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Abbreviations and definitions

English letters
Am

Aun

Ax

b

C1

Effective module surface area (m?)

Area of thermal collector

surface x, where x is a positive integer

Economic life of the system (years)

A constant = 27hSe? = 3.74177 x 108 W um#/m?

A constant = hSo/k = 1.43878 x 10* pm K
Conductance of the bond between the fin and copper circular pipes
Total cost ($)

Specific heat capacity of water (k] /kg °C)
Characteristic linear dimension in m

The thickness of the pottant

External diameter of the pipes

Internal diameter of the pipes

Band-gap energy

Electrical energy generated by cell, per unit area
Thermal energy generated by cell, per unit area
Transfer of thermal energy, per unit area, from the cell to the thermal
plate

Solar cell energy losses per unit area

DC electrical power (W)

Energy, per unit area from glass to solar cell
Energy per unit area due to insolation incident between the cells to
pottant

Net energy per unit area from the glass to ambient
Electric valve n, where n is an integer

Photo energy

Useful thermal power gain (W)

Electrical exergy in (kWh)

Thermal exergy in (kWh)

Net exergy output of PVT system in (kWh)

Annual exergy from the system in year t in (kWh)
frequency

Efficiency factor

View factor of surface 2 from 1

Collector efficiency factor

Fill factor

Heat removal factor

In-plane irradiance in (W/m?)

Plank’s constant

Convection heat transfer coefficient

Heat-transfer coefficient of the fluid

Radiation heat transfer coefficient

Convective heat transfer coefficient from glass to ambient.
Radiation heat transfer coefficient from cell to glass
Wind heat transfer coefficient (W/m2 °C)



Reverse bias (or dark) saturation current
The installed cost ($) of battery in year t
Diode or dark current

Current at MPP

Photocurrent

Short circuit current

Total investment expenditure in year t

The installed cost ($) of inverter in year t
Radiosity

Thermal conductivity

Boltzmann constant (given as 1.602x101°]J/V)
Back insulation conductivity

Thermal conductivity of the fluid in W/m K
Cover glass thermal conductivity
Coefficient of thermal conductivity of the pottant
Absorber thermal conductivity
Representative dimension

Back insulation thickness

Edge insulation thickness

Cover glass thickness

Financial loan cost in year t

Absorber thickness

Levelized Cost of Energy

Levelized Cost of Exergy

Mean mass flow rate

Mass flowrate of water

Operation and maintenance cost ($)
Number of glass covers

Ideality factor ranging from 1(ideal) to 2
Convection heat transfer coefficient

Net present value

Power

Parking factor of the cell

Total emissive power of blackbody

Total emissive power from blackbody x, where x is a positive integer
Real surface emissive power
Monochromatic emissive power

Prandtl number

Maximum power point

Present value of the cash flow ($)

Present value of the exergy (W)

Electron charge (1.381x1023]/K)

Net radiation exchange between surfaces 1 and 2
Useful thermal energy

Discount rate (%)

The refraction index of the medium
Collector perimeter

Reynolds number



Series resistor
Shunt resistor

Speed of light (So = 300,000 km/s in a vacuum)
Total support and incentives in year t ($)

Time in years

Absolute temperature

Water inlet temperature in °C

PVT cells back temperature in °C
Water output temperature in °C
PV cells back temperature in °C
Reservoir water temperature in °C
Ambient temperature in °C
Minimum ambient temperature
Mean temperature for cell

Mean temperature for glass
Absorber plate surface temperature
Average plate temperature
Reference temperature in °C

Total tax paid in year t ($)

Sky temperature

Back loss coefficient

Edge loss coefficient.

