 21.70 °C, 111 = 0.0542 kg/s) Case 4 (T, = 21.10 °C, 111 = 0.0683 kg/s)

Case 5 (T, = 20.90 °C, 111 = 0.0958 kg/s) Case 6 (T, = 15.90 °C, 11 = 0.1417 kg/s)

Static Temperature [C ]

15.00 18.00 21.00 24.00 27.00 30.00 33.00 36.00 39.00 4200 45.00

Figure 7-4. The temperature distribution of the solid domains
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The temperature distribution results showed that the increase in the mass flow rate and
decrease in the inlet temperature led to more uniform cooling, as seen in cases 1 to 6. Despite
the non-uniform heat flux on the surface of the cooling system, the design was able to provide
uniform temperature distribution on the solid domain. From case 1 to case 3, the increase in
mass flow rate led to minimizing the over-heated regions. In case 4, reaching the inlet mass
flow rate of 0.0683 kg/s exhibited uniform cooling of the solid domain. The further increase in

inlet mass flow rate and decrease in the inlet temperature allowed for uniform cooling.
7.3 Thermal tests of the cooling system coupled with the PV module

The experimentally analyzed cooling system coupled with the PV module to conduct thermal
tests. The commercial PV module given in Table 5-2 was used to couple with the cooling
system. Thermal grease was used between the cooling system and the rear side of the PV
module to avoid air bubbles forming and prevent less effective heat transfer. Three K-type
sheathed thermocouples were inserted between the cooling system and the rear side of the
PV module to compare the average rear side temperature of the PV module with and without
an active cooling system. The procedure of the thermal greasing and assembling of the PV/T

system is shown in Figure 7-5.

=
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Figure 7-5. The procedure of assembling the PV/T system, a) thermal greasing of the

cooling system, b) complete PV/T system and test rig
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Various inlet mass flow rates and temperatures were investigated under different heat flux
conditions, P1-800 W, P2-1,600 W, and P3-2,500 W, as given in Table 7-6. A similar approach

shown in Figure 7-2 was used to achieve accurate heat flux data from the PV module surface.

Table 7-6. Experimental data of the cooling system coupled with the PV module

Case Heating mode Heat flux (W/m?)  Flow rate (kg/s)  Tinlet (°C)  Toutiet (°C)

1 P1 189.76 0.0042 17.70 32.80
2 P1 184.71 0.0062 20.10 30.66
3 P1 266.48 0.0225 12.30 16.80
4 P1 280.55 0.0375 11.40 14.30
5 P2 401.98 0.0175 20.20 28.80
6 P2 469.04 0.0458 11.50 15.60
7 P3 472.35 0.0083 19.50 41.00
8 P3 592.89 0.0458 11.90 17.30

The inlet and outlet temperatures of the PV/T system, total heat transferred to the fluid, and

thermal efficiency of the system for each case are given in Table 7-7.

Table 7-7. The thermal energy generation and thermal efficiency of the cooling system

coupled with the PV module

Case Flow Rate (kg/s) Tinet (°C) Toutlet (°C) AT (°C) Qu (W) Nen

1 0.0042 17.70 32.80 15.10 263.62 81.75%
2 0.0062 20.10 31.00 10.56 272.85 86.92%
3 0.0225 12.30 16.80 450 424.24 93.68%
4 0.0375 11.40 14.30 290 455.66 95.57%
5 0.0175 20.20 28.80 8.60 630.60 92.31%
6 0.0458 11.50 15.60 410 747.37 93.76%
7 0.0083 19.50 41.00 21.50 750.71 93.52%
8 0.0458 11.90 17.30 540 972.03 96.47%

The maximum thermal efficiency of 96.47% was achieved with the inlet flow rate of 0.0458
kg/s and inlet temperature of 11.90 °C under 592.89 W/m2. The water temperature was
increased by 5.40 °C, leading to a maximum thermal output of 972.03 W. The comparison
between the rear side temperature of the cooled and non-cooled PV module is given in Table
7-8.

Table 7-8. The rear side temperature of the cooled and non-cooled PV module

Case Heating mode Heat flux (W/m?)  Trear non-cooled (°C)  Trear_cooled (°C)

1 P1 189.76 34.69 28.53
2 P1 184.71 34.32 27.54
3 P1 266.48 40.14 17.57
4 P1 280.55 41.12 15.89
5 P2 401.98 49.21 28.94
6 P2 469.04 53.46 17.95
7 P3 472.35 53.67 37.07
8 P3 592.89 60.62 20.88
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In Table 7-8, Trear non-cooled @Nd Trear cooled Stand for the rear side temperature of the non-cooled
and cooled PV module, respectively. The rear side temperature of the PV module was used
to estimate the PV cell layer temperature using the 1-D transient numerical thermal model
explained in section 5. The temperature of the PV cell layer, along with the power output and

electrical conversion efficiency of the PV module, are given in Table 7-9.

Table 7-9. The power output and the electrical conversion efficiency comparison of

the cooled and non-cooled PV module

Case Tpvcells_cooled (OC) Tnpvcells (OC) Pcooled (W) Pnon—cooled (W) npv_cooled npv_non—cooled

1 29.15 35.58 319.34 310.56 18.79% 18.27%
2 28.29 35.22 320.51 311.05 18.86% 18.30%
3 18.09 40.99 325.00 303.17 19.12% 17.84%
4 16.48 41.97 325.00 301.84 19.12% 17.76%
5 29.28 49.95 319.16 290.94 18.78% 17.12%
6 18.17 54.23 325.00 285.10 19.12% 16.78%
7 37.74 54.44 307.61 284.81 18.10% 16.76%
8 21.20 61.92 325.00 274.60 19.12% 16.16%

The results showed that in case 8, the PV cell layer temperature was reduced by 40.72 °C,
leading to an improvement of 18.32% in electrical efficiency. In the last case, the estimated

power output increase was 50.4 W compared to the PV module without active cooling.
7.4 CFD model validation of the cooling system coupled with the PV module

A 3-D, steady, laminar, and incompressible flow CFD study of the PV/T system was
performed, similar to the work carried out in chapter six. The developed geometry of the PV/T
system was meshed by taking the same approach. The boundary conditions, such as heat
flux, inlet mass flow rate, and temperature, were defined using Table 7-6. The outlet
temperature of the CFD model was compared to the data obtained in experiments, as shown
in Table 7-10.

Table 7-10. Comparison of outlet temperature between measurements and PV/T
system CFD model

Case Toutlet_exp (OC) Toutlet_cfd (OC) Error (%)

1 32.80 33.61 2.47
2 30.66 31.52 2.80
3 16.80 17.13 1.96
4 14.30 14.79 3.43
5 28.80 29.22 1.46
6 15.60 16.13 3.40
7 41.00 41.96 2.34
8 17.30 17.68 2.20

The average error between the results of the temperature of the outlet in the experiments and

the outlet temperature of the CFD model is found to be 2.51%.
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The same boundary conditions were applied to the initial design to compare the outlet
temperature and the thermal efficiency of the cooling system. The outlet temperature and the

thermal efficiency of the previous design are given in Table 7-11.

Table 7-11. Outlet temperature and thermal efficiency of the initial PV/T system

Case Flow Rate (kg/s) Tinlet (OC) Toutlet_cfd_previous (OC) AT (oc) Qu (W) Ntn

1 0.0042 17.70 30.31 12.61 220.15 68.27%
2 0.0062 20.10 28.76 8.66 223.76  71.28%
3 0.0225 12.30 15.98 3.68 346.93  76.61%
4 0.0375 11.40 13.69 2.29 359.82  75.47%
5 0.0175 20.20 27.32 7.12 522.07 76.42%
6 0.0458 11.50 15.11 3.61 653.27  81.96%
7 0.0083 19.50 37.33 17.83 622.60  77.56%
8 0.0458 11.90 16.91 5.01 898.02  89.13%

When the initial design and the enhanced design of the PV/T systems were compared, the
maximum thermal efficiency was reached with the inlet mass flow rate of 0.0458 kg/s and the
inlet temperature of 11.90 °C. The initial design reached 89.13% thermal efficiency, whereas
the enhanced cooling system reached 96.47%, showing 8.24% improved thermal efficiency.
Figure 7-6 shows an outlet temperature comparison between the experimental test results of
the PVIT system with the enhanced cooling system and the CFD results of the initial PV/T

design under test conditions employed in the laboratory.

The PV/T system outlet comparison

2
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8
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case 1 | e
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Casel Case 2 Case3 Case 4 Case 5 Case 6 Case7 Case 8
M Initial design 30.31 28.76 15.98 13.69 27.32 15.11 37.33 16.91
M Enhanced design 32.80 30.66 16.80 14.30 28.80 15.60 41.00 17.30

Temperature [°C]

Figure 7-6. The outlet temperature comparison of the initial design and manufactured
final design

Figure 7-6 shows that the difference between the outlet temperature of the initial design and
the final design varies from 0.39 °C to 3.67 °C. The average increase in outlet temperature of

the novel design was 1.48 °C.
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7.5 Uncertainty analysis

An uncertainty analysis was conducted for the measured quantities to determine the reliability
of the experiments. The accuracy of each measuring device used in experiments is given in
Table 7-12. The analysis was carried out for thermal efficiency (n.,), and the uncertainty in

thermal efficiency was calculated using Eq. 48.

U Up N\ U 2 szl 17
Nep — ( Tinlet) + ( Toutlet) + (_H> + (_m) + (4—8)
Ntp [ Tinlet Toutlet H m
where U,,,, is the uncertainty in the results of thermal efficiency. Uz, ., Ur, . ....» Ug, @and Uy

are the uncertainties associated with the independent variables.

Table 7-12. Uncertainties in measuring instruments

Instrument Parameter Unit Uncertainty Pictures

Heat flux sensor Heat flux W/m2 +5
K-type P
° +|
thermocouples Temperature C +0.5 P
./
Flow meter  Water flow rate L/min +1% \

The uncertainty of thermal efficiency varied between 1.12% and 1.15% in the stand-alone
cooling system experiments from case 1 to case 6, with an average uncertainty of 1.13%. In
contrast, the uncertainty of thermal efficiency varied between 1.40% and 2.90% for the

measurements conducted from case 1 to case 8, with an average uncertainty of 2.20%.
7.6 Summary

The laboratory thermal test of the enhanced cooling system design was realized in this
chapter. The stand-alone cooling system was first tested to the limits thermally to assess the
design's capabilities. A 3-D CFD model of the cooling system was developed and validated
using experimental data. An average error of 1.51% occurred between the experimental data

and the CFD model output. The same boundary conditions were applied to the initial design
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to compare thermal efficiency. The initial design reached up to 86.04% thermal efficiency,
whereas the enhanced cooling system reached 95.54+1.12%, showing 11.04% improved

thermal efficiency.

The experimental tests were extended by coupling the cooling system with a PV module.
Various flow rates and inlet temperatures were investigated under different heat flux
conditions. Maximum thermal efficiency of 96.47+1.40% was achieved during the experiments
with the inlet mass flow rate of 0.0458 kg/s and inlet temperature of 11.90 °C under 592.89
W/m?2. In the same case, the rear side temperature of the PV module was reduced by around
40.72 °C, maintaining the maximum electrical conversion efficiency of the module under
consideration. The numerical model estimated that the designed cooling system can improve
the electrical power output of the PV module by 18.32%.

The 3-D model of the stand-alone cooling system was coupled with the 3-D model of the PV
module. The model was validated using experimental data. A maximum error of 3.40%
occurred between the complete CFD model of the proposed PV/T system and experimental
data. The boundary conditions applied to the proposed PV/T system model were employed in
the initial design. The initial PV/T design reached up to 89.13% thermal efficiency, whereas
the enhanced cooling system reached 96.47+1.40%, showing 8.24% improved thermal

efficiency.

The uncertainty of thermal efficiency varied between 1.12% and 1.15% in the stand-alone
cooling system experiments from case 1 to case 6, with an average uncertainty of 1.13%. In
contrast, the uncertainty of thermal efficiency varied between 1.40% and 2.90% for the

measurements conducted from case 1 to case 8, with an average uncertainty of 2.20%.
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Chapter 8 - Outdoor experiments of the designed PV/T module

This chapter presents the preparation of the outdoor test rig and conducting experiments
outdoors. The test rig consisted of a single-axis sun-tracking system with two PV modules;
one was coupled with the designed cooling system, and the other was non-cooled to compare
the cooling system's effectiveness. The thermal energy generation of the PV/T system was
investigated along with the electricity generation of the cooled and non-cooled PV modules.
The tests were conducted for two months to analyze the performance of the PV/T system in
September and October. The cooling uniformity analysis was performed to determine the
effect of the designed cooling system on the PV module. The pressure drop tests were
conducted with various flow rates in the test rig, and an equation was derived to estimate the
pressure drop. TRNSYS software [55] was used to model the PV/T module to estimate the
yearly energy generation of the designed system. An uncertainty analysis was performed for
the collected data during experiments. The reliability of the measured quantities obtained

during the experiments was determined.
8.1 The test rig preparation

The test rig preparation was started by placing four PT-1000 temperature sensors on the rear
side of the non-cooled PV module, and three PT-1000 temperature sensors were put on the

rear side of the cooling system, as shown in Figure 8-1.
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Figure 8-1. The PT-1000 temperature sensor placement on the rear side of the non-
cooled PV module and cooling system
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Three K-type sheathed thermocouples were inserted between the cooling system and the PV
module to measure the rear side temperature of the PV module during the laboratory tests.
The thermocouples were kept in the same place to measure the temperature in the outdoor
tests. The test rig preparation was continued with the construction of the single-axis sun-
tracking system. Aluminum frames, bracket sets, and center and edge clamps were used to
design the rack for holding the PV modules shown on the left side of Figure 8-2.

A':,:_—’iil.l'h

N

Figure 8-2. The single-axis sun-tracking system with cooled and non-cooled PV

modules

Upon completion of the frame, the non-cooled PV module and PV/T system were placed on

the sun-tracking system with a tilt angle of 30°, as shown on the right side of Figure 8-2.

The sun-tracking system, coupled with PV/T module and non-cooled PV module, was placed
near the roof of the building where solar irradiation was not interrupted by any disturbance.
The system was donated with a sun-tracking solar irradiation sensor, pyranometer, control
system, and grid-tie microinverters, as shown in Figure 8-3. The sun-tracking system solar
irradiation sensor senses the intensity of the solar irradiation and allows the control of the
system to rotate in the correct direction. The pyranometer was used to measure the solar
irradiation falling on the PV modules and placed between the non-cooled and cooled PV
modules. High-performance PLC controllers and analog input modules were used to control
and monitor the system and collect data from the sensors. Two 400W grid-tie microinverters
were connected to the PV modules to convert generated DC electricity to AC electricity and
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maintain the PV modules to generate the maximum electrical energy available. The inverters
had a built-in maximum power point tracking charge controller, which had an effectiveness of
99.5% in maintaining the maximum power output. The maximum energy conversion efficiency

from DC to AC of grid-tie microinverters was 92.5%.
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Grid-tie
microinverter

Grid-tie
microinverter

Figure 8-3. The placement of the pyranometer on the test rig

The designed test rig consisted of two loops where water was used in the PV/T cooling loop,
and water/glycol mixture was used in the chiller loop. The PV/T loop comprised a pump,

expansion vessel, heat meter, and hydraulic elements.