Top loss coefficients

Overall losses coefficient

The fluid flow rate

Voltage

Diode voltage

Voltage at MPP

Manual valve n, where n is an integer
Open circuit voltage

Thermal voltage

Pipe spacing

Wind speed in m/s

Absorptivity
absorptance of the solar cell
cover glass absorptance

temperature dependent coefficient of electrical efficiency

Emissivity

emissivity for cell

emittance of cover glass
emittance of thermal absorber
temperature coefficient of parameter 9

efficiency at standard test conditions (STC)

Module electrical efficiency (%)
Overall exergy efficiency (%)
Total efficiency of the PVT (%)



Nen Module’s thermal efficiency (%)

Ur, parameter value at cell temperature T,

U1,e parameter value at reference temperature T,..f

0 collector tilt (deg)

T4 glass transmittance

A wavelength

p reflectivity

Py reflectivity of the glass

o Stefan-Boltzmann constant = 5.6697 x 10-8 W/m K*

T transmissivity

g Transmittance of glass

Ty Transmittance of pottant

) dynamic viscosity in pascals

Abbreviations

AIST Japan National Institute of Advanced Industrial Science and Technology

BOS Balance-of-system

CCT Control circuit

CIS Copper Indium Selenium

CdTe Cadmium telluride

CO2 Carbon dioxide

DCordc Direct current

EnPe Energy and Petroleum

FHG-ISE Fraunhofer Institut fiir Solare Energiesysteme

[EA International Energy Agency

IRENA International Renewable Energy Agency

KNUST Kwame Nkrumah University of Science and Technology

mc-Si Mono-crystalline silicon

MINA Faculty of Environmental Sciences and Natural Resource Management

MPPT Maximum Power Point

NMBU Norges miljg- og biovitenskapelige universitet
(Norwegian University of Life Sciences)

NORAD Norwegian Agency for Development Cooperation

NREL National Renewable Energy Laboratory

Pt 100 Platinum temperature transducer

PV Photovoltaic

PV_Bat Photovoltaic Battery

PVT Photovoltaic-thermal

PVT Bat Photovoltaic-thermal battery

RH Relative humidity

SDG Sustainable Development Goal

SE4ALL Sustainable Energy for All

STC Standard Test Condition (which are defined as Irradiance = 1000 W/m?2,

Tc =25 °C, and air-mass ratio = 1.5)

UPER-CRET Upgrading Education and Research Capacity in Renewable Energy
Technologies

WHO World Health Organization
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Abstract

Access to energy has been heavily linked to socio-economic development. It is therefore
not surprising that the energy poverty in sub-Saharan Africa has affected development in
the subregion. However, as development increasingly becomes emissions-constrained,
the role of renewable technologies takes on added significance and urgency. Thus, in the
case of Sub-Saharan Africa, solar energy technologies come in handy in reducing the
energy deficit while addressing emissions concerns. One innovative solar technology that
combines conventional PV and solar thermal systems into one is the photovoltaic-
thermal (PVT) technology. Although the PVT technology is seen to have a lot of potential
in providing remote solutions, its performance is heavily linked to the environment
where it is deployed. Nonetheless, the PVT technology has not been commercially
successful as the conventional systems due to many reasons including lack of information
and standards about the technology. Also, the PVT technology requires higher initial
capital costs compared to separate solar PV and thermal systems - raising the question

of whether it is really worth such investments.

Investment decision on the other hand relies on data regarding expected system
performance in the deployed environment. While the PVT technology has been
investigated in many places in the world, little can be said about field data on the
technology in sub-Saharan Africa. The aim of this thesis is thus to scientifically contribute
to bridging the data under-representation from countries in Africa in the area of PVT by

assessing the technology in a tropical environment of Ghana.

To that end, an experimental setup comprising a water-based mono-crystalline PVT and
a conventional mono-crystalline PV is installed at the Kwame Nkrumah University of
Science and Technology in Kumasi and it’s short to long term performance assessed. The

results for the study were communicated in three journal articles (Papers 1, 2 and 3).

Paper 1 assessed the real-life outdoor technical performance of the PVT module against
a conventional PV system in a hot humid tropical climate in Ghana. Whereas the highest
monthly mean efficiency recorded for the PV was 12.7%, the highest combined measured
monthly mean electrical/thermal efficiency of the PVT was 56.1%. Based on their

technical performances, it was concluded that the PVT is a worthy prospective alternative
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energy source in off-grid situations, especially when both electrical and thermal energies

are desired.

Paper 2 investigated the long term technical and economic viability of the PVT module

in comparison with the conventional PV over a 25 year-period. It was observed that
whereas it required about twice the upfront-cost for the PV-system/ m? to setup the PVT-

system/m? the battery cost accounted for about 61% and 34% of life cycle cost for PV
and PVT systems respectively. Nonetheless, the PVT generally performed better than the
PV in stand-alone situations when installed with batteries as back-up. However, the PV
system becomes more economically viable than the PVT system when both systems were

installed without batteries.

Paper 3 focused on the effect of flowrate on the performance optimization of the PVT
system. The optimal flowrate for the PVT was observed to be 0.063 kg/s m2. It was
concluded that the commercial PVT system did not perform as expected in exergy terms
when compared with separately installed conventional PV and thermal systems. The use
of exergy at various mass flowrates and irradiances showed that using only combined
efficiency, which is widely used approach, is not enough to assess PVT general

performance.

In terms of degradation, it was generally concluded that the rate of degradation of output
exergy due to ageing was projected to be lower in the commercial PVT module than the
conventional PV module. This has been estimated to reach 11.3 % and 12.8 %
respectively for the PVT and PV modules in their estimated 25-year economic life, which
translates into approximately 6.1 % of total exergy losses for each module over the
period. In addition, whereas the output losses of the PVT system increased curvilinearly
from 15.4% to 26.7% over its economic life, that of the PV system increased from 16.1%

to 31.7%.
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Norsk Sammendrag

Tilgang til energi har stor korrelasjon med sosiogkonomisk utvikling. Derfor er det ikke
overraskende at energifattigdom i Afrika sgr for Sahara har pavirket gkonomisk
utviklingen i subregionen. Ettersom utviklingen i gkende grad blir utslippsbegrenset, far
fornybar teknologis rolle stgrre betydning. I Afrika sgr for Sahara, kommer
solenergiteknologier til nytte for a redusere energiunderskuddet og utslippsproblemer.
En innovativ solteknologi kombinerer konvensjonelt PV-system og sol termisk system til
fotovoltaisk-termisk teknologi (PVT). Selv om PVT -teknologien har et stort potensial
serlig i landlige omrader, er ytelsen sterkt knyttet til miljget der den er installert. PVT-
teknologien har ikke vaert kommersielt vellykket sammenlignet med de konvensjonelle
systemene pa grunn av mange arsaker, som mangel pa informasjon og standarder til
teknologien. PVT -teknologien krever ogsa hgyere startkapitalkostnader sammenlignet
med separate solcelle -PV- og termiske systemer. Her kan man stille spgrsmalet om det
virkelig er verdt slike investeringer. Investeringsbeslutning er pa den annen side

avhengig av data om forventet systemytelse i det miljget hvor systemet er installert.

Selv om PVT-teknologien har blitt undersgkt mange steder i verden, kan lite sies om
feltdata om teknologien i Afrika sgr for Sahara. Mdlet med denne oppgaven er a bidra til
a bygge bro over datagapet ved a vurdere ytelsen til en PVT i et tropisk miljg i Ghana. For
dette formal er et eksperimentelt oppsett som bestar av en vannbasert monokrystallinsk
PVT og en konvensjonell monokrystallinsk PV installert ved Kwame Nkrumah University
of Science and Technology i Kumasi, og dens korte til langsiktige ytelse vurderes.

Resultatene for studien ble presenterte i tre tidsskriftartikler (1, 2 og 3).

[ Artikkel 1 ble den virkelige utendgrs ytelsen til PVT-modulen vurdert opp mot et
konvensjonelt PV-system i et varmt fuktig tropisk klima i Ghana. Resultatene vise at den
hgyeste malte manedlige gjennomsnittlige effektiviteten for PV var 12,7%, mens den
hgyeste malte manedlige gjennomsnittlige elektriske / termiske effektiviteten til PVT var
56,1%. Det ble konkludert med at PVT er en verdig potensiell alternativ energikilde i

omrader utenfor strgmnettet.
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Artikkel 2 undersgkte den langsiktige tekniske og gkonomiske levedyktigheten til PVT-
modulen i sammenligning med den konvensjonelle PV-en over en 25-ars periode.
Resultatene viste at mens det krevde omtrent to ganger den opprinnelige kostnaden for
a sette opp PV-systemet/mZ2enn for a sette opp PVT-systemet/m2, var batterikostnaden
omtrent 61% og 34% av livssykluskostnadene for henholdsvis PV- og PVT-systemer.
Generelt fungerte PVT systemet bedre enn PV i frittstdende situasjoner installert med
batterier. PV -systemet blir imidlertid mer gkonomisk levedyktig enn PVT -systemet nar

begge systemene ble installert uten batterier.