The buffer tank contained an immersed coil heat exchanger. The tank was filled with water
and used in the PV/T cooling loop. The water/glycol mixture was circulated through the heat
exchanger coils inside the buffer tank. The coil of the immersed heat exchanger was
connected to a heat exchanger, which was placed between the chiller and the buffer tank. The
evaporator side of the chiller was connected to the heat exchanger to cool down the water
inside the buffer tank. The condenser side was connected to another heat exchanger, which
was connected to an underground heat storage unit to reject the heat. Another heat meter
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was placed between the buffer tank and the heat exchanger to measure how much heat was
rejected from the buffer tank. The buffer tank, chiller, pumps, pressure transmitters, heat

exchangers, and other parts of the test rig are shown in Figure 8-4.
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Figure 8-4. The components of the test rig

An operational panel was prepared to monitor the temperature, flow rate, and thermal energy
exchange in the system. The developed panel allowed for control of the tracking system, pump
for the PV/T system, and chiller, as shown in Figure 8-5.
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The tests started once all parts of the test rig were connected. A summary of the components

used in the test rig was as follows:

¢ Two PV modules, each with a maximum power output of 325 W and an electrical
conversion efficiency of 19.12% under STC, a maximum power output of 241.9 W, and
an electrical conversion efficiency of 17.79% under NOCT, were used.

e A single-axis sun-tracking system for two PV modules; one is cooled, and the other is
non-cooled, placed with a tilt angle of 30° facing south. The system consisted of a sun-
tracking solar irradiation sensor, controller, and 24 V DC weatherproof actuator with
2,000 N force for automatic change of direction.

e PT-1000 temperature sensors were used for temperature measurements and logging
on monitoring. The measurement range of the sensors was between -40 °C and 100
°C. The uncertainty in temperature sensors used in the tests was +0.04 °C.

¢ Two stand-alone ultrasonic heat meters with a temperature range of 0 to 180 °C were
used in the test rig. The heat meters were donated with a MODBUS module for data
collection. The DN15 heat meter was used on the PV/T side, and the DN20 heat meter
was placed between the buffer tank and the heat exchanger. The heat meters had the
EN1434 class 2 rating with +1% uncertainty with the flow rate and thermal energy
calculations. PT100 temperature sensors were used within the heat meters with an
uncertainty of £0.05°C.

e LPPYRA 02 AC pyranometer was used to measure the irradiance on the plane surface
in W/m2, The used pyranometer was a First Class pyranometer in accordance with ISO
9060 standards and with the criteria of the WMO ‘Guide to Meteorological Instruments
and Methods of Observation.’ The sensitivity of the LP PYRA 02 AC was 4..20 mA (0-
2,000 W/m? with an uncertainty of +10 W/m?.

o A chiller with a cooling capacity of 8 kW was used to reject the heat accumulated within
the 500 L buffer tank, which had an immersed heat exchanger. A water/glycol mixture
was used as a working fluid.

¢ Two plate heat exchangers, each with a 5 kW capacity, were used in the test rig. One
of the heat exchangers was placed between the chiller and buffer tank, and the other
was installed between the underground heat storage unit and the chiller.

o K-type sheathed thermocouples with the capability of measuring temperatures up to
900 °C and uncertainty of £0.5°C were used.

e Two pumps were used in the main test rig. A pump with a nominal diameter of suction
and discharge port of 15 mm and a maximum head of 7.5 m was used to circulate the
water through the designed cooling system. The maximum power consumption of the

pump was 60 W while providing a flow rate of 1 m3h. The second pump, with a nominal
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diameter of 25 mm, was placed between the buffer tank and the heat exchanger to
circulate the water-glycol mixture. The chosen pump had an operating range between
0.2 and 3.5 m%h with a maximum head of 3.8 m. The maximum power of the pump
was 65 W.

8.2 Outdoor experiments

The outdoor experiments were conducted for 19 days in September 2023 between the 12"
and 30" of September using the test rig prepared. The tests were continued in October for 31
days between the 1%t of October and the 31% of October 2023. The electrical conversion
efficiency of the cooled and non-cooled PV modules was compared to assess the energy yield.
The thermal energy generation of the designed PV/T system was investigated during the

outdoor tests.

The chiller was used in the experiments to control the inlet temperature of the cooling system
in September and October. The chiller was not activated during a part of the experiments to
analyze the maximum achievable temperature in the buffer tank. Daily electrical and thermal
energy generation of the PV/T system was studied, and the yearly energy yield of the system

was estimated.

8.2.1 Outdoor experiments with active chiller

The chiller-active experiments were conducted by controlling the inlet temperature and back
surface temperature of the PV module to maintain the maximum electrical conversion
efficiency in the PV/T system. The back surface temperature of the cooled and non-cooled PV
modules was investigated along with the power output, thermal energy generation, and
electrical and thermal efficiency of the system. In this section, the results of outdoor tests
conducted on the 12" of September, 13" of September, and 14™ of October are presented.

The rest of the results obtained from the tests are provided in Appendix B.
Experiment — 12/09/2023

An experiment was conducted on the 12" of September, 2023. During the day, the average
solar irradiation was 490.07 W/m?, and the average ambient temperature was 24.05 °C. The
maximum solar irradiation falling onto the PV modules was recorded as 998 W/m?, while the
maximum ambient temperature was 29.20 °C. The weather data is presented in Figure 8-6.
The data was collected every five minutes and saved in a file. The fall in solar irradiation

occurred due to the cloud cover on the clear sky rarely, as seen in Figure 8-6.
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Weather data - 12/09/2023
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Figure 8-6. The weather data — 12/09/2023

The circulation pump worked between 9 a.m. and 5 p.m. to cool the PV module to maintain
the maximum power output and harvest the waste heat from the PV module, whereas the
chiller was active between 10 a.m. and 5 p.m. The hourly average back surface temperature
of the PV modules, solar irradiation, ambient temperature, and buffer tank temperature are
given in Table 8-1.

Table 8-1. The temperatures in the test rig — 12/09/2023

Time Gsur (W/mz) Tamb (°C) Tocooled (°C)  Toncooled (°C)  Touitertop (°C)  Thufrerbot (°C)

6:04:34 14.25 14.57 13.68 12.87 24.43 23.80
7:04:22 109.67 16.30 15.64 17.46 24.41 23.80
8:04:10 285.67 19.67 22,61 31.00 24.40 23.80
9:03:58 496.67 23.02 24.33 52.22 24.61 23.82
10:03:46 761.75 25.02 22.82 59.80 24.64 23.09
11:03:34 775.33 26.50 20.82 61.58 22.47 21.11
12:03:22 794.17 26.49 22.91 60.26 20.77 18.35
13:03:10 934.67 28.17 18.39 68.12 20.33 18.93
14:02:58 769.08 28.58 17.89 62.06 19.30 18.23
15:02:46 602.08 28.01 16.63 54.02 18.00 17.15
16:02:34 285.67 27.14 15.28 38.79 16.54 15.80
17:02:22 51.83 25.09 20.33 24.76 15.66 14.25

In Table 8-1, Gsuw and Tamp are the solar irradiation falling onto the surface of PV modules and
ambient temperature. Tueooled @Nd Tohncooled are the rear side temperatures of the cooled and
non-cooled PV modules, respectively. Toutertop @Nd Toutterbor Stand for the top side and bottom
side temperatures of the buffer tank. A graphical representation of the hourly average back

surface of the PV modules is illustrated in Figure 8-7.
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Back surface temperatures - 12/09/2023
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Figure 8-7. The hourly average back surface temperature of the PV modules —
12/09/2023

The average back surface temperature of the non-cooled PV module reached 68.12 °C,
highlighted with a red oval in Figure 8-7, while the average back surface temperature of the
cooled PV module reached 24.33 °C.

The maximum back surface temperature of 70.98 °C occurred at 1.20 p.m. when the solar
irradiation was 990 W/m?, and the ambient temperature was 29 °C for the non-cooled PV
module. The hourly average flow rate of the PV/T system, along with inlet and outlet
temperatures, are shown in Figure 8-8.
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Figure 8-8. The flow rate and temperatures in the PV/T system — 12/09/2023
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The electrical energy generated by the PV modules was compared using the data acquired
from the grid-tie microinverters. The total electrical energy generated by the cooled PV module
was 1.71 kWh (AC), whereas the total electrical energy generated by the non-cooled PV
module was 1.23 kWh (AC). The implemented cooling system allowed for generating 38.86%

more electrical energy at the end of the test day.

The maximum improvement in electrical efficiency was observed around 1:20 p.m., where the
back surface temperatures of cooled and non-cooled PV modules were 16.56 °C and 70.98
°C. The maximum thermal efficiency occurred at 2:05 p.m. with a value of 98.03%. During the
maximum thermal efficiency observation, the volumetric flow rate was 6.02 L/min, and inlet
and outlet temperatures were 16.25 °C and 19.70 °C with a thermal power output of 1.45 kW.
The solar irradiation level and the ambient temperature were 875 W/m? and 29 °C,
respectively, at 2.05 p.m. The 12h (6 a.m. — 6 p.m.) total thermal energy generated by the
PVIT system was 7.74 kWh. An energy analysis was performed to assess the available solar
energy, thermal energy generated by the PV/T system, and electrical energy generated by the

cooled and non-cooled PV module. The analysis is presented in Figure 8-9.
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Figure 8-9. The energy analysis — 12/09/2023

The analysis showed that the available solar energy was 5.88 kWh/m?/day on the 12" of
September, 2023. The thermal energy generation of the PV/T system was 4.55 kWh/m?/day.
The electrical energy yield kwh/m?/day was 1.01 and 0.72 for cooled and non-cooled PV
modules, respectively. The non-cooled PV module converted 13.68% of available solar energy
into electrical energy, whereas the PV/T module converted 19.00% during 12 hours of

operation.
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Experiment — 13/09/2023

Another experiment was conducted on the 13" of September, 2023, where the average solar
irradiation was 484.95 W/m?, and the average ambient temperature was 24.06 °C. The
maximum solar irradiation falling onto the PV modules was recorded as 942 W/m?, while the

maximum ambient temperature was 29.80 °C. The weather data is shown in Figure 8-10.
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Figure 8-10. The weather data — 13/09/2023

The circulation pump worked between 9 a.m. and 4 p.m. to cool the PV module, whereas the
chiller was active between noon and 3 p.m. The hourly average back surface temperature of
the PV modules, solar irradiation, ambient temperature, and buffer tank temperature are given
in Table 8-2.

Table 8-2. The temperatures in the test rig — 13/09/2023

Time Gsur (W/mz) Tamb (OC) Theooled (OC) Thncooled (OC) Thuffertop (OC) Thufferbot (OC)

6:04:34 15.33 14.68 13.90 12.97 16.53 15.52
7:04:22 105.58 15.92 15.08 16.09 16.52 15.50
8:04:10 305.75 19.84 21.46 29.24 16.53 15.56
9:03:58 666.75 23.62 18.55 57.30 19.27 18.03
10:03:46 736.17 25.28 21.68 58.82 21.07 20.86
11:03:34 869.42 27.09 24.90 63.24 2431 24.08
12:03:22 893.58 27.78 27.86 62.42 27.62 27.25
13:03:10 875.00 28.44 25.32 63.16 27.52 25.79
14:02:58 757.25 28.91 22.48 59.89 24.58 22.92
15:02:46 389.58 27.89 19.86 47.04 21.86 20.68
16:02:34 122.25 2455 18.59 29.31 19.10 18.88
17:02:22 82.75 24.66 22,51 26.97 19.31 19.36

A graphical representation of the hourly average back surface of the PV modules is illustrated

in Figure 8-11.
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Back surface temperatures - 13/09/2023
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Figure 8-11. The hourly average back surface temperature of the PV modules —
13/09/2023

The average back surface temperature of the non-cooled PV module reached 63.24 °C,
highlighted with a red oval in Figure 8-11, whereas the average back surface temperature of
the cooled PV module reached 27.86 °C. The maximum back surface temperature of 66.45
°C occurred at 11.30 a.m. when the solar irradiation was 879 W/m?2, and the ambient
temperature was 27.7 °C. The hourly average flow rate of the PV/T system, along with inlet
and outlet temperatures, are shown in Figure 8-12.

Flow rate and working fluid temperature - 13/09/2023
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Figure 8-12. The flow rate and temperatures in the PV/T system — 13/09/2023
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The total electrical energy generated by the cooled PV module was 1.69 kWh (AC), whereas
the total electrical energy generated by the non-cooled PV module was 1.28 kWh (AC). The
implemented cooling system allowed for generating the maximum electrical energy by
increasing the production by 32.57% at the end of the test day.

The maximum electrical power output improvement was observed around 11:30 a.m., where
the back surface temperatures of cooled and non-cooled PV modules were 24.93 °C and
66.45 °C.

The maximum thermal efficiency occurred at 12:58 p.m. with a value of 95.07%. During the
maximum thermal efficiency observation, the volumetric flow rate was 6.02 L/min, and inlet
and outlet temperatures were 25.6 °C and 29.2 °C with a maximum thermal power output of
1.52 KW under 942 W/m? with the ambient temperature of 28.3 °C.

The 12h (6 a.m. — 6 p.m.) total thermal energy generated by the PV/T system was 7.49 kWh.
Similarly, an energy analysis was performed to assess the available solar energy, thermal
energy generated by the PV/T system, and electrical energy generated by the cooled and non-

cooled PV module, as shown in Figure 8-13.
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Figure 8-13. The energy analysis — 13/09/2023

The analysis showed that the available solar energy was 5.82 kWh/m?/day on the 13" of
September, 2023. The thermal energy generation of the PV/T system was 4.41 kWh/m?/day.
The electrical energy yield kwh/m?/day was 1.00 and 0.75 for cooled and non-cooled PV
modules, respectively. The non-cooled PV module converted 14.34% of available solar energy
into electrical energy, whereas the PV/T module converted 19.01% during 12 hours of

operation.
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Experiment — 14/10/2023

An experiment was conducted on the 14" of October, 2023. During the day, the average solar
irradiation was 471.67 W/m?, and the average ambient temperature was 21.18 °C. The
maximum solar irradiation falling onto the PV modules was recorded as 852 W/m? while the

maximum ambient temperature was 24.70 °C. The weather data is presented in Figure 8-14.
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Figure 8-14. The weather data — 14/10/2023

The circulation pump worked between 8 a.m. and 4 p.m. to cool the PV module, whereas the
chiller was active between 9 a.m. and 1 p.m. The hourly average back surface temperature of
the PV modules, solar irradiation, ambient temperature, and buffer tank temperature are given
in Table 8-3.

Table 8-3. The temperatures in the test rig — 14/10/2023

Time Gsur (W/mz) Tamb (OC) Theooled (OC) Thncooled (OC) Thuffertop (OC) Thufferbot (OC)

6:03:46 0.75 17.53 15.57 14.33 15.56 15.69
7:03:46 75.08 17.32 15.50 14.98 15.60 15.70
8:03:46 516.33 17.53 19.18 32.32 15.92 15.73
9:03:46 683.42 19.64 16.41 44.20 17.36 16.28
10:03:46 765.42 21.20 15.83 46.02 16.52 15.57
11:03:46 814.92 22.81 17.18 49.04 17.94 16.65
12:03:46 844.58 24.18 15.54 50.19 17.47 15.54
13:03:46 804.75 24.42 16.60 48.84 16.96 16.11
14:03:46 706.00 24.43 19.47 47.83 19.07 18.87
15:03:46 371.17 23.58 21.27 35.62 20.89 20.93
16:03:46 69.25 22.08 20.97 25.43 21.61 20.85
17:03:46 8.33 19.44 19.77 18.32 21.40 19.30
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A graphical representation of the hourly average back surface of the PV modules is illustrated
in Figure 8-15.

Back surface temperatures - 14/10/2023
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Figure 8-15. The hourly average back surface temperature of the PV modules -
14/10/2023

The average back surface temperature of the non-cooled PV module reached 50.19 °C,
highlighted with a red oval in Figure 8-15. In comparison, the average back surface
temperature of the cooled PV module reached 21.27 °C. The maximum back surface
temperature of 52.75 °C occurred at 11.55 a.m. when the solar irradiation was 833 W/m?, and
the ambient temperature was 24 °C. The hourly average flow rate of the PV/T system, along

with inlet and outlet temperatures, are shown in Figure 8-16.
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Figure 8-16. The flow rate and temperatures in the PV/T system — 14/10/2023
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The total electrical energy generated by the cooled PV module was 1.66 kWh (AC), whereas
the total electrical energy generated by the non-cooled PV module was 1.33 kWh (AC). The
implemented cooling system allowed for generating the maximum electrical energy by
increasing the production by 24.09% at the end of the test day.