Artikkel 3 fokuserte pa effekten av vannstrgmningshastighet pa ytelsesoptimaliseringen
av PVT -systemet. Resultatene viste at den optimale strgmningshastigheten for PVT var
0,063 kg/s m2. Det ble konkludert med at det kommersielle PVT -systemet ikke fungerte
som forventet med tanke pa energi sammenlignet med separat installerte konvensjonelle
PV-  og termiske systemer. Bruken av  eksergi ved forskjellige
massestrgmningshastigheter og bestralinger viste at det ikke er nok & bruke bare

kombinert effektivitet, som er mye brukt, for @ vurdere dens generelle ytelse.

Nar det gjelder nedbrytning, ble det generelt konkludert med at nedbrytningshastigheten
for utgdende eksergi pa grunn av aldring anslas a vaere lavere i den kommersielle PVT -
modulen enn i den konvensjonelle PV-modulen. Dette har blitt estimert til 4 na
henholdsvis 11,3 % og 12,8 % for PVT- og PV -modulene i deres estimerte gkonomiske
levetid pa 25 ar, noe som gir omtrent 6,1 % av de totale eksergitapene for hver modul
over perioden. Mens energitapene til PVT -systemet gkte krumlinjzert fra 15,4% til 26,7%
ilgpet av dets gkonomiske levetid, gkte energitapene til PV systemet fra 16.1% til 31.7%.
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1 Introduction
1.1 Energy and socio-economic development

Socio-economic development across the globe is linked to the availability of reliable
energy. Meanwhile, billions of people worldwide do not have access to electricity, clean
cooking and space heating [1] and are trapped extensively in a vicious cycle of poverty.
The situation is particularly dire in Africa, which is home to 17% of the world’s
population but generates only 4% of global power supply [2]. Indeed, efforts to promote
electrification are gaining momentum on the continent but are far outpaced by rapid
population growth. As of 2019, the electrification rate in sub-Saharan Africa was 47.9%
[2] with frequent electricity disruptions and economic losses. The corollary of this is that
four out of five people in sub-Saharan Africa rely on the use of environmentally
unsustainable energy sources such as fuel wood, mainly for heating water and cooking
food resulting in deforestation and pulmonary diseases. Apart from the environmental
impacts, these energy sources have been associated with significant health risks.
According to World Health Organization (WHO), household air pollution from cooking
with traditional solid fuels contributes to between three and four million premature
deaths every year, globally [3]; this exceeds deaths due to malaria [4] and tuberculosis

[5] combined.

Africa is experiencing a rapid urbanization coupled with increased development of small,
medium and large-scale businesses. It is therefore anticipated that the overall demand
for energy will continue to expand in Africa, as increasing prosperity in fast-growing
urban economies lifts millions of people from poverty [6]. The growing energy demand
poses a significant challenge- how to meet Africa’ increasing energy demand as it grows

and prospers while also reducing carbon emissions.

Carbon emission is projected to grow an average of 0.6 % per year between 2015 and
2040 [7]. Concerns emanating from global warming, Carbon dioxide (COz) emissions,
depleting fossil fuel reserves have become topical issues in the current global energy
scenario [8] [9]. As aresult, 195 countries adopted the first-ever universal, legally binding
global climate deal in Paris in December 2015 [10] [11]. The agreement sets out a global

action plan to put the world on track to reducing the impacts of climate change by limiting
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global warming to well below 2°C [10]. The International Energy Agency’s (IEA) 450
Scenario suggests that carbon emissions need to fall by around 30% by 2035 to have a
good chance of achieving the goals set out in Paris [6]. There is therefore a need to cut
down on fossil fuel as sources of energy for cleaner and sustainable sources. Although
energy-related CO2 emissions remained stable in 2019, largely due to economic
downturn as a result of the global COVID-19 pandemic, the world is not on track to limit

global warming to well below 2°C as stipulated in the Paris Agreement [12].