The maximum electrical power output improvement was observed around 11:55 a.m., where
the back surface temperatures of cooled and non-cooled PV modules were 15.90 °C and
52.75 °C.

The maximum thermal efficiency occurred at 11:33 a.m. with a value of 88.97%. During the
maximum thermal efficiency observation, the volumetric flow rate was 4.20 L/min, and inlet
and outlet temperatures were 14.7 °C and 18.9 °C with a maximum thermal power output of
1.23 kW under 816 W/m? with the ambient temperature of 23.3 °C.

The 12h (6 a.m. — 6 p.m.) total thermal output of the PV/T system was 6.78 kWh. Similarly, an
energy analysis was performed to assess the available solar energy, thermal energy
generated by the PV/T system, and electrical energy generated by the cooled and non-cooled

PV module, as shown in Figure 8-17.
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Figure 8-17. The energy analysis — 14/10/2023

The analysis showed that the available solar energy was 5.66 kWh/m?/day on the 14" of
October, 2023. The thermal energy generation of the PV/T system was 3.99 kwWh/m?/day. The
electrical energy yield kwh/m?/day was 0.97 and 0.78 for cooled and non-cooled PV modules,
respectively. The non-cooled PV module converted 15.41% of available solar energy into

electrical energy, whereas the PV/T module converted 19.12% during 12 hours of operation.
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8.2.2 Outdoor experiments without an active chiller

The outdoor experiments were performed without an active chiller for most of the tests to
charge and observe the temperature in the buffer tank. The water in the buffer tank was
circulated through the cooling system on the rear side of the PV module. The electrical
conversion efficiency, power output, and thermal energy generation of the PV/T system were
analyzed along with the non-cooled PV module to compare the results. In this part, the real-
life tests conducted on the 26™ and 29™ of September and the 18" of October are presented.

The rest of the results of the outdoor experiments are presented in Appendix B.
Experiment — 26/09/2023

An outdoor experiment was conducted on the 26" of September, 2023, where the average
outdoor temperature was 21.05 °C, and the average solar irradiation falling onto PV modules
was 543.88 W/m? between 6 a.m. and 6 p.m. The maximum ambient temperature of 25.20 °C
and solar irradiation of 904 W/m? were observed during the tests. The weather data, recorded

every five minutes during the day, is shown in Figure 8-18.

The circulation pump was activated at 8:30 a.m. to start cooling the PV module, and the
temperature on the bottom and top sides of the buffer tank was 16.4 °C and 21.3 °C,
respectively. The pump worked until 3:30 p.m. to harvest the waste heat from the PV module
and charge the 500 L buffer tank.
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Figure 8-18. The weather data — 26/09/2023

The hourly average solar irradiation, outdoor temperature, the back surface temperature of

PV modules, and buffer tank temperatures are given in Table 8-4.
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Table 8-4. The hourly weather data and temperature in the test rig — 26/09/2023

Time Gsur (W/mz) Tamb (OC) Tbcooled (OC) Tbncooled (OC) Tbuffertop (OC) Tbufferbot (OC)

6:03:45 6.17 13.81 12.42 11.09 21.40 16.22
7:03:45 200.08 14.75 13.53 15.93 21.37 16.30
8:03:45 598.92 17.49 20.28 37.95 21.52 17.03
9:03:45 739.58 20.47 21.66 47.59 22.15 21.37
10:03:45 807.33 21.82 23.94 49.98 25.37 22.74
11:03:45 860.42 22.55 26.66 51.42 27.34 25.82
12:03:45 894.17 22.99 28.69 51.29 30.25 27.38
13:03:45 881.25 23.67 30.54 51.02 32.02 29.97
14:03:45 782.67 24.21 32.38 49.60 32.96 32.20
15:03:45 637.42 24.77 32.85 44.42 34.62 32.94
16:03:45 92.25 24.22 33.29 30.74 34.81 33.30
17:03:45 26.33 21.78 25.81 18.77 34.62 33.27

A graphical representation of the back surface temperature of PV modules is shown in Figure
8-19 to present the cooling effect precisely.

The average back surface temperature of the non-cooled PV module reached 51.42 °C,
highlighted with a red oval in Figure 8-19. In comparison, the average back surface

temperature of the cooled PV module reached 33.29 °C.
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Figure 8-19. The hourly average back surface temperature of the PV modules -
26/09/2023

The maximum back surface temperature of 52.3 °C occurred at 11.30 a.m. when the solar
irradiation was 858 W/m?, and the ambient temperature was 22.3 °C. The change in
temperature of the bottom and top sides of the buffer tank during operation hours of the
circulation pump is shown in Figure 8-20. The temperature at the bottom and top sides of the

buffer tank reached 33.2 °C and 35.2 °C. The seven hours of operation between 8:30 a.m.
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and 3:30 p.m. led to a 16.8 °C and 13.9 °C increase at the bottom and top sides of the buffer

tank, respectively.

Buffer tank temperature - 26/09/2023
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Figure 8-20. The temperature change in the buffer tank — 26/09/2023

On average, the buffer tank temperature was increased by 15.35 °C, meaning 8.93 kWh of
thermal energy was generated using the waste heat from a single PV module during seven

hours of operation.

A graphical representation of the hourly average flow rate of the PV/T system, along with inlet

and outlet temperatures, is shown in Figure 8-21.
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Figure 8-21. The flow rate and temperatures in the PV/T system — 26/09/2023

84



The total electrical energy generated by the PV modules was compared using the data
acquired from the grid-tie microinverters. The total electrical energy generated by the cooled
PV module was 1.86 kWh (AC), whereas the total electrical energy generated by the non-
cooled PV module was 1.57 kWh (AC). The implemented cooling system allowed for
generating the maximum electrical energy by increasing the production by 18.42% at the end
of the test day.

The maximum electrical power output improvement was observed around 11:13 a.m., where
the back surface temperatures of cooled and non-cooled PV modules were 25.73 °C and
51.05 °C. The maximum thermal efficiency occurred at 10:13 a.m. with a value of 61.77%.
During the maximum thermal efficiency observation, the volumetric flow rate was 2.48 L/min,
and inlet and outlet temperatures were 21.1 °C and 25.9 °C with a maximum thermal power
output of 0.83 kW under 792 W/m? with the ambient temperature of 21.7 °C. The 12h (6 a.m.
— 6 p.m.) total thermal energy generated by the PV/T system was 8.93 kWh. Similarly, an
energy analysis was performed to assess the available solar energy, thermal energy
generated by the PV/T system, and electrical energy generated by the cooled and non-cooled

PV module, as shown in Figure 8-22.
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Figure 8-22. The energy analysis — 26/09/2023

The analysis showed that the available solar energy was 6.53 kWh/m?/day on the 26" of
September, 2023. The thermal energy generation of the PV/T system was 5.25 kWh/m?/day.
The electrical energy yield kwh/m?#/day was 1.09 and 0.92 for cooled and non-cooled PV
modules, respectively. The non-cooled PV module converted 15.73% of available solar energy
into electrical energy, whereas the PV/T module converted 18.62% during 12 hours of

operation.
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Experiment — 29/09/2023

On the 29" of September, 2023, another experiment was conducted, and the weather data is
shown in Figure 8-23. The average outdoor temperature was 19.51 °C, and the average solar
irradiation falling onto PV modules was 539.12 W/m? between 6 a.m. and 6 p.m. The maximum

ambient temperature of 25.20 °C and solar irradiation of 922 W/m?2 were observed during the

tests.
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Figure 8-23. The weather data — 29/09/2023
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modules, and buffer tank temperatures are given in Table 8-5.

Table 8-5. The hourly weather data and temperature in the test rig — 29/09/2023
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temperature of PV

Time Gsur (W/mz) Tamb (°C) Tocooled (°C)  Toncooled (°C)  Touitertop (°C)  Thufrerbot (°C)
6:03:45 5.42 9.27 8.25 6.89 15.20 15.36
7:03:45 184.25 11.00 9.60 11.87 15.26 15.37
8:03:45 578.67 14.42 20.35 33.46 15.29 15.43
9:03:45 722.67 18.11 19.71 45.30 17.03 16.27
10:03:45 802.00 20.60 19.71 47.95 19.32 18.89
11:03:45 857.25 22.48 22.18 51.84 21.77 21.32
12:03:45 905.92 23.44 24.54 52.90 24.27 23.84
13:03:45 888.92 23.67 26.67 51.81 26.49 26.21
14:03:45 784.25 24.15 28.49 51.73 28.31 28.16
15:03:45 607.83 23.92 29.25 45.93 30.02 29.30
16:03:45 107.75 22.98 30.01 30.11 29.97 30.09
17:03:45 24.50 20.03 24.09 17.90 29.90 30.00

The back surface temperature of PV modules during the day is shown in Figure 8-24.
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Back surface temperatures - 29/09/2023
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Figure 8-24. The hourly average back surface temperature of the PV modules —
29/09/2023

The average back surface temperature of the non-cooled PV module reached 52.90 °C,
highlighted with a red oval in Figure 8-24. In comparison, the average back surface
temperature of the cooled PV module reached 30.01 °C. The maximum back surface
temperature of 54.3 °C occurred at 12.13 p.m. when the solar irradiation was 893 W/m?, and
the ambient temperature was 23.2 °C. The hourly average flow rate of the PV/T system, along
with inlet and outlet temperatures, are shown in Figure 8-25.

Flow rate and working fluid temperature - 29/09/2023
35.00

350.00

30.00 300.00
= 25.00 250.00
2 n
= 3
£ 2000 20000 =
: -
= =
S [v°]
@ 15.00 150.00 =,
o =
£ =
2 10.00 100.00

5.00 50.00

0.00 0.00

6:03:45 7:03:45 8:03:45 9:03:45 10:03:45 11:03:45 12:03:45 13:03:45 14:03:45 15:03:45 16:03:45 17:03:45
Time [h]
Flow rate e T .. =T

outlet

Figure 8-25. The flow rate and temperatures in the PV/T system — 29/09/2023
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The circulation pump was activated at 8:50 a.m. to start cooling the PV module, and the
temperature on the bottom and top sides of the buffer tank was 15.3 °C and 15.2 °C,
respectively. The pump worked until 4:10 p.m. to harvest the waste heat from the PV module
and charge the 500 L buffer tank. The change in temperature of the bottom and top sides of

the buffer tank during operation hours of the circulation pump is shown in Figure 8-26.
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Figure 8-26. The temperature change in the buffer tank — 29/09/2023

The temperature at the bottom and top sides of the buffer tank reached 30.2 °C and 30.1 °C.
The seven hours and twenty minutes of operation between 8:50 a.m. and 4:10 p.m. led to a

14.9 °C increase at the bottom and top sides of the buffer tank.

On average, the buffer tank temperature was increased by 14.9 °C, meaning 8.67 kWh of

thermal energy was generated using the waste heat from a single PV module.

The electrical energy generated by the PV modules was compared using the data acquired
from the grid-tie microinverters. The total electrical energy generated by the cooled PV module
was 1.87 kWh (AC), whereas the total electrical energy generated by the non-cooled PV
module was 1.55 kWh (AC).

The implemented cooling system allows for generating the maximum electrical energy by
increasing the production by 20.70% at the end of the test day.

The maximum electrical power output improvement was observed around 12:13 a.m., where
the back surface temperatures of cooled and non-cooled PV modules were 23.9 °C and 54.3
°C.

The maximum thermal efficiency occurred at 10:23 a.m. with a value of 60.64%. During the

maximum thermal efficiency observation, the volumetric flow rate was 4.17 L/min, and inlet
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and outlet temperatures were 17.4 °C and 20.2 °C with a maximum thermal power output of
0.81 kW under 795 W/m? with the ambient temperature of 20.3 °C. The 12h (6 a.m. — 6 p.m.)
total thermal output of the PV/T system was 8.67 kWh.

Similarly, an energy analysis was performed to assess the available solar energy, thermal
energy generated by the PV/T system, and electrical energy generated by the cooled and non-

cooled PV module, as shown in Figure 8-27.

Energy analysis - 29/09/2023
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Figure 8-27. The energy analysis — 29/09/2023

The analysis showed that the available solar energy was 6.47 kWh/m?/day on the 29" of
September, 2023. The thermal energy generated by the PV/T system was 5.10 kWh/m?/day.
The electrical energy yield kwh/m?/day was 1.10 and 0.91 for cooled and non-cooled PV
modules, respectively. The non-cooled PV module converted 15.68% of available solar energy
into electrical energy, whereas the PV/T module converted 18.93% during 12 hours of

operation.
Experiment — 18/10/2023

On the 18™ of October, 2023, another experiment was conducted. The average outdoor
temperature was 7.64 °C, and the average solar irradiation falling onto PV modules was
503.35 W/m? between 6 a.m. and 6 p.m. The maximum ambient temperature of 13.20 °C and
solar irradiation of 911 W/m? were observed during the tests. The weather data is shown in
Figure 8-28.

89



Weather data - 18/10/2023
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Figure 8-28. The weather data — 18/10/2023

The hourly average solar irradiation, outdoor temperature, the back surface temperature of

PV modules, and buffer tank temperatures are given in Table 8-6.

Table 8-6. The hourly weather data and temperature in the test rig — 18/10/2023

Time Gsur (W/mz) Tamb (OC) Theooled (OC) Thncooled (OC) Thuffertop (OC) Thufferbot (OC)

6:03:45 1.25 -0.42 10.26 -3.44 11.20 11.50
7:03:45 48.58 -0.36 9.73 -2.67 10.62 10.89
8:03:45 506.67 1.95 12.94 15.62 10.54 10.68
9:03:45 697.58 5.82 11.80 33.47 11.46 11.37
10:03:45 765.33 8.41 13.75 37.04 12.97 13.12
11:03:45 766.58 10.12 15.33 37.78 14.61 14.66
12:03:45 861.50 11.19 17.09 40.83 16.28 16.36
13:03:45 868.33 11.62 18.33 41.50 18.28 18.00
14:03:45 767.50 11.84 19.57 41.13 19.63 19.49
15:03:45 589.17 12.33 20.22 33.03 20.41 20.53
16:03:45 164.17 11.64 20.54 25.39 20.67 20.83
17:03:45 3.50 7.57 18.31 4.60 20.22 20.26

A graphical representation of the back surface temperature of PV modules is shown in Figure
8-29 to present the cooling effect precisely. The average back surface temperature of the non-
cooled PV module reached 41.50 °C, highlighted with a red oval in Figure 8-29. In comparison,
the average back surface temperature of the cooled PV module reached 20.54 °C. The
maximum back surface temperature of 44.22 °C occurred at 1.48 p.m. for the non-cooled PV

module when the solar irradiation was 848 W/m?, and the ambient temperature was 12.2 °C.
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Back surface temperatures - 18/10/2023
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Figure 8-29. The hourly average back surface temperature of the PV modules -
18/10/2023

A graphical representation of the hourly average flow rate of the PV/T system, along with inlet
and outlet temperatures, is shown in Figure 8-30.

Flow rate and working fluid temperature - 18/10/2023
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Figure 8-30. The flow rate and temperatures in the PV/T system — 18/10/2023

The circulation pump was activated at 9:03 a.m. to start cooling the PV module, and the
temperature on the bottom and top sides of the buffer tank was 10.7 °C and 10.6 °C,
respectively. The pump worked until 4:28 p.m. to harvest the waste heat from the PV module

and charge the 500 L buffer tank. The temperature at the bottom and top sides of the buffer
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tank reached 20.9 °C and 20.7 °C. The change in temperature of the bottom and top sides of

the buffer tank during operation hours of the circulation pump is shown in Figure 8-31.

Buffer tank temperature - 18/10/2023
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Figure 8-31. The temperature change in the buffer tank — 18/10/2023

The seven hours and thirty minutes of operation between 9:03 a.m. and 4:28 p.m. led to a
10.3 °C and 10.0 °C increase at the bottom and top sides of the buffer tank, respectively. On
average, the buffer tank temperature was increased by 10.15 °C, meaning 5.91 kWh of

thermal energy is generated using the waste heat from a single PV module.