The global energy poverty challenge has therefore become one in which both socio-
economic development and reduction in global greenhouse gas emissions are pursued
concurrently [13]. The United Nation’s Sustainable Energy for All (SE4ALL) program is
an example of many global initiatives that attempt to demonstrate the feasibility of
pursuing these multiple goals without controversy. The SE4ALL initiative presents a
nexus between energy access and climate change, and environmental sustainability more
broadly - to mobilize various stakeholders to achieve universal access to modern energy
services, doubling the share of renewable energy in the global energy mix and doubling

the rate of improvement in energy efficiency, all by 2030 [13].

1.2 Renewable Energy Trends and Technologies in sub-Saharan Africa

Renewable energy global power share is estimated to increase from 7% in 2015 to nearly
20% by 2035 [6]. The importance of renewable sources to the global energy order is
highlighted in the era of the novel global COVID-19 pandemic. The exogeneous impact of
the pandemic on global economic slowdown and its adverse effect on energy demand had
little influence on the growth of renewables in power generation. In 2019, renewables
were the only source of electricity to record demand growth over this period, due to low
operating costs and preferential access to electricity networks [12]. Nonetheless, the

stated reasons may not constitute a global representation of the situation in its entirety.

Expanding renewable energy access in Africa, for instance, will not only reduce poverty
and greenhouse gases but will also improve gender equality and sanitation on the
continent [14]. Apart from energy provision, renewable technology has the potential to
reduce the continents employment deficits. However, a recent IRENA (International

Renewable Energy Agency) report shows that less than 2 % of 11 million renewable-
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energy jobs created globally is in sub-Saharan Africa [15]. These and many more have

hampered industrial expansion on the continent and access to quality life, making it the

poorest continent on the globe.

Among the renewable energy technologies that exist today, those based on solar energy
has greatest potential in meeting the growing energy needs in Africa since it is an
abundant and essentially inexhaustible source of energy accessible [8]. Africa has the
richest solar resources in the world, but accounts for less than 1% of global solar PV
installed capacity [2] mainly due to lack of favorable renewable energy policies such as
those advancing affordability. Solar resources provide the option of decentralized (and
off-grid) solutions to remote settlements because they are more reliable and much
quicker to deploy. For example, the number of people who gained access to electricity
through solar home systems in sub-Saharan Africa increased from two million in 2016 to

approximately five million in 2018 [2].

Solar energy is commonly exploited through two main mechanisms, which are heat
energy (for solar thermal systems) and light energy (solar photovoltaic systems). A
hybrid photovoltaic-thermal (PVT) system combined these two mechanisms together as
a single system. The solar PV component generates electricity while the integrated
thermal absorber collects useful heat energy from the solar PV, reducing the solar PV cells
temperature and thus, enhance their efficiency [16] [17]. Figure 1.1 shows an elaborate

classification of PVT.

Hybrid PVT collectors are capable of reaching net (electrical plus thermal) efficiencies of
70% or higher, with electrical efficiencies up to 15-20% and thermal efficiencies in
excess of 50%, depending on the conditions [18]. The combination of two technologies
in one module also has the potential to reduce the use of materials, the time of

installation, and the required space [19].
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Figure 1.1: Classification of PVT solar collectors [20]

Ghana is in the tropical region of sub-Saharan Africa with relatively high ambient temperature
and low wind speeds. Quansah et al. [21] have shown that solar PV systems installed in this
region generally have higher module temperatures, which lead to power losses and hence,
relative low performance ratios. This raises a concern about how to reduce PV modules
temperature and thereby, improve their performance, and also harness the heat energy for
potential users in the said environment. The PVT technology serves both purposes and hence
the basis to investigate it in comparison with the PV technology in the said environment.

The advantages of the PVT system in generating electricity and simultaneously extracting
the heat generated for useful means are suitable for residential applications. However,
despite the potential of PVT systems, commercial PVT systems are still not as popular as
stand-alone, and separately installed, PV and Thermal systems [22]. However, the
deployment of stand-alone solar PVT technology requires higher initial capital costs -
compared to separate solar PV and thermal systems - raising the question of whether it
is really worth such investments. This could be ascertained scientifically by investigating
its overall life cycle performance in the economic environment it is to be deployed.
Investment due-diligence requires an understanding of the risk-return profiles to
facilitate informed decisions. Therefore, this study will also seek to understand the

economic feasibility of the PVT technology in comparison with the conventional PV
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system in the economic environment of Ghana.

1.3 Problem Statement

PVT technologies have been studied since 1970s, including variation in designs, working
fluids and other performance-influencing factors [17, 23]. The thermal and electric
energy outputs depend on many factors, some of which are irradiance, ambient
temperature, wind speed, circulating fluid temperature and flowrate [24, 25, 26]. Unlike
indoor test conditions, climatic conditions could vary significantly affecting general
performance and resilience of designs. For instance, the harsh harmattan weather

conditions of sub-Saharan West Africa set it apart from other places in the world.

Two key factors to assess PVT system performance and technical characterization are the
climatic conditions [27] and the operation temperature [28]. However, several of the
experimental studies to predict the performance of PVTs were carried out in Europe (e.g.
Spain [24], Cyprus [25] [29], Netherlands [30], France/Germany [31] and Greece [32])
and many parts of Asia (e.g. Malaysia [33], Taiwan [34], Hongkong [35], and China [36]
[37]) with minimal experimental investigation records on the subject in sub-Saharan
Africa in open literature. The few studies on PVT technology in Africa in the literature are
based on climates of North Africa sub-region [26] [38] [39] and the country of South
Africa [39] [40] [41] [42]. In the case of West Africa, studies on solar technology are
either separately conducted on solar photovoltaic systems (e.g. [43] [44] [45] [46] [47]
[48] ) or solar thermal systems [48] [49] [50] [51], with very little evidence of studies on
performance of the combined technology (PVT) in the literature. Like Aste et al. [27],
Rajoria et al. [8] have also shown that PVT systems performance is directly related to
climatic conditions. Thus, a performance assessment in the intended environment of

deployment is necessary to make informed decisions on the technology.

In the case of economic performance, comparative techno-economic analyses of energy
from flat-plate water PVT and conventional PV systems have been undertaken by a few
authors from various locations worldwide. Herrando et al. [52] developed a model to
assess the suitability of hybrid PVT systems for the provision of electricity and hot water

in a domestic household in the temperate United Kingdom environment. They studied
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the influence of varying collector flowrate and the covering factor of the solar collector
with PV. They concluded that, with respect to primary energy and decarbonization, the
PVT systems offered significantly improved proposition over equivalent conventional
PV-only systems, but at a higher cost. In a further study, Herrando and Markides [53]
considered the economic aspects based on which invaluable policy-related conclusion
were drawn concerning the influence incentives including a proposed Renewable Heat
Incentives. In addition to previous conclusions [52], they opined that although domestic
heating demands in the UK outweighs electricity consumption by a factor of about 4, the
support landscape strongly favoured electricity microgeneration which in turn favours
PV only technology. Kalogirou and Tripanagnostopoulos [32] investigated the industrial
application of PVT systems, relative to conventional PV systems. They proved the
economic viability of the systems by showing that positive life cycle savings are obtained
in the case of PVT systems compared with the PV, and the savings increased for higher
load temperature applications. In another study [54], Tselepis and Tripanagnostopoulos
undertook a cost/benefit analysis of PVT systems, and compared the payback time with
separately installed conventional PV and solar thermal under support schemes and

conditions in Greece.

The aforementioned comparative economic feasibility studies for the conventional PV
and PVT ( [52], [53], [32], [54]) were all based on energy analysis. Both electrical and
heat are of different thermodynamic energy qualities and hence not comparable.
Whereas energy is a conserved quantity based on the first law of thermodynamics, exergy
is not conserved and is based on the second law of thermodynamics. Thus, exergy
analysis allows qualitative assessment by comparing electrical and thermal energy based
on the same standard and thus serves as a better parameter for comparing the two
energies. Secondly, different pricing regimes and uneven incentive policies for heat and
electrical energy in different economies could affect results for different regions. Thirdly,
the study by Kalogirou and Tripanagnostopoulos [32] was skewed towards achieving
higher heat energy for industrial application at the expense of electrical energy. Thus,
flowrate analysis to achieve optimal overall performance for the PVT was not considered.