The electrical energy generated by the PV modules was compared. The total electrical energy
generated by the cooled PV module was 1.77 kWh (AC), whereas the total electrical energy
generated by the non-cooled PV module was 1.60 kWh (AC). The implemented cooling
system allowed for generating the maximum electrical energy by increasing the production by
10.66% at the end of the test day.

The maximum electrical power output improvement was observed around 1:48 p.m., where
the back surface temperatures of cooled and non-cooled PV modules were 18.71 °C and
44.22 °C.

The maximum thermal efficiency occurred at 11:08 a.m. with a value of 49.16%. During the
maximum thermal efficiency observation, the volumetric flow rate was 4.2 L/min, and inlet and
outlet temperatures were 13.4 °C and 15.4 °C with a maximum thermal power output of 0.59
kW under 706 W/m? with the ambient temperature of 9.8 °C. The 12h (6 a.m. — 6 p.m.) total
thermal output of the PV/T system was 5.91 kWh. Similarly, an energy analysis was performed

to assess the available solar energy, thermal energy generated by the PV/T system, and
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electrical energy generated by the cooled and non-cooled PV modules, as shown in Figure
8-32.
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Figure 8-32. The energy analysis — 18/10/2023

The analysis showed that the available solar energy was 6.04 kWh/m?/day on the 18" of
October, 2023. The thermal energy generation of the PV/T system was 3.48 kWh/m?/day. The
electrical energy yield kwWh/m?/day was 1.04 and 0.94 for cooled and non-cooled PV modules,
respectively. The non-cooled PV module converted 17.28% of available solar energy into

electrical energy, whereas the PV/T module converted 19.12% during 12 hours of operation.
8.3 Cooling uniformity

The uniformity of the cooling is one of the essential features of the cooling system on the PV/T
systems. Cooling uniformity enhances efficiency by maintaining consistent temperature
across the PV cells, as in the cases of non-uniform cooling, some areas of the PV cells can
be cooler than others, leading to variations in electrical energy generation. The uniform cooling

also eliminates the hot spots that can cause damage and reduce the lifetime of the PV cells.

Thermal stress due to temperature variation is another effect of non-uniform cooling and can
lead to material degradation. The uniform cooling contributes to the predictability of the
electrical and thermal energy output of the PV/T system. In order to investigate the uniformity
of the cooling system, a thermographic camera was used to take thermal images from the
PV/T system on the 18" of September, 2023.

The thermal image taken from the test rig is shown in Figure 8-33.
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Figure 8-33. The thermal image of a) the non-cooled PV module and b) the PV/IT

system

As seen in Figure 8-33, the PV module was uniformly cooled and maintained the temperature
as low as possible to produce maximum electrical power output. The optimal temperature for
PV cells is 25 °C or lower to generate maximum electrical power output and maintain the
maximum electrical conversion efficiency. During the measurements at 2.30 p.m., the back
surface temperature of the non-cooled PV module was 37.05 °C, showing a good agreement
with the surface temperature measured by the thermal camera. In contrast, the back surface
temperature of the cooled PV module was 20.12 °C. The designed cooling system was able

to ensure uniform cooling for the PV module while harvesting the waste heat.
8.4 Pressure drop in the test rig

Two pressure transmitters with a pressure range of 6 bar were placed in the test rig during the
preparation. The minimum and maximum working temperatures of the transmitters were -40
°C and 85 °C.

One of the transmitters was placed directly after the circulation pump, which circulates the
water through the inlet collector, PV/T module, outlet collector, and buffer tank. The second
pressure transmitter was placed before the buffer tank. The placement of the pressure
transmitters allowed for measuring the pressure in the inlet and outlet collectors of the PV/T
module.
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The pressure drop in the system with respect to flow rate was analyzed, and the results are

shown in Figure 8-34.

Pressure drop in the test stand
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Figure 8-34. The pressure drop in the test rig with respect to the flow rate
The volumetric flow rate dependent pressure drop equation was defined as:

Parop = 2.3348¢2 — 1.9011q + 6.8523 (49)

In EQ. 49, Py, is the pressure drop with a unit of kPa in the system, and g is the volumetric

flow rate in I/min.
8.5 The energy analysis

An energy analysis was performed using the collected data from the outdoor experiments to
estimate the yearly energy yield of the designed PV/T system. The PV/T and non-cooled PV
modules integrated with a single-axis sun-tracking system were tested outdoors 19 days in
September and 31 days in October 2023. During the experiments, thermal and electrical
energy generated with the designed PV/T system and electrical energy generated with the

stand-alone PV module were collected.

Two identical grid-tie microinverters were used to measure the electrical energy generation.
An ultra-sonic heat meter with high accuracy was used to measure the inlet volumetric flow

rate and inlet and outlet temperatures of the PV/T system.

The collected data was then used to validate the PV/T model developed in TRNSYS software
to conduct yearly energy analysis and further used for the economic analysis of the designed

system.
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The daily available solar energy, average ambient temperature, electrical energy, and thermal

energy generation for September are presented in Table 8-7.

Table 8-7. The energy analysis on collected data for September 2023

Date Gavailable Tamb Pcooled Pnon-cooled chermal
(kWh/m?) (°C)  (kWh/m?)  (kWh/m?) (KWh/m?)
12/09/2023 5.88 24.05 1.01 0.72 455
13/09/2023 5.82 24.06 1.00 0.75 441
14/09/2023 0.63 16.56 0.11 0.11 0.00
15/09/2023 5.98 17.31 0.99 0.82 2.02
16/09/2023 6.22 17.66 1.05 0.84 2.04
17/09/2023 5.36 20.85 0.91 0.71 2.77
18/09/2023 6.33 21.70 1.09 0.92 4.51
19/09/2023 0.75 17.06 0.13 0.13 0.00
20/09/2023 6.84 19.12 1.18 0.97 4.04
21/09/2023 7.04 20.63 1.21 1.02 4.22
22/09/2023 5.34 21.87 0.92 0.79 2.97
23/09/2023 0.69 15.82 0.12 0.12 0.00
24/09/2023 0.53 11.85 0.09 0.09 0.00
25/09/2023 1.02 16.00 0.18 0.18 0.00
26/09/2023 6.53 21.05 1.09 0.92 5.25
27/09/2023 6.13 20.21 0.98 0.87 141
28/09/2023 5.73 20.14 0.98 0.84 2.85
29/09/2023 6.47 19.51 1.10 0.91 5.10
30/09/2023 0.70 14.70 0.12 0.12 0.00

In Table 8-7, Gauaiavle IS the available solar energy, and Qumema Stands for the thermal energy
generation of the PV/T module. The power output of the PV/T module and non-cooled PV

module is given AC form.

The measurement results showed that the total electrical energy generated by the PV/T
module and stand-alone PV module were 24.21 kWh/month and 20.11 kwWh/month,
respectively. The average improvement in electrical energy generation was 20.40% compared

to the stand-alone PV module.

The total thermal energy yield of the PV/T module was 78.39 kWh/month during the 19 days

of the experiments.

The monthly available solar energy was 83.98 kWh/m?/month, the thermal energy generated
was 46.13 kWh/m?, and the electrical energy generated by the PV/T module was 14.25
kWh/m? (AC). The PV/T module was able to convert 54.93% and 18.85% of the available solar
energy into thermal and electrical energy (DC), respectively. The non-cooled PV module

converted 15.65% of the available solar energy into electrical energy (DC).

The outdoor experiments were continued in October 2023 to assess the performance of the

PV/T module and compare it to the stand-alone PV module, as given in Table 8-8. The daily
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available solar energy, average ambient temperature, electrical energy, and thermal energy

generation for October were investigated.

Table 8-8. The energy analysis on collected data for October 2023

Date Gavailable Tamb Pcooled Pnon-cooled chermal
(kWh/m?)  (°C) (KWh/m?) (kWh/m?) (KWh/m?)
01/10/2023 2.95 13.09 0.50 0.48 0.38
02/10/2023 3.20 16.46 0.54 0.51 1.18
03/10/2023 6.36 19.29 1.09 0.91 3.47
04/10/2023 3.85 14.39 0.66 0.60 1.42
05/10/2023 4.56 13.72 0.78 0.73 1.73
06/10/2023 491 14.02 0.85 0.76 2.00
07/10/2023 3.35 17.43 0.58 0.53 1.29
08/10/2023 2.76 9.31 0.48 0.45 0.49
09/10/2023 0.59 4.58 0.10 0.10 0.00
10/10/2023 2.30 9.20 0.40 0.39 0.28
11/10/2023 4.65 17.85 0.80 0.71 2.35
12/10/2023 4.49 18.73 0.77 0.69 2.88
13/10/2023 3.35 17.19 0.58 0.51 2.52
14/10/2023 5.66 21.18 0.97 0.78 3.99
15/10/2023 1.59 8.76 0.27 0.27 0.00
16/10/2023 1.56 6.11 0.27 0.27 0.00
17/10/2023 2.38 6.73 0.41 0.40 0.24
18/10/2023 6.04 7.64 1.04 0.94 3.48
19/10/2023 2.68 10.29 0.46 0.45 0.87
20/10/2023 1.64 15.93 0.28 0.28 0.43
21/10/2023 1.52 18.62 0.26 0.25 0.33
22/10/2023 1.16 13.22 0.19 0.19 0.00
23/10/2023 2.15 9.84 0.36 0.32 0.00
24/10/2023 3.49 13.32 0.60 0.56 1.26
25/10/2023 0.65 11.81 0.11 0.11 0.00
26/10/2023 1.47 11.88 0.25 0.25 0.00
27/10/2023 0.28 9.66 0.05 0.05 0.00
28/10/2023 3.47 12.01 0.60 0.58 0.70
29/10/2023 4.60 13.93 0.79 0.73 1.73
30/10/2023 3.76 16.21 0.65 0.60 1.33
31/10/2023 1.16 16.30 0.20 0.19 0.46

The total electrical energy generated by the PV/T module and non-cooled PV module were
27.01 kWh/month and 24.83 kWh/month, respectively. The overall electrical energy
generation was enhanced by 8.78% compared to the non-cooled PV module during October

2023. The total thermal energy generation of the PV/T module was 59.17 kWh/month.

During the active cooling period of the PV module, the electrical energy generation was
improved by 9.71% on average in October 2023. The monthly available solar energy was
92.61 kWh/m?, the thermal energy generation was 34.82 kWh/m?, and the electrical energy
generation of the PV/T module was 15.89 kWh/m? (AC). The PV/T module was able to convert

37.60% and 19.07% of the available solar energy into thermal and electrical energy (DC),
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respectively. The non-cooled PV module converted 17.53% (DC) of the available solar energy

into electrical energy.

8.5.1 Numerical model of the PV/T module

The numerical model of the designed PV/T module was developed in TRNSYS software.
TRNSYS is a dynamic simulation software developed by "Thermal Energy System Specialists,
LLC" in collaboration with Solar Energy Laboratory, University of Wisconsin, Madison (USA)
[55].

TRNSYS has an open and modular structure. The modular structure is constructed by
connecting individual component models (Types) into a complete model. Each of these Types
represents a piece of equipment, such as pumps, chillers, solar collectors, buildings, weather,
schedule, and many more. These are then linked together in the TRNSYS environment, similar
to how they would be connected in real life. The program comprises energy system component
models grouped around a simulation engine (solver). Each component Type is described by
a mathematical model in the TRNSYS simulation engine and has a set of matching proforma
in the simulation studio. The proforma has a black-box description of a component: inputs,
outputs, and parameters. The other main part of TRNSYS is an engine (the kernel), which
reads and processes the input file and iteratively solves the equation system that describes

the behavior of the simulated system.

In TRNSYS software, Type 50 (photovoltaic-thermal collector) was used to develop the
numerical model of the PV/T module. Type 50 comprises parameters, inputs, and outputs. In
the parameters section, mode 2 was chosen as it states that the losses occur as a function of
temperature, windspeed, and geometry. The parameters defined in the numerical model of

the PV/T module are given in Table 8-9.

Table 8-9. Numerical model parameters

Parameters Value Units
Collector gross area 1.70 m2
Collector fin efficiency factor 0.96 -
Fluid thermal capacitance 4.19 kJ/kg.K
Collector plate absorptance 0.85 -
Number of glass covers 1 -
Collector plate emittance 0.09 -
Collector slope 30 degrees
Temperature coefficient of PV cell efficiency 0.0042 1/K
Temperature for cell reference efficiency 25 °C
Packing factor 0.8898 -

Upon definition of the parameters in Type 50, inputs, inlet fluid temperature, fluid mass flow

rate, ambient temperature, incident radiation, windspeed, and cell efficiency were defined
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using the experimental data to validate the numerical model. The cell efficiency was defined
as 0.1912.

The experimental data collected on the 17™, 28" of September, and 7", 11", and 24" of
October was used to validate the numerical model of the PV/T module in TRNSYS software.
Different days with various input conditions were selected to analyze the reliability of the
numerical model. The inputs of the model were the inlet flow rate and temperature, ambient
temperature, solar irradiation falling onto the PV/T module, and the wind speed. Inputs used

for the numerical model, Type 50, are given in Table 8-10.

Table 8-10. The experimental data collected for the validation of Type 50

Time Tiniet (°C) g (L/h)  Tamp (°C) G (W/m?) vy (M/s)
17/09/2023
10:00:34 19.23 359.00 23.17 932.00 0.88
11:00:34 22.47 360.75 24.02 923.67 0.89
12:00:34 25.27 335.63 23.65 787.83 0.91
13:00:34 27.08 361.58 23.32 722.00 1.16
14:00:34 28.88 363.83 23.70 635.75 0.87
28/09/2023
9:03:45 14.75 149.64 18.72 693.27 0.43
10:03:45 17.15 147.83 20.87 810.00 1.49
11:03:45 19.72 144.58 21.77 874.17 1.76
12:03:45 22.70 140.75 23.37 846.67 1.34
13:03:45 25.12 134.83 23.91 647.50 2.02
14:03:45 27.38 128.25 24.58 303.08 1.69
15:03:45 28.36 123.80 25.09 270.92 1.29
07/10/2023
12:03:22 17.78 249.75 18.75 448.75 2.34
13:03:10 19.30 249.00 19.77 602.50 2.90
14:02:58 20.99 248.17 20.20 505.83 2.02
15:02:46 22.59 246.67 20.42 382.50 2.06
11/10/2023
10:03:46 14.80 248.75 18.30 659.58 1.43
11:03:46 17.22 249.75 19.88 744.08 2.99
12:03:46 19.47 249.75 20.66 678.33 2.72
13:03:46 21.43 250.00 21.53 565.50 2.43
24/10/2023
10:03:46 14.78 249.20 14.36 434.22 1.71
11:03:51 16.10 185.75 15.47 557.25 2.22
12:03:39 17.26 161.58 16.14 332.83 1.63
13:03:27 18.07 153.92 17.00 483.75 1.69
14:03:15 19.63 146.36 17.08 187.64 1.06

The outlet temperature, thermal energy generation, and electrical power output of the Type
50 were compared to the measured data. The average percentage error between the model
output and the measured data was investigated. The comparison of the results is given in
Table 8-11.
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Table 8-11. The measured data and Type 50 model output

Time Toutlet (°C)  Qu(W) P (W) | Toutlet (°C) Qu (W) P (W)
Measured data Model output
17/09/2023 17/09/2023
10:00:34 21.71 1035.31 296.77 21.51 953.20 303.20
11:00:34 24.83 993.70 294.12 24.67 925.00 296.60
12:00:34 27.17 742.20 248.01 27.22 760.90 251.20
13:00:34 28.58 631.26 225.82 28.68 674.60 229.00
14:00:34 30.37 628.13 202.38 30.24 575.10 200.60
28/09/2023 28/09/2023
9:03:45 18.95 733.06 220.76 18.80 704.80 230.10
10:03:45 22.12 854.57 257.92 21.90 817.00 265.20
11:03:45 24.86 863.83 278.36 24.86 865.00 282.50
12:03:45 27.38 767.21 268.22 27.74 826.40 270.70
13:03:45 28.71 563.64 203.52 29.04 614.40 206.30
14:03:45 29.37 296.05 94.62 29.15 264.70 96.69
15:03:45 29.82 210.37 84.35 29.95 228.70 86.16
07/10/2023 07/10/2023
12:03:22 19.27 431.18 142.89 19.32 446.9 148.60
13:03:10 21.26 567.54 191.85 21.33 588.30 197.50
14:02:58 22.55 450.11 161.07 22.68 486.70 165.10
15:02:46 23.73 327.76  121.80 23.82 352.20 124.50
11/10/2023 11/10/2023
10:03:46 17.00 636.94 210.03 17.13 675.00 219.80
11:03:46 19.67 712.17 236.93 19.80 751.20 245.00
12:03:46 21.61 620.12 216.00 21.79 674.30 221.70
13:03:46 23.22 521.33 180.07 23.34 554.50 183.90
24/10/2023 24/10/2023
10:03:46 16.12 388.66 138.27 16.22 417.8 145.7
11:03:51 18.33 482.83 177.44 18.56 532.8 185.2
12:03:39 18.80 289.93 105.98 18.91 310.1 110.7
13:03:27 20.43 423.97 154.04 20.62 455.9 159.7
14:03:15 20.46 142.48 59.75 20.54 155.4 62.07

The average percentage errors of 0.64%, 6.72%, and 2.72% were observed for the outlet
temperature, thermal energy generation, and electrical power output between the measured
data and the TRNSYS model output.