Such a setup may affect the overall efficiency of the PVT.

21



Ghana has an all-year and near-uniform solar resource of average daily peak sun hours
of 5.1 h [55] (see Appendix A), but like most countries in West Africa, water heating is
mostly by either biomass, natural gas or electrical heaters with minimal use of solar
options. Notwithstanding, the commercialization of PVT technology has generally not
been successful [24] as the separate conventional PV and solar heaters. According to the
[EA (Task 60), this is largely due to lack of information about the possibilities and benefits
of PVT solutions, and the lack of international standards, which creates less confidence
for end users [56]. These and many more have necessitated the need for a regional (or

climate) based investigation of the PVT technology.

1.4 Aim and objectives of the thesis
Based on the aforementioned, the overall aim of this thesis is to assess the performance
of a PVT in a tropical environment of Ghana. The specific objectives are:
1. To evaluate the technical performance of a flat plate water PVT system in
comparison with a conventional system (Paper I).
2. To assess life time cost effectiveness of flat plate water PVT system using exergy
analysis as an economic parameter (Paper 2).
3. To assess the effect of flowrate on the performance optimization of flat plate water

PVT system against the conventional PV system (Paper 3).

1.5 Contribution and Significance of Study

It is expected that the results of this study will contribute to the general body of
knowledge. The study explores the use of exergy as an economic parameter in assessing
the long-term feasibility of the PVT system in comparison with conventional systems.
Secondly, this thesis is also expected to contribute to efforts at addressing issues of data
under-representation from countries in Africa in the area of PVT technology. Thirdly, this
thesis will be beneficial to stakeholders in making informed decision with regards to the
options available to them in the use of solar technology. Residential and hospitality
industry could significantly benefit hugely from reduced water heating and electricity
bills through the use of PVT systems. Lastly, the findings of this study are expected to be
directly beneficial to Sustainable Development Goal (SDG) 7, which is affordable and
clean energy, and indirectly to other SDGs, such as SDG 3 (good health and well-being),

SDG 11 (sustainable cities and communities), and SDG 13 (climate action).

22



1.6 Organization and structure of the Thesis

The thesis is based on three papers and generally structured into five sections. The first
section introduces the topic, the problem statement and also presents the main aim and
objectives of the study. The second section presents the fundamental theory
underpinning the operation of the PV and PVT modules used for the study. Section three
deals with the research methodology which details the experimental setup, analytical
models and techniques to process information collected from the setup. Section four
presents the main findings following the analysis of data from the experiment aimed at
addressing the main objectives of the thesis. The fifth section presents a summary of the
major conclusions of the entire study. The final section looks into limitations of the work
and recommends practicable engineering directions based on findings as well as

perspectives for further research.
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2 Fundamental theory of modules

This section explains the theories behind the general solar energy conversions by the PV
and PVT modules used in this thesis. It begins with the fundamental theory of
photovoltaic cells. The general physics of heat transfers between materials is then
addressed. This is followed by theory of operation of water flat plate thermal collectors.

Finally, the analytical models for thermal energy transfer across the PVT are presented.

2.1 Fundamental theory of photovoltaic cells

The solar PV cell is a solid-state device which converts sunlight, as a stream of photons,
into electrical power. The working principle of solar cells is based on the photovoltaic
effect, that is, the generation of a potential difference at the junction of two different
materials in response to electromagnetic radiation. For an absorbed photon to cause a
photovoltaic effect in a semiconductor, its energy has to be greater than or, at least, equal
to the band gap energy (Esc) of the material [57]. The band-gap is therefore the minimum
energy required to move an electron from the valence band to the conduction band of a
material at a particular temperature. In semiconductors, this energy decreases with
temperature. A photon (Ery) energized electron (negative) leaves behind a hole (positive)
causing charges separation across the material. Figure 2.1 is an illustration of this
phenomenon. Excess energy is converted into heat. Also, the freed electron may give up
its absorbed energy in the form of heat and fall back to recombine with a hole in the

valence band.