8.5.2 Yearly energy generation

The validation of the TRNSYS model led to an analysis of the yearly energy generation of the
PV/T module. In order to develop the simulation, Type 15-3 — weather component, Type 24 —
integrator, Type 25 — printer, Type 50 — validated PV/T module, Type 113 — basic aquastat
(cooling mode), and Type 114 — constant-speed pump were used. The location for the weather
component was chosen Cracow, Poland. The typical meteorological year (TMY) data collected
between 2004 and 2018 was used for the simulation. A summary of the monthly global solar

irradiation level and average outdoor temperature is given in Table 8-12.
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Table 8-12. Monthly weather data for Cracow, Poland

Months Gavailable (KWh/m?) Tamb (°C)
January 28.63 -1.22
February 45.27 0.13
March 87.35 3.71
April 141.26 9.39
May 176.25 14.28
June 184.76 17.47
July 197.77 19.87
August 163.67 18.43
September 108.41 14.68
October 66.63 9.61
November 32.49 4.92
December 21.81 0.87

Type 24 and Type 25 were used to integrate monthly energy generation and print the results
to a text file, respectively. Type 113 was used to control the cooling of the PV/T module. The
average cell temperature of the PV/T module was monitored by Type 113, and cooling was
activated where the PV cell temperature was above 25 °C with a temperature deadband of 2
°C. Type 114 provides a constant flow rate for cooling the PV module and harvesting waste
heat. The constant flow rate of 60 L/h with a constant inlet temperature of 20 °C was set as
the parameters of the pump. The working fluid of the PV/T module was chosen as a water-
glycol mixture whose properties are given in Table 6-2. The monthly electrical and thermal
energy generated by the PV/T module and the pump's monthly power consumption used to
circulate the working fluid were investigated. A summary of the monthly energy analysis in

stationary mode is given in Table 8-13.

Table 8-13. The summary of monthly energy analysis

Months Qu (kWh) Pevir (kWh) Poump (KWh) Tavg-outiet (°C)
January 5.13 14.43 0.51 10.77
February 19.80 21.12 1.19 15.07
March 44.56 35.11 2.42 22.80
April 103.41 51.83 4.20 28.92
May 133.30 59.04 5.10 30.31
June 147.40 59.58 5.74 30.79
July 180.95 66.13 6.39 30.71
August 156.06 58.92 5.60 30.15
September 94.77 42.64 4.12 28.99
October 50.29 29.78 2.73 24.01
November 11.84 15.35 0.91 16.57
December 3.61 10.85 0.39 10.15

In Table 8-13, Ppy/r and Poump are the electrical energy generated by the PV/T module and the
electricity consumption of the pump. Tagouwe: Stands for the monthly average outlet

temperature of the PV/T module between 8 a.m. and 6 p.m. The yearly electrical and thermal

101



energy generated by the designed PV/T module was 418.31 kWh (AC) and 951.11 kWh,
respectively. The yearly power consumption of the pump was 39.30 kWhly, leading to a net
electricity production of 379.01 kWh/y for the PV/T module.

8.6 The uncertainty analysis

An uncertainty analysis was conducted for the measured quantities to determine the reliability
of the outdoor experiments. The precision of each measuring device used in experiments is

given in Table 8-14.

Table 8-14. Uncertainties in measuring instruments

Instrument Parameter Unit Uncertainty
PT-1000 sensors Temperature °C 0.3
0
Ultrasonic heat meters Flow rate % +
Temperature °C +0.05
Pyranometer Solar irradiation Wim2 +10
K-type thermocouples Temperature °C +0.5
- . Voltage % +0.05
D | multi-
igital multi-meters Current % +0.04

The analysis was carried out for thermal efficiency (n.,), and the uncertainty in thermal
efficiency is calculated using Eq. 48. The uncertainty varied between 1.48% and 1.80% for the
experiments shown in section 8.2, with an average uncertainty of 1.63%. Eqg. 50 is used to

calculate the uncertainty in the measured electrical power output of the PV modules.

1/2
Un,, UN® (U | (Us)’
|6+ (7) (%) 0
where U, , is the uncertainty in the results of electrical conversion efficiency, n,; is a given
function of the independent variables, voltage, V, current, I, and solar irradiation, G, whereas
Uy, U;, and U; are the uncertainties associated with the independent variables. The

uncertainty for the electrical conversion efficiency varied between 1.06% and 1.42% for the

experiments, with an average uncertainty of 1.23%.
8.7 Summary

The outdoor test rig preparation was presented in this chapter, along with the details of the
components used to assess the performance of the designed PV/T module. The tests started
on the 12" of September, 2023, and continued until the end of October, 2023. The experiments
were conducted with and without active chiller to analyze the performance of the PV/T module.
The maximum improvement in electrical efficiency was observed on the 12" of September,
where the back surface temperatures of cooled and non-cooled PV modules were 16.56 °C

and 70.98 °C, respectively. The maximum thermal efficiency of 98.03+1.57% was achieved at
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1.20 p.m. when the volume flow rate was 6.02 L/min, and inlet and outlet temperatures were
16.25 °C and 19.70 °C with a maximum thermal power output of 1.45 kW. The maximum
electrical efficiency of 19.12+1.14% was observed at the time of achieving the highest thermal

efficiency.

The cooling uniformity of the designed system was investigated along with the pressure drop

in the test rig. A volumetric flow rate dependent pressure drop equation was formed.

An energy analysis was conducted on the real-life tests to assess the performance of the PV/T
module and estimate the yearly thermal and electrical energy yield. TRNSYS software was
used to develop the numerical model of the PV/T module to conduct energy analysis. The
developed numerical model was validated using experimental data. The yearly expected net
electrical and thermal energy generation of the PV/T module was found to be 379.01 kwh and
951.11 kWh, respectively.

An uncertainty analysis was conducted to determine the reliability of the outdoor experiments.
The uncertainty varied between 1.48% and 1.80% for the thermal efficiency, with an average
uncertainty of 1.63%. The uncertainty for the electrical conversion efficiency varied between

1.06% and 1.42% for the experiments, with an average uncertainty of 1.23%.
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Chapter 9 - Discussion

In order to assess the effectiveness of the designed PV/T system, a comparative study of
existing literature with the proposed PV/T system was imperative. This chapter implies a
comparative framework to highlight the key performance metrics. The comparative analysis

encompasses the electrical conversion efficiency and thermal efficiency.

The comparison of the designed PV/T system with the existing systems allows for objective
evaluation and contribution to the PV/T technology. The identification of the strengths and
weaknesses of the system, potential limitations, and insights from the analysis can guide the
future development of PV/T systems. The designed PV/T system contributes valuable insights
into the renewable energy sector and the scientific community by conducting a rigorous

comparative analysis.

9.1 Comparison between the proposed PV/T systems in the literature and the

designed PV/T system

Abdullah et al. [32] designed a PV/T system with an absorber plate, a dual-oscillating copper
absorber tube, and a 100 W PV module with a maximum electrical conversion efficiency of
15.50%. The copper water tubes were attached to the copper plate, and the cooling system
was insulated to prevent heat loss from the bottom and edges. The designed PV/T system
was investigated theoretically and experimentally. Indoor tests were conducted to analyze the
performance of the system by varying the solar irradiation between 500 and 1,000 W/m? and
the volumetric flow rate between 2 L/min and 6 L/min. The wind speed was assumed to be
constant, along with the occurrence of heat loss only from the top. The maximum PV cell
temperature of 63.22 °C was observed for the conventional PV module during the indoor
experiments, whereas the maximum temperature of PV cells was found to be 57.32 °C using
the water-based PV/T system. Maximum electrical conversion efficiency of 8.23% and thermal

efficiency of 58.64% were achieved with a volumetric flow rate of 5 L/min under 1,000 W/m?2,

Dubey and Tay [70] investigated two different types of commercially available PV/T modules
- tube-and-sheet type and parallel-plate type thermal collectors integrated with PV modules
under the tropical climatic conditions of Singapore. The tube-and-sheet PV/T system
consisted of copper/aluminum tubes, a copper/aluminum absorber plate, a 190 W PV module
with a maximum electrical conversion efficiency of 15.00%, and thermal insulation. The
parallel-plate type of thermal collector consisted of rectangular microchannels, a 200 W PV
module with a maximum electrical conversion efficiency of 13.60%, and thermal insulation.
The water was used as a working fluid for both PV/T systems, and a pump was used to

circulate the water from a storage tank to the thermal collectors. During the outdoor test, the
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mass flow rate varied between 0.03 kg/s and 0.06 kg/s. The maximum thermal and electrical
conversion efficiency of 40.70% and 11.80% were achieved using tube-and-sheet PV/T
system, whereas these values are found to be 39.40% and 11.50% for the parallel-plate type

PVIT system in a tropical climate.

Boumaaraf et al. [71] designed a special heat exchanger as a thermal collector and combined
with a PV module. A spiral-shaped tube made of copper with a 14-mm diameter was used as
a thermal collector on the rear side of the square-shaped 50 W PV module with a maximum
electrical conversion efficiency of 12%. Thermal insulation of glass wool was used, and the
whole design was encapsulated with an aluminum casing. The water was used as the working
fluid in the PV/T system. During the outdoor tests, a maximum solar irradiation of 880 W/m?
and a maximum ambient temperature of 30 °C were observed. The results showed that the
proposed PV/T system reduced the temperature of the PV module by 20.1 °C while enhancing
the electrical conversion efficiency by 1.73%. The system achieved a maximum thermal
efficiency of 74.30% while generating a 282.6 W thermal energy peak. A maximum electrical

conversion efficiency of 9.65% was obtained during the tests.

Kianifard et al. [72] proposed a PV/T system design by modifying a sheet-and-tube type
collector. The thermal resistance of the conventional sheet-and-tube type PV/T system was
reduced by eliminating several layers. In the designed system, solar cells were placed on an
anodized metal plate, and the full pipe shape design was changed to half pipe to increase the
fluid contact with the absorber plate. The half-pipe design was bonded to the absorber plate
using adhesives. The serpentine-shaped half-pipe design thermal collector was placed at the
rear side of a PV module, with a maximum power output of 90 W and maximum electrical
conversion efficiency of 12.50%. The outdoor tests were conducted with the PV/T system by
varying the inlet volumetric flow rate between 0.5 L/min and 4 L/min. The results concluded
that the optimum volumetric flow rate for the proposed system was 2 L/min, achieving a
maximum thermal efficiency of 70% and an electrical conversion efficiency of 11.50%. The
designed PV/T system exhibited greater efficiency, such as higher thermal efficiency by 10%
to 13% and higher electrical conversion efficiency by 0.40% to 0.60% compared to

conventional sheet-and-tube PV/T system.

Abdallah et al. [73] conducted outdoor experiments on a nanofluid-based PV/T system and
compared the results to the water-based PV/T system and stand-alone PV system. A 0.3 mm
copper sheet was attached as a heat absorber on the rear side of a PV module with a
maximum power output of 10 W. A commercially available serpentine-shaped copper tube
with a 6.4 mm diameter was used for the water-nanofluid mixture circulation. Multi-walled

carbon nanotubes with 5-12 um length, 30-50 nm outer diameter, 5-12 nm inner diameter, and
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thermal conductivity of 3,000 W/m.K were used as heat absorption agents. Five different
concentrations of nanofluid varying between 0% and 0.3% at a constant volumetric flow rate
of 1.2 L/min were tested. The experimental results showed that using a 0.075% volume
concentration of the nanoparticles in water-based working fluid achieved a maximum thermal
efficiency of 69.26% and a maximum electrical conversion efficiency of 14.00%. The module
temperature was reduced by 12 °C.

Venkatesh et al. [74] investigated a hybrid solar PV/T system with graphene-based nanofluids.
Graphene nanoparticles with a volume concentration of 0.3% were used in water-based
working fluid to enhance heat transfer. The thermal conductivity of the nanofluid-water mixture
increased with the concentration of the nanoparticles and increased with the nanofluid's
temperature. The circular pipeline with a 2 m length and 10 mm diameter and an absorber
plate was placed on the rear side of a PV module with a maximum power output of 13 W. An
annulus tank was used to control the inlet temperature of the nanofluid and the temperature
was kept constant at 20 °C while the volume of nanopatrticle concentration was varied between
0.1% and 0.3%. The outdoor tests were carried out between 9 a.m. and 4 p.m., and the mass
flow rate of the nanofluid ranged between 0.065 kg/s and 0.085 kg/s. A maximum thermal and
electrical conversion efficiency of 64.80% and 16.20% were achieved, respectively, when the
mass flow rate of the system was 0.085 kg/s. The nanoparticle volume concentration was
0.3%. The use of nanofluid in the PVIT system led to a reduction in panel temperature by 20
°C. The results showed that the investigated PV/T system enhances the efficiency by 13%

compared to the water-based PV/T system.

Bassam et al. [75] conducted an experimental analysis of a water-based nanofluid-enhanced
PVIT system with nano-PCM, counterclockwise twisted tape, and micro-fin tubes. The pipe
used in the PV/T system was designed with a sheet and micro-fin tube (inner grooved) twisted
tape with a 12.7 outer diameter. 3-mm copper tapes were used for soldering the pipe. The
paraffin PCM was enhanced with 1% silicon carbide nanoparticles and placed in a PCM
container. The nanofluid was prepared using water as the base fluid and 0.3% and 0.6%
volume fraction of SiC nanomaterial. A PV module with a maximum power output of 30 W was
used in the PV/T system design. The mass flow rate ranged from 0.008 kg/s to 0.058 kg/s in
an indoor controlled environment. The experiments were performed using a solar simulator
consisting of 35 halogen lamps, each with 500 W power to provide 600, 800, and 1,000 W/m?
of solar irradiation. During the indoor tests, the room temperature and the nanofluid
temperature were 27 °C and 18 °C, respectively; thus, a water-cooler chiller was used to
regulate the temperature. The indoor test results showed that the stand-alone PV module
temperature reached 86.4 °C, whereas the designed PV/T system with a volume fraction of

0.3% SiC nanofluid was able to reduce the temperature of the PV module to 41.6 °C. The
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thermal and electrical conversion efficiency of 80.8% and 10.51% was achieved using this
configuration. In contrast, the PV/T system with a 0.6% volume fraction of SiC nanofluid
reduced the temperature of the PV module by 44.5 °C, achieving 83.8% thermal efficiency

and 10.59% electrical conversion efficiency.

Hassan et al. [76] experimentally studied nanofluid and PCM-enhanced water-based PV/T
system. Graphene nanoparticles were used to prepare the nanofluid with three
concentrations: 0.05%, 0.1%, and 0.15%. A network of 10 mm diameter and 0.6 mm thick 24
copper pipes in parallel connected with U bends was used to circulate the nanofluid. RT35-
HC organic paraffin PCM was filled in a container on the rear side of the PV module, with a
maximum power output of 30 W, for thermal regulation. The copper tube network was
immersed in the PCM container. Six different cases were considered during the outdoor test:
conventional PV system, PV system integrated with PCM, PV system integrated with PCM
and water cooling, and PV system integrated with PCM and nanofluid cooling with three
different concentrations. The volumetric flow rate during the tests varied between 20 L/min
and 40 L/min. Maximum solar irradiation of 1,101 W/m? and maximum ambient temperature
of 40 °C were recorded during the outdoor tests. The best performance of the PV/T system
was achieved with the configuration where the system was enhanced with PCM, 0.1% volume
nanoparticle concentration was added to the base fluid, and the volumetric flow rate was 40
L/min. A maximum electrical and thermal efficiency of 14% and 47% were achieved using the

designed PV/T system.

Al-Aasam et al. [77] proposed a PV/T system by combining nanofluids and nano-PCM with
twisted absorber tubes. The water was combined with 0.3% and 0.6% volume fractions of SiC
nanoparticles to prepare the nanofluid; a 1% volume fraction of SiC nanoparticles was
combined with paraffin wax to develop the nano-PCM. The twisted 11 copper tubes were
surrounded by the nano-PCM and placed underneath the PV module with a maximum power
output of 30 W. The designed system was investigated in a controlled environment: indoor
experiments with a room temperature of 25 °C and solar irradiation level of 800 W/m?. A
cooling unit was used to regulate and maintain at 20 °C the inlet temperature of the PV/T
system. The mass flow rate of the system ranged from 0.008 kg/s to 0.04 kg/s. The test results
showed that the temperature of the non-cooled PV module reached 77.59 °C, and electrical
conversion efficiency dropped to approximately 7% under 800 W/m? and at room temperature
of 25 °C. The proposed cooling system design reduced the temperature of the PV module by
38.31 °C and achieved a maximum thermal efficiency of 84.74% and a maximum electrical

conversion efficiency of 9.61%.
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Das et al. [78] proposed a rectangular spiral copper tube equipped water-based PV/T system
with the rear side embedded in a form-stable composite consisting of OM35 PCM and biochar
obtained from the water hyacinth. After placing the rectangular spiral tubing, a 10 mm thick
layer of PCM-biochar composite was filled on the rear side of the PV module. Aluminum
powder was added to the composite to increase thermal conductivity. An insulation layer of
polyethylene foam sheet with 13 mm thickness was applied to the system. The outdoor tests
were conducted with the inlet mass flow rate of 0.015 kg/s in Guwahati, India. The maximum
thermal and electrical efficiency of 84.71% and 14.02% were reached under 928 W/m? solar

irradiation and 32 °C of ambient temperature.

In Table 9-1, a summary of thermal and electrical conversion efficiency comparison between
the designed PV/T system and proposed PV/T systems in the literature is given. In addition to
comparing the electrical and thermal efficiency, a more detailed summary of the comparison
was provided, including the solar irradiation level, ambient temperature, type of material, flow
rate, the maximum power output of PV modules, and reduction in PV temperature in Table
9-1.
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Table 9-1. A comparison between the designed PV/T system and proposed PV/T systems in the literature

Ref. System type Working fluid Type G (W/m?) Tamp (°C) m(kg/s) Tin (°C) Pmax (W) Treda (°C) 1. (%) Nen (%0)
A dual-oscillating copper absorber tube Exo. and
[32] integrated PV/T system with back Water npu'm 1,000 - 0.0833 - 100 8.90 8.23 58.64
insulation '
Hybrid nanofluid based PV/T system with Hybrid nanofluid
[48] copper tube collector with insulation (SiO2-Al203-water) Exp. 1,000 26 0.0500 42 35 13.17 65.05
(7o) ~ Sneetand-tube (Cu) type PV/T system Water Exp. 1,000 300  0.0600 - 190 ; 11.80  40.70
with thermal insulation
A spiral-shaped CU tube and sheet based
[71] PV/T system with thermal insulation Water Exp. 880 30.0 0.0065 25 50 20.10 9.65 74.30
[72) \aterbased PV/T system with serpentine Water Exp.and ) 159 250 00333 25 90 ; 1150  70.00
half-pipe design and thermal insulation num.
[73] Nanofluid-based P_V/T system with copper MWCNT—vyater Exp. 1,000 30.0 0.0200 i 10 12.00 14.00 6926
sheet and serpentine-shaped copper tube nanofluid
[74] Nanofluid-based RV/T system with sheet Graphene—yvater Exp. 750 300 0.0850 20 13 20.00 16.20 64.80
and serpentine-shaped tube nanofluid
PVIT system with nano PCM and copper Sic-water
[75] micro-fins tube counterclockwise twisted nanofluid Exp. 800 27.0 0.0410 18 30 44.50 10.59 83.80
tape nanofluid
[76) M and nano-fiuid based PV/T system - Graphene-water Exp. 1,050 400  0.6667 - 30 2930 1400  47.00
with serpentine-shaped copper tube nanofluid
7y Nano-PCMand nanofluid based PVIT - SIC-water Exp. 800 250 00400 - 30 3831 961 8474
system with twisted copper tubes nanofluid
Rectangular spiral (copper tubes) flow
[78] PVIT system with PCM (enhanced with Water Exp. 928 32.0 0.015 32.10 100 - 14.02 84.71
composite material) and thermal insulation
[present  Water-based PV/T system with a highly Water Exp.And - g75 200 01003 1625 325 5440 1912  98.03
study] efficient cooling design num.
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In Table 9-1, Trq Stands for the temperature reduction on the back surface of the PV module.
As seen from Table 9-1, copper tubes were used to circulate the working fluid in most of the
systems, and the PV/T systems were insulated on the rear side. Various configurations, such
as serpentine-shaped tubing, rectangular tubing, spiral tubing, and conventional sheet-and-
tube, were investigated to maximize the thermal efficiency and electrical conversion efficiency
of PV/T systems. Different nanoparticles were studied to improve the thermal properties of the

working fluid.

The designed PVIT system in this dissertation took advantage of the extensive heat transfer
area and enhanced the heat transfer with its unique interior design. The designed cooling
system achieved the maximum temperature reduction on the rear side of the PV module.
Despite the sophisticated design of the systems and working fluids used, the electrical and
thermal efficiency of the proposed PV/T systems in the literature was lower than the designed

PV/T system in this dissertation.
9.2 Summary

The comprehensive comparative analysis results showed that the proposed PV/T system
exhibits better performance compared to the proposed solutions in the literature. Most of the
research focused either on the shape of the pipes in the cooling design of the PV/T system or
on improving the thermal properties of the working fluid. The conventional PV/T system
designs were modified by changing the shape of the pipes or adding PCM materials to regulate

the temperature.

The investigations on increasing the efficiency of PV/T systems also targeted the working fluid
by adding nanomaterials to enhance thermal conductivity and heat-carrying capacity. Despite
the sophisticated design of the systems, the electrical and thermal efficiency of the proposed

PV/T system was lower than the designed PV/T system.

The thermal efficiency of the state-of-the-art water-based active cooling PV/T systems
proposed in the literature ranged between 40% and 85%, whereas the electrical efficiency of
the systems varied between 7% and 16%. The designed PV/T system achieved 19.12+1.14%
electrical efficiency and 98.03+1.57% thermal efficiency in this dissertation, exceeding its

rivals.
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Chapter 10 - The economic analysis of the designed PV/T system

The space available in urban areas suitable for new energy conversion systems is limited. The
scarcity of the limited space led to maximization of the efficiency of the systems, both electrical
and thermal. PV/T modules present a unigue advantage by generating heat and electricity
simultaneously using the same area. However, PV/T modules have not yet been adopted
extensively due to the lack of reliable data on the operation of PV/T modules that establish a
benchmark for engineers, designers, and energy planners. Another aspect is the high capital

costs of the PV/T systems.

The cost of solar-thermal systems for hot water generation ranges between 0.2 €/kWh and
0.35 €/kWh in Europe, depending on the location [79]. The capital costs of solar-thermal water
heating systems (small scale — from 2 m? to 8 m? collector array), including installations, vary
between 500 €/m? and 1,300 €/m? depending on the maturity (Austria is one of the most
mature markets) of the solar-thermal market in the European country. A typical 5 m? solar-
thermal collector with a 250 L storage system, including installation, has an average capital
cost of 1,000 €/m2. In Poland, an average 6 m? solar-thermal collector with a 200 L storage

tank, including installation costs, is 750 €/m?.

The cost of electrical energy generated by the PV systems was 0.046 €/kWh on average
globally in 2022 [11]. In Poland, the capital costs of residential small-scale (1 to 10 kW) PV
systems ranged between 940 €/kW and 1,300 €/kW, whereas the large-scale (100 kW to 5
MW) PV system’s capital cost varied between 500 €/kW and 800 €/kW. The highest learning
rate in PV technology compared to other renewable energy sources and a downward trend in
solar PV module costs, which account for 40% of the total price, led to a continuous declining

trend in capital costs of PV systems.

In Poland, a few cost data were available for PV/T modules. The price of the PV/T systems

ranged from 500 € to 2,000 € per PV/T module, according to the market search conducted.
10.1 The cost analysis of the designed PV/T module

The proposed PV/T module comprises a PV module and the designed cooling system. The
global solar market hit record highs in the volume of installations, leading to lower prices for
PV modules in August 2023. The module prices were as low as 0.16 €/W and were expected
to fall until the end of 2023 [80]. Based on the information, the cost of the PV module used in
the PV/T system was calculated as 52 € as the PV module had a peak power output of 325
W.
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The cooling system was made of aluminum alloy 6061. The designed cooling system had
1,670 x 965 x 12 mm dimensions with 7.0138 m? of total surface area and 0.0082 m? volume.
The thermal collector allows 0.0109 m? working fluid to operate while cooling the PV module
and harvesting waste heat. The cost of the materials used for the thermal collector was 215
€. The cooling system was expected to be produced with CNC machining. In CNC machining,
stainless steel and aluminum are some of the easiest materials for machining. CNC machining
of aluminum is relatively inexpensive due to the softer material feature, corrosion resistance,
strength-to-weight ratio, recyclability, and less complexity. The non-complex geometry of the
cooling system allows for the use of 3-axis CNC machining that is cheaper to operate
compared to 4-axis and 5-axis CNC machining. The CNC machining and person-hours for
manufacturing the cooling system were estimated to be 3 hours [81]. The 3-axis CNC machine
costs range from 30 € to 35 € per hour in Europe. The total cost of CNC machining and person-
hours was estimated to be 213 €. In Table 10-1, a summary of the unit cost of the designed

PVIT system is presented.

Table 10-1. The summary of the unit cost

Components Unit cost (€)
PV module 52.00
Material 215.00
CNC machining 105.00
Person-hour 108.00
Profit margin [81] 20% of the total cost
Total unit cost 576.00 €

The total unit cost of the PV/T module was calculated as 576.00 €.
10.2 Economic analysis

In this section, an economic analysis of the designed PV/T was conducted by comparing the
cost of the designed PV/T module to PV/T modules available in the Polish market. Most of the
PV/T modules available in the market did not provide yearly thermal and electrical energy
yield. In the majority of the PV/T modules, the manufacturer data did not state under which
conditions the thermal power output values were obtained or provide any certification. Only
one of the manufacturers provided detailed information on their PV/T module. The PV/T
module consisted of a modular heat sink, connecting in a parallel-serial manner, and a 310 W
PV module with a 1.67 m? surface area. Each heat sink consists of two aluminum sheets of
different thicknesses, 0.5 mm, and 0.2 mm, respectively, and two U-tubes through which the
cooling medium flows. The yearly net electrical and thermal energy generation of the PV/T
module is 269.34 kWh and 339.48 kWh, respectively. The PV/T module with detailed
information will be called PV/T—A in the rest of the dissertation. A summary of the market

analysis with yearly energy yields and power outputs is given in Table 10-2.
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Table 10-2. A summary of the market analysis

PV/T mOdu|es Pannual (kWh/y) Qannual (kWh/y) Pmax (W) Qmax (kW) COSt (€)

Designed PV/T 379.01 951.11 325 1.52 576
PVIT-A 269.34 339.48 310 - 650
PVI/T-B - - 300 1.04 852
PVIT-C - - 330 0.91 -

In Table 10-2, Pannua @and Qannua are the yearly electrical and thermal energy production in

kWh, respectively. Qmax Stands for the maximum thermal power output of PV/T modules.

The PVT-B was designed using an aluminum roll-bond heat exchanger with an area of 1.86
m?. The working fluid capacity of the PV/T module was 1.2 L. The manufacturer provided
information regarding the thermal power output obtained. The maximum thermal power output
of 1.04 kKW was observed under 1,000 W/m2. However, no information was available on the

ambient temperature, wind speed, and tilt angle of the PV/T module.

The PV/T-C was designed using copper pipes as a thermal absorber and wool insulation with
35 mm thickness on the rear side of the PV/T module. The total area of the PV/T module was
1.62 m2, The maximum thermal power output of the PV/T module was 0.91 kW. However, the

manufacturer did not provide any information regarding the test conditions.

The designed PV/T in this dissertation achieved a maximum thermal power output of 1.52 kW
when the volumetric flow rate was 6.02 L/min, and inlet and outlet temperatures were 25.6 °C
and 29.2 °C under 942 W/m? with the ambient temperature of 28.3 °C.

Based on the limited data available in the PV/T market, the designed PV/T module was
compared to PV/T-A.

Levelized cost of energy (LEC)

The designed PV/T module and PV/T-A were compared in terms of their levelized energy cost
of electrical and thermal energy on an assumed 25-year system lifetime in this section. The
lifetime of PV modules is generally estimated based on manufacturer warranty guarantees.
The warranty often guarantees at least 80% power output after 25 years of operation [82]. In
the literature, the research conducted on the life cycle and economic analysis of PV systems
assumed a 25-year lifetime [83, 84, 85]. A yearly degradation [86] in electrical energy
production analysis was conducted for the designed PV/T module and PV/T-A to analyze the
25-year system lifetime energy analysis. The analysis results for the designed PV/T are given
in Table 10-3.
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Table 10-3. The yearly degradation in energy production analysis for designed PV/T

Year Degradation (%) P (kWh) Q (kWh) | Year Degradation (%) P (kWh) Q (kWh)
1 3.00 379.01  951.11 14 0.71 335.12 951.11
2 0.71 367.64  951.11 15 0.71 332.74  951.11
3 0.71 365.03  951.11 16 0.71 330.37 951.11
4 0.71 362.44  951.11 17 0.71 328.03 951.11
5 0.71 359.86  951.11 18 0.71 325.70 951.11
6 0.71 357.31  951.11 19 0.71 323.39 951.11
7 0.71 354.77  951.11 20 0.71 321.09 951.11
8 0.71 352.25  951.11 21 0.71 318.81 951.11
9 0.71 349.75  951.11 22 0.71 316.55 951.11
10 0.71 347.27  951.11 23 0.71 314.30 951.11
11 0.71 34480 951.11 24 0.71 312.07 951.11
12 0.71 342.36  951.11 25 0.71 335.12 951.11
13 0.71 339.92 951.11

The total electrical and thermal energy generation of the designed PV/T module was 8.52
MWh and 23.78 MWh, respectively, over a 25-year lifetime. The total electrical and thermal
energy generation of the PV/T—A was 6.05 MWh and 8.49 MWh, respectively, over a 25-year
lifetime. The 25-year lifetime energy analysis estimation showed that the proposed PV/T
module produces 1.41 times and 2.80 times more electrical and thermal energy than PV/T-A.

The energy results of the PV/T modules over a 25-year lifetime are shown in Figure 10-1.

Electrical and thermal energy comparison over a 25-year lifetime
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Figure 10-1. The energy results of the PV/T modules over a 25-year lifetime

The electrical and thermal energy generation analysis of a 25-year lifetime led to the
calculation of the LEC for the PV/T modules. The PV/T module system costs comprised capital
costs and annual incurring running costs. The annual incurring running costs were assumed

to be only operation and maintenance (OM) costs. In solar PV/T systems, the annual and
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recurring costs are almost negligible as the input fuel is sunlight. Therefore, the OM costs were
assumed to be 1% of the capital cost of each system [87]. As the PV/T-A has a similar
construction to the designed PV/T module, the installation costs of the systems were assumed
to be equal to 425 € [81], including pump, piping, and electrical installation. The capital and
OM costs of the PV/T modules are given in Table 10-4.

Table 10-4. The capital costs and OM costs of the PV/T modules

PVIT modules Capital costs (€) OM costs (€)
Designed PVIT 1,001 10.01
PVIT-A 1,075 10.75

The LEC is calculated using Eq. 51.

NPV,

LEC = )
YY1 (Er/(1 4 1))

(51

where NPV, is the net present value that represents the system's total cost over its lifetime.
The subscript Y stands for the years. The NPV, comprises the sum of the capital cost K, and

the present value of the annualized costs of OMs, K,,. The NPV, can be calculated by

applying Eq. 52.

Y
Koy (1 + )Y 1
Y=1

In Eq. 51, E indicates either the annual electrical or thermal energy or the sum of the electrical
and thermal energy. The E; was assumed as the sum of electrical and thermal energy
generation for all PV/T systems. r is the discount rate for renewable energy systems. The
predominant practice applies a priori fixed 5% discount rate, r [88]. However, the study
indicated that the discount rate can be reduced to 4.39% due to long-term planning horizons
for energy policies. Therefore, in Eq. 51, the discount rate was assumed to be 4.39%. In Eq.
52, i stands for the inflation rate, which was taken as the average of the last 13 years between
2010 and 2023. The value of the inflation rate was found to be 3.26% [89]. The data provided
in Table 10-4 were applied in Egs. 51 and 52. The LEC values calculated for PV/T modules

are presented in Table 10-5.

Table 10-5. LEC values of PV/T modules

PVIT modules LEC (€/kWh)
Designed PV/T 0.0624
PVIT-A 0.1485

The LEC analysis showed that the designed PV/T module can produce 2.38 times cheaper
per kWh energy than the PV/T-A.
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10.3 Case study system definition

In this section, a case study on domestic hot water (DHW) demand coverage analysis of a
single-family house using the designed PV/T module was conducted. The designed DHW
system was compared to a conventional combined condensing gas boiler system. Ratajczak
et al. [90] investigated the annual gas and water consumption for three single-family houses
between 2016 and 2019 to estimate the monthly gas consumption for DHW. In this case study,
the B3 single-family house, which had an area of 100 m? and was occupied by three people,
was chosen. The list of domestic hot water intake points was as follows: kitchen sink, two
sinks, two toilet bowls, bath, shower, dishwasher, and washing machine. According to the
analysis, the monthly gas consumption and the final energy per year were 23.66 m® and 2,437
kWh, respectively. The calorific value of the natural gas was taken as 31 MJ/m?® [91]. The
useful energy for the DHW was calculated by multiplying the final energy required with the
efficiency of the heat source, such as the combined condensing gas boiler. According to the
methodology applied in Poland [92], a 90% efficiency of the gas boiler was assumed for a
heating installation and a 60% efficiency for the DHW preparation. The usable energy for
DHW, Qpuw yearty, Was found to be 1,462 kWhly.

The water consumption per person was calculated using Eq. 53 [90].

Vouw Ny (Tpuw — Te)pcwDmcr
QDHW,monthly = L 3600 Rl (53)

where Qpuw montniy 1S the monthly usable energy for DHW with a unit of kWh/month. Vpyy,
indicates the daily demand for DHW related to the number of people, N,, with a unit of
dm3 /person/day. Tpyy and T, are the designated temperature of DHW in the tap, 55 °C, and
the temperature before heating, 10 °C, respectively. D,,, and ci are the number of days in the
month and the correction factor for the assumption of the time of presence of occupants. The
value for c; was taken as 0.9, indicating that the residents are present 90% of the time [93].
When the parameters were applied in Eq. 53, the daily water consumption per person was
found to be 28.3 dm?/person/day. The domestic hot water demand of the single-family house
studied was 76.50 L/day, at an initial temperature of 10 °C to be heated to 55 °C.

In this case study, an external auxiliary heater was used to increase the water temperature to
the required temperature for the designed system with the PV/T module. Auxiliary heating can
be provided in different ways, such as heat pumps, biomass boilers, electric resistance
heaters, and gas/coal boilers. An electric resistance heater has been considered in this

analysis due to its inexpensive cost and ability to convert electrical energy into thermal energy
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with an efficiency of 100%. Two different cases were considered for comparison in this study
as follows:

¢ the domestic hot water system designed with the proposed PV/T module;

o the conventional gas boiler and power system.

The system components for the PV/T-based energy systems are listed in Table 10-6. The cost
data of the components to construct the systems were taken from the retailers in the EU during
2022-2023.

Table 10-6. Cost of the electrical and hydraulic components of PV/T systems

Component Range (€/unit) Source
Designed PV/T module 576 [81]
Inverter and solar controller 150-350 [94, 95]
Cables and mounting brackets 10-20 [96, 97]
Circulation pump 70-120 [97, 98]
Tank integrated with auxiliary heater 250-350 [97, 99]
Pipes 50-100 [97]
Expansion vessel 20-50 [99, 100]
Installation cost 80-100 [81]

The objective of sizing the PV/T system was first to cover the demand by thermal energy and
utilize the electrical energy generated. An electric resistance heater was considered immersed
in a buffer tank to meet the required temperature during the seasons where there is insufficient
thermal energy. The optimal number of PV/T modules was found to be two. The system cost
breakdown for PV/T-based DHW is shown in Figure 10-2.

DHW system designed with proposed PV/T module

1.5%_ 3.2%

PV/Ts - €1,152
u Inverter - € 250
m Cables and mounting brackets - € 30
e Installation - € 200
Pump and pipes - € 225
m Tank and auxiliary heater - € 350
m Expansion vessel - € 35

= Propylene glycol - € 75

Figure 10-2. The cost breakdown of the DHW system designed with PV/T modules

The capital cost of the DHW system designed with the proposed PV/T module was € 2,317.
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10.3.1 DHW system developed in TRNSYS

The design of the solar domestic hot water (SDHW) system was started by identifying the
DHW profile. DHWcalc [101] tool for the generation of DHW profiles on a statistical basis was
used. The daily DHW profile generated using the software is shown in Figure 10-3.

Daily DHW profile
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Figure 10-3. The daily DHW profile

In TRNSYS software, Type 14b was used to develop the water draw-off profile for the
simulation. In order to prepare the DHW loop, the Type 11f — flow diverter, Type 11h — flow
mixer, and Type 31 — pipe components were used and connected. In the flow diverter, the
setpoint temperature was set up to be 55 °C as the designated temperature. The first inlet of
the flow diverter was connected to the inlet-1 of the Type 156 — DHW tank (300 L). The outlet-
1 of the DHW tank and the flow diverter outlet were connected to the flow mixer to meet the
required temperature and deliver to the load. The graphical representation of the DHW system

loop is shown in Figure 10-4.
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Figure 10-4. The DHW preparation loop
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The PV/T loop of the DHW system consisted of the Type 15-3 — weather component, two
Type 50 — PV/T modules, a Type 110 — variable-speed pump, a Type 165 — differential
controller with hysteresis, and the DHW tank. The initial water temperature in the DHW tank
was assumed to be 20 °C. The differential controller with hysteresis was used to control the
cooling of the PV/T module based on the temperature in the DHW tank and the outlet
temperature of the PV/T module. The water-glycol mixture, whose properties are given in
Table 6-2, was used as a working fluid. The mixture was circulated through the immersed heat
exchanger of the DHW tank and the PV/T modules. A constant flow rate of 60 L/h was set

throughout the year. The system developed in TRNSYS software is shown in Figure 10-5.
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Figure 10-5. The PVIT loop developed in TRNSYS

The auxiliary heating loop of the DHW system comprised a Type 110 — variable-speed pump,
a Type 138 — auxiliary fluid heater, a Type 106 — simple aquastat (heating mode), a Type 14
— time-dependent forcing function, and the DHW tank. A constant flow of 80 L/h was set for
water circulation from the DHW tank to the auxiliary heater. The outlet-2 of the DHW tank was
connected to the pump for circulating through the heater. The auxiliary heater was connected
to the inlet-2 of the DHW tank. The efficiency of the auxiliary heater was set to 100% as it was
assumed to be an electric heater. The monitoring temperature in the simple aquastat was set
to be the temperature reading from the thermostat of the DHW tank. The heating setpoint was
60 °C with a deadband temperature of 5 °C. The time-dependent forcing function was used to
generate a control signal to turn on the auxiliary heater before the DHW demand occurred.

The control signal produced by the simple aquastat and time-dependent forcing function was
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delivered to an equation to generate the final control signal for the pump and the auxiliary

heater. The auxiliary heating loop of the DHW system is shown in Figure 10-6.
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Figure 10-6. The auxiliary heating loop of the DHW system

Developing and preparing the DHW loop, PV/T loop, and auxiliary heating loop led to finalizing
the complete DHW system setup. The complete DHW system prepared in TRSNSY'S software

is shown in Figure 10-7.
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Figure 10-7. The complete DHW system

A yearly energy analysis of the DHW system based on the designed PV/T module was
simulated. The monthly DHW demand coverage, thermal and electrical energy generated by
the PV/T modules, power consumption of the pumps, electrical energy consumption of the
auxiliary heater, and thermal energy provided by the auxiliary heater were monitored during

the simulation.
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The monthly thermal energy generated by two PV/T modules, DHW demand, and coverage
of the DHW demand are shown in Figure 10-8.

Monthly DHW demand, thermal energy generated by PV/Ts and coverage
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Figure 10-8. The monthly thermal energy generation of the PV/Ts and coverage of the
DHW demand

In Figure 10-8, Qpv/rs represents the monthly total thermal energy generated by the PV/T
modules. The analysis showed that the thermal energy generated by two PV/T modules was
able to cover 61.4% of the DHW demand yearly. The maximum coverage occurred in July,
with 98.73%. In July, the DHW demand was 124.78 kWh, and the thermal energy generated
by the PV/T modules was 123.20 kWh. The average coverage was 94.73% during the summer
months. The lowest coverage occurred in December, with 12.97%. In December, the DHW
demand was 122.89 kWh, and the thermal energy generated by the PV/T modules was 15.94
kWh. The average DHW coverage was 21.12% during the winter months. In the Autumn
months, the average DHW coverage was 54.56%, whereas in the Spring months, the average
DHW coverage was 75.21%.

The total thermal energy generated by the PV/T modules was 902.6 kWh/y, whereas the DHW
demand was 1462.7 kWhly, as defined in section 10.3. The auxiliary heater covered the
remaining DHW demand, 560.1 kWh/y. As the auxiliary heater was chosen to be electrical
resistance, the energy consumption of the auxiliary heater was covered by the electrical
energy generated by the PV/T modules.

The total monthly electrical energy generated by the PV/T modules, the total power
consumption of the pumps, and the electricity consumption of the auxiliary heater are given in
Table 10-7.
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Table 10-7. The monthly electrical energy generation and consumption

Months Pevr (KWH)  Ppump (KWh) Paux (KWh) Pret (KWh)
January 26.31 3.35 101.15 -78.19
February 37.59 3.86 74.75 -41.02

March 61.24 5.69 60.72 -5.17
April 86.72 6.22 19.70 60.80
May 96.68 6.38 11.63 78.66
June 96.32 6.34 7.21 82.77
July 103.79 6.04 1.58 96.17

August 93.08 5.37 10.71 77.00

September 71.27 6.62 21.28 43.37
October 51.63 5.86 55.52 -9.76

November 27.73 3.87 88.87 -65.02

December 19.76 2.94 106.94 -90.12

In Table 10-7, the Paux and Pre: are the electrical energy consumption of the auxiliary heater
and net electrical energy balance for the DHW system. The yearly total electrical energy
generated was 772.10 kWh, and the total energy consumption of the pumps was 62.54 kwh.
The yearly electrical energy consumption of the auxiliary heater was 560.07 kWh. The thermal
and electrical energy generated by the PV/T modules during January, February, March,
October, November, and December were insufficient to cover the DHW demand. The total
required electrical energy during those months was 289.29 kWh. The excess electricity
produced during the rest of the months, 438.78 kWh, was utilized to cover the DHW demand.

According to regulations implied in Poland, the net-billing system came into force by the 1% of
April 2022 [102]. The current net-billing system states that the excess electrical energy
produced is sold at wholesale price and is repurchased at retail price when the electricity
demand occurs [103]. The 368.70 kWh of electrical energy needed to be sold at wholesale

price and repurchased at retail price when the demand occurred to cover 289.29 kwh [104].

The utilization of 368.70 kWh to cover the electrical energy consumption of the auxiliary
heating led to yearly net excess electricity of 70.08 kwh.

The accuracy of the simulation was checked by analyzing the energy balance as suggested
by the TRNSYS manual. The manual states that the total energy balance error should be
under 2%. The monthly total thermal gains and losses in the system were analyzed. The

monthly total thermal gains are calculated using Eg. 54.
Qmonthly_gains = QPV/T + qump + Qaux (54)

In EQ. 54, Qmonthiy_gains IS the total monthly thermal gains in the system. Qpy /7, Qpump and

Quux are the thermal energy gains from PV/T modules, heat transferred to the fluid by the
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pump operation (due to motor inefficiency), and thermal energy generated by the auxiliary

heater. The thermal losses in the DHW system are calculated using Eq. 55.

Qmonthly_losses = QDHW + qump_loss + Qpipe (55)

In EQ. 55, Qmonthiy tosses Stands for the monthly thermal losses from the DHW system. Qppy,
Qpump_toss @aNd Qpipe are the thermal energy losses of the pumps and pipes to the environment.

The difference between the monthly gains and losses, Q.n.c«, iS calculated using Eq. 56.

Qcheck = Qmonthly_gains - Qmonthly_losses (56)

The monthly energy balance is calculated based on Eq. 57.

Qcheck
E, = x100 (57)
b (Qmonthly_gains + Qmonthly_losses)/2

In Eq. 57, E, is the monthly energy balance error in percentages. A summary of the monthly

energy balance is given in Table 10-8.

Table 10-8. The monthly energy balance of the DHW system

Months Qmonthly_gains (kJ) Qmonthly_losses (kJ) Qcheck (kJ) Eb (%)
January 455,213.8 455,296.3 -82.5 -0.02%
February 414,475.9 414,179.0 296.9 0.07%
March 454,663.9 454,656.2 7.7 0.00%
April 443,422.5 443,841.8 -419.3 -0.09%
May 460,132.2 460,839.6 -707.4 -0.15%
June 435,440.0 436,301.1 -861.2 -0.20%
July 456,400.5 457,527.6 -1127.2 -0.25%
August 420,308.6 421,362.9 -1054.3 -0.25%
September 445,417.9 445,705.9 -287.9 -0.06%
October 449,247.5 449,208.5 39.0 0.01%
November 423,409.6 422,983.2 426.4 0.10%
December 439,092.6 438,382.7 709.9 0.16%

The total energy balance error of the DHW system simulation was -0.68%. The calculated
value was under 2% as 2% is the maximum value for energy balance error for an accurate

simulation indicated by the software manual.

10.3.2 Payback period analysis

A payback period analysis was performed to determine the time to recover the investment
cost. The designed DHW system with PV/T modules to cover DHW and electrical energy

demands allows for savings in gas and electricity bills compared to the conventional gas boiler.

In order to compare the results of the DHW system based on the designed PV/T module to

the existing energy systems, a conventional combined condensing gas boiler was chosen to
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be studied. The cost of the gas boiler, installation cost, yearly gas and electricity consumption
cost of the gas boiler, and annual OM costs of the system were considered. The cost

breakdown of the conventional gas boiler system is shown in Figure 10-9.

Cost breakdown of the conventional gas boiler system

4.4%
5.4%

Cost of gas boiler - € 958 [105]
m Installation cost - € 170 [81]

Cost of fuel - € 235 [106]

Cost of electricity - € 66 [103]

Annual OM cost - € 81 [107]

15.6%

63.4%

Figure 10-9. The cost breakdown of the conventional gas boiler system for DHW

In section 10.3, the yearly gas consumption of the building was given as 283 m3. The capital
cost of the conventional gas boiler system was 1,128 €, along with annual gas, electricity, and

OM costs (annual maintenance and gas line inspection) of 234.88 €, 66.16 €, and 81 €.

The total yearly savings from the bills were calculated as 382.05 €, including gas and
electricity. In addition to the savings from the bills, the yearly excess electricity generated by
the PV/T modules, 70.08 kWh, was also considered to be sold at wholesale price and added
to the savings, 9.73 €. A summary of the total costs of the systems, OM costs, and bill savings
is given in Table 10-9.

Table 10-9. The summary of costs and bill savings

PVIT modules Capital costs (€) OM costs (€) Yearly savings (€)
Proposed PV/T module 2,317 23.17 368.60
Conventional gas boiler system 1,128 81.00 -

The yearly savings for the system were calculated by summing up the total bill savings (382.05
€) and excess electricity (9.73 €) produced by the PV/T modules and subtracting the OM costs
(23.17 €) from the total savings.

Based on Table 10-9, the 25 years of operation costs were estimated for each system. The
total cost of 25 years of operation was 2,653.07 € and 10,679.13 € for the DHW system with
proposed PV/T modules and the gas boiler. The cost analysis showed that the designed DHW
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system with the proposed PV/T module was four times cheaper than the conventional gas

boiler system.

A payback period analysis was performed, and the result is shown in Figure 10-10.

Payback period of the DHW system with the designed PV/T module
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Figure 10-10. The payback period of the PV/T system

The results showed that the payback period of the system designed with the proposed PV/T
module was 6.3 years. The yearly savings from the bills were assumed to stay stable over the

course of the years.

The levelized cost of heat (LCOH) and levelized cost of electricity were calculated for the

system based on Egs. 51 and 52, and the results are given in Table 10-10.

Table 10-10. The levelized cost of heat and electricity

PV/T modules LCOH (€/kWh) LCOE (€/kWh) LEC (€/kWh)
Proposed PV/T module 0.21 0.27 0.12

The LCOH, LCOE, and LEC were obtained by taking into account the total capital costs and
annual incurring costs of the PV/T system without splitting the costs between electrical and

hydraulic components.

The analysis showed that the cost of the thermal energy generated per kwh was 0.21 €, and
the cost of the electrical energy generated per kWh was 0.27 €. In contrast, the cost of

combined energy generated (electrical and thermal energy combined) per kWh was 0.12 €.
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10.4 Summary

In this chapter, an economic analysis of the designed PV/T module was conducted. The unit

cost of the designed PV/T module was calculated and found to be 576 €.

A levelized energy cost analysis was conducted for over a 25-year lifetime. The total electrical
and thermal energy generation of the designed PV/T module was 8.52 MWh and 23.78 MWh,
respectively, over a 25-year lifetime. The total electrical and thermal energy generation of the
PVIT-A was 6.05 MWh and 8.49 MWh, respectively, over a 25-year lifetime. The 25-year
lifetime energy analysis estimation showed that the proposed PV/T module produces 1.41
times and 2.80 times more electrical and thermal energy than PV/T—A. When the maximum
thermal output of the designed PV/T module is compared to PV/T modules available in the
Polish market, the designed PV/T modules produce 1.46 times and 1.67 times more thermal
energy than the PV/T — B and PV/T — C.

A case study on domestic hot water (DHW) demand coverage analysis of a single-family
house using the designed PV/T module and the conventional gas boiler was conducted. The
25 years of operation costs were estimated for each system. The total cost of 25 years of
operation was 2,653.07 € and 10,679.13 € for the DHW system with proposed PV/T modules
and the gas boiler. The cost analysis showed that the designed DHW system with the

proposed PV/T module was four times cheaper than the conventional gas boiler system.

A payback period analysis was conducted for the PV/T module-based DHW system. The
results showed that the payback period of the system designed with the proposed PV/T

modules was 6.3 years.

The LCOH and LCOE analyses were performed for the case study to investigate the energy
costs. The thermal energy cost per kWh was 0.21 €, and the electrical energy cost per kWh
was 0.27 €, whereas the levelized energy cost (combined electricity and thermal energy) per
kWh was 0.12 €.
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Chapter 11 - Conclusions

In the last decades, hybrid energy generation has drawn greater attention due to its
advantages compared to ST and PV systems. The PV/T systems brought an innovative
approach to utilizing solar energy by generating electrical and thermal energy simultaneously
from a single PV module. The development of the PV/T system continuously advances as
PVIT systems are one of the key components of sustainable energy goals, reducing the
environmental impact of energy generation and encouraging the responsible management of

energy resources.

The aim of this dissertation was to invent a highly efficient, easy-to-produce, and compact
cooling system for PV modules. The comprehensively studied effects of temperature on power
output and efficiency of PV modules and the extensive literature review led to the design of a
novel cooling system. The energy performance of the designed PV/T module was investigated
in laboratory and outdoor environments. The economic viability study was conducted for the

designed PV/T system.

This doctoral thesis hypothesized that the designed cooling system for photovoltaic modules
needs to maintain the maximum electrical conversion efficiency while achieving thermal
efficiency higher than 90%. The outdoor experiments showed that the designed system can
achieve a maximum thermal efficiency of 98.03+£1.57%, far exceeding the initial expectations.
The superior thermal management allowed for maintaining the maximum electrical conversion
efficiency of 19.12+1.14%. The use of working fluid as water makes the system preferable due
to its availability, non-toxic characteristics, environmentally friendly behavior, high specific
heat capacity, and thermal stability. The achieved results present significant improvements in

energy conversion and utilization.

The designed system can contribute substantially by simultaneously providing electrical and
thermal energy to de-carbonization and green energy transition for commercial and residential
buildings where available space is scarce. The previous studies and PV/T modules available
on the market showed that substantial improvement was needed in the efficiency of the PV/T
modules to make the technology cost-competitive and easily adaptable. The achieved results
not only exceed the established benchmarks but also endeavor a promising path for more
effective energy solutions. The techno-economic analysis results showed that the designed
PVI/T module is able to produce more energy than PV/T modules available in the Polish
market. In addition to energy comparison, the cost analysis concluded that the proposed PV/T
module is a cost-effective solution. The case study based on DHW demand coverage shows

the scalability, adaptability, effectiveness, and compactness of the designed PV/T module.
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Summary of the dissertation findings

The adverse effects of the temperature on PV modules were investigated delicately to
understand the thermal behavior of the PV modules. A numerical thermal model of the PV
module was developed and validated using various approaches. A critical review of relevant
research work on PV/T systems was conducted and provided an in-depth understanding of
the various proposed systems in the literature. The performance of the various PV/T systems
was reviewed to determine and highlight key points in designing a cooling system for PV
modules. The state-of-the-art PV/T systems, such as air-based, water-based, heat pipe
integrated, TEG combined, PCM-based, and nanofluid-based PV/T systems, were reviewed,

and the advantages of each system were highlighted.

Based on the critical literature review and the thermal behavior of the PV modules, a design
guideline for PV/T systems was prepared. During the design process, the following
considerations were taken: selection of cooling method, geometry and heat transfer of the
design, material selection, coolant selection, thermal efficiency, and cooling effect of the
design. While designing the cooling system, the prepared guideline was taken into account,
and each step was detailed. The initial design was created, and a numerical study was
conducted. Based on the numerical study results of the initial design, improvements were
made to enhance the effectiveness of the cooling system. The final design of the cooling

system was manufactured for the laboratory and outdoor experiments.

The designed PV/T module was first tested in the laboratory. The thermal efficiency and heat
transfer characteristics under various conditions were investigated. Maximum thermal
efficiency of 96.47+1.40% was achieved during the experiments with the inlet mass flow rate
of 0.0458 kg/s and inlet temperature of 11.90 °C under 592.89 W/m?2. The boundary conditions
applied to the final design of the cooling system were applied to the previous design to
compare performance. The previous design was able to reach up to 89.13% thermal

efficiency. The final PV/T design showed 8.24% improved thermal efficiency.

The outdoor experiments were conducted for two months, in September and October, to
analyze the performance of the designed PV/T module. The maximum cooling of the PV
module was observed on the 12" of September, 2023, where the back surface temperatures
of cooled and non-cooled PV modules were 16.56 °C and 70.98 °C, respectively. The
maximum thermal efficiency of 98.03+1.57% achieved during the day was the highest thermal
efficiency observed during the experiment period of two months. During the day, achieved
thermal efficiency surpassed the projected 90% thermal efficiency target and maintained the
maximum electrical conversion efficiency. The electrical conversion efficiency of the PV

module was 19.12+1.14%. The implemented cooling system allowed for generating 38.86%
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more electrical energy at the end of the test day. The measurement results showed that in
September, the total electrical energy generated by the PV/T module and stand-alone PV
module were 24.21 kWh/month and 20.11 kWh/month, respectively. The average
improvement in electrical energy generation was 20.40% compared to the stand-alone PV
module. The monthly available solar energy was 83.98 kWh/m?/month, the thermal energy
generated was 46.13 kWh/m?, and the electrical energy generated by the PV/T module was
14.25 kWh/m? (AC). The PV/T module was able to convert 54.93% and 18.85% of the
available solar energy into thermal and electrical energy (DC), respectively. The non-cooled
PV module converted 15.65% of the available solar energy into electrical energy (DC). In
October, The total electrical energy generated by the PV/T module and non-cooled PV module
were 27.01 kWh/month and 24.83 kWh/month, respectively. The overall electrical energy
generation was enhanced by 8.78% compared to the non-cooled PV module. The monthly
available solar energy was 92.61 kWh/m?, the thermal energy generation was 34.82 kWh/m?,
and the electrical energy generation of the PV/T module was 15.89 kWh/m? (AC). The PV/T
module was able to convert 37.60% and 19.07% of the available solar energy into thermal and
electrical energy (DC), respectively. The non-cooled PV module converted 17.53% (DC) of
the available solar energy into electrical energy. Yearly energy analysis was conducted on a
validated numerical model. The yearly electrical and thermal energy generated by the
designed PV/T module was 418.31 kWh (AC) and 951.11 kWh, respectively. The yearly power
consumption of the pump was 39.30 kWhly, leading to a net electricity production of 379.01
kwhl/y for the PV/T module.

The effectiveness of the designed PV/T system was analyzed by conducting a comparative
study of existing literature with the proposed PV/T design. The comparative framework was
employed to highlight the key performance metrics. The comparative analysis encompassed
the electrical energy conversion efficiency and thermal efficiency. The designed PV/T system
was compared to ten different state-of-the-art PV/T systems proposed in the literature. The
comprehensive comparative analysis results showed that the proposed PV/T system exhibits
better performance compared to the proposed solutions in the literature. Most of the research
conducted focused either on the shape of the pipes in the cooling design of the PV/T system
or on the improvement of the thermal properties of the working fluid. The conventional PV/T
system designs were modified by changing the shape of the pipes or adding PCM materials
to regulate the temperature. The investigations on increasing the efficiency of PV/T systems
also targeted the working fluid by adding nanomaterials to enhance thermal conductivity and
heat-carrying capacity. The main drawbacks of the proposed solutions were the complex
nature of designs, lack of economic analysis, low electrical and thermal efficiencies, and not

utilizing the available heat transfer area effectively. The thermal efficiency of the state-of-the-
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art water-based active cooling PV/T systems proposed in the literature ranged between 40%
and 85%, whereas the electrical efficiency of the systems varied between 7% and 16%. The
designed PV/T system achieved 19.12+1.14% electrical efficiency and 98.03+£1.57% thermal

efficiency in this dissertation, exceeding its rivals.

An economic analysis of the proposed PV/T module was conducted. The unit cost of the
designed PV/T module was calculated and found to be 576 €. A levelized energy cost analysis
was conducted for over a 25-year lifetime. The total electrical and thermal energy generation
of the designed PV/T module was 8.52 MWh and 23.78 MWh, respectively, over a 25-year
lifetime. The total electrical and thermal energy generation of the PV/T-A was 6.05 MWh and
8.49 MWh, respectively, over a 25-year lifetime. The 25-year lifetime energy analysis
estimation showed that the proposed PV/T module produces 1.41 times and 2.80 times more
electrical and thermal energy than PV/T-A. When the maximum thermal output of the
designed PV/T module is compared to PV/T modules available in the Polish market, the
designed PV/T modules produce 1.46 times and 1.67 times more thermal energy than the
PVIT —B and PV/T — C. A case study on domestic hot water (DHW) demand coverage analysis
of a single-family house using the designed PV/T module and the conventional gas boiler was
conducted. The 25 years of operation costs were estimated for each system. The total cost of
25 years of operation was 2,653.07 € and 10,679.13 € for the DHW system with proposed
PV/T modules and the gas boiler. The cost analysis showed that the designed DHW system
with the proposed PV/T module was four times cheaper than the conventional gas boiler
system. A payback period analysis was conducted for the PV/T module-based DHW system.
The results showed that the payback period of the system designed with the proposed PV/T
modules was 6.3 years. The LCOH and LCOE analyses were performed for the case study to
investigate the energy costs. The thermal energy cost per kWh was 0.21 €, and the electrical
energy cost per kWh was 0.27 €, whereas the levelized energy cost (combined electricity and

thermal energy) per kWh was 0.12 €.
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Appendices
Appendix A

This part provides the technical drawings of the designed cooling system. The technical
drawings of the cooling system comprise six parts: top part, left part, right part, inlet part, outlet
part, and bottom part.

The general views of each part are provided in Appendix A. Fully detailed technical drawings

of each part were provided during the manufacturing process of the cooling system.

A.1 Top part

PART NO 1 — TOP PART

TOP VIEW

Figure A. 1. Top part

139



A.2 Left part
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A.4 Inlet part
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A.6 Bottom part
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Appendix B

B.1 Test results — 15/09/2023 and 16/09/2023
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Figure B. 1. Test results obtained on 15/09/2023 (left) and 16/09/2023 (right)

B.2 Test results — 17/09/2023 and 18/09/2023
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Figure B. 2. Test results obtained on 17/09/2023 (left) and 18/09/2023 (right)
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B.3 Test results — 20/09/2023 and 21/09/2023
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Figure B. 3. Test results obtained on 20/09/2023 (left) and 21/09/2023 (right)
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B.4 Test results — 22/09/2023 and 02/10/2023
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Figure B. 4. Test results obtained on 22/09/2023 (left) and 02/10/2023 (right)
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B.5 Test results — 27/09/2023 and 28/09/2023
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B.6 Test results — 03/10/2023 and 04/10/2023
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Figure B. 6. Test results obtained on 03/10/2023 (left) and 04/10/2023 (right)

B.7 Test results — 05/10/2023 and 06/10/2023
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Figure B. 7. Test results obtained on 05/10/2023 (left) and 06/10/2023 (right)
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B.8 Test results — 07/10/2023 and 11/10/2023
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Figure B. 8. Test results obtained on 07/10/2023 (left) and 11/10/2023 (right)

B.9 Test results — 12/10/2023 and 13/10/2023
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Figure B. 9. Test results obtained on 12/10/2023 (left) and 13/10/2023 (right)
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B.10 Test results — 19/10/2023 and 20/10/2023
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Figure B. 10. Test results obtained on 19/10/2023 (left) and 20/10/2023 (right)

B.11 Test results — 21/10/2023 and 24/10/2023
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Figure B. 11. Test results obtained on 21/10/2023 (left) and 24/10/2023 (right)
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B.12 Test results — 28/10/2023 and 29/10/2023

Weather data - 28/10/2023 Weather data - 29/10/2023
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Figure B. 12. Test results obtained on 28/10/2023 (left) and 29/10/2023 (right)
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