(1) Epy = Egs (2) Epy > Epg (3)
0 - : Conduction
@ [0 = e
Band
Epy 1 Epy ‘1 3 Gap (Egg)
—=tc T
\“’I‘f® \> 1. 2'_3® @ Valence
e Band

Figure 2.1: Photon absorption in a semi-conductor with band-gap Ess showing the
following scenarios: (1) Eprn excites an electron into the conduction band leaving behind
an electron; (2) For Epu> Esc, the excess energy is converted to heat; (3) the excited
electron gives up its energy as heat to recombine with a hole. [57]

A solar cell is commonly configured as a positive-negative (p-n) junction made from
silicon resources. The positive-negative (p-n) junctions of silicon solar cells are made by

diffusing an n-type dopant into one side of a p-type wafer (or vice versa). A simplified
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structure of a solar cell showing silicon p-n junction is shown in Figure 3. When light of
suitable wavelength is incident on the cell, it causes photovoltaic effect across the

junction. Excess absorbed light energy is converted to heat.

Sun

v L

Silver fingers

p-n
junction

Aluminum

n*-type silicon

Load p-type silicon

Figure 2.2: Structure of a solar cell showing silicon p-n junction and electrical contacts
[58].

Solar cell technologies

Solar cell technology is an evolving one with ongoing research to improve both their
performance and cost-effectiveness. This has led to many other solar cell technologies
(See Table 2.1 for some examples). The traditional crystalline silicon cells are classified
as first- generation cells. These cells may be monocrystalline or polycrystalline silicon
with large grain sizes. Although they are more efficient at lower temperatures, they are
also expensive to manufacture. They are however the most dominant type of PV cells in
the market due to their stable power output over longer periods [59]. Thin-film cells are
considered as the second-generation PV cells. They are cheaper than the first-generation
cells because they require less silicon material. They however have a smaller share of the
market because of their lower efficiency and precarious power output with time [59].
Some examples of thin-film technology cells include Amorphous silicon (a-Si), Cadmium
telluride (CdTe) and Copper indium gallium selenide (CIGS). The third-generation cells
include a range of alternative cells with the potential to overcome the Shockley-Queisser
limit of 31-41% power efficiency for single bandgap solar cells [60]. Some common
technologies for third generation cells are tandem cells (or multi-layer) cells, dye-
sensitized cells, organic solar cells, perovskite solar cell and nano- crystalline (or
quantum dot) solar cell [61]. Notwithstanding, some other indirect technologies - such as
parabolic troughs, power towers, dish/engine systems and linear Fresnel reflectors - use

concentration techniques to produce hot steam for electricity generation [62].
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PV equivalent circuit.

An ideal solar cell behaves like a current source connected in parallel with a diode [63].
The current source generates electrical current, I,,, when exposed to solar energy
(photons). However, during darkness the solar cell behaves like a diode and generates
current, called the diode or dark current (I, ), when connected to an external large voltage
supply. This ideal model is completed with resistors to represent the losses and
sometimes with additional diodes that take into account the current generated from the
recombination of electrons and holes in the depletion region which dominates at lower
forward-bias voltages. Figure 2.3 shows the most common solar cell equivalent circuit
[63], comprising a current source, one diode and two resistors. The series resistor, R,
takes into account losses in cell solder bonds, interconnection, junction boxes, etc.,
whereas the shunt resistor, Ry, takes into account the current leakage (Isy) through the

high conductivity shunts across the p-n junction.

Figure 2.3: An equivalent solar cell circuit

From Kirchhoff's current law, the output current I produced by the solar cell is given as:
From the Shockley ideal diode equation or the diode law, I can be expressed as [60]:

Ip = I, |exp (ZTDT) -1, (2.2)
where I, is the reverse bias (or dark) saturation current, Vpis the voltage across the
diode, V't is the thermal voltage, and n is the ideality factor ranging from 1(ideal) to 2. The
dark saturation current (/o) is an extremely important parameter that differentiates one
diode from another [64]. I, is a measure of the recombination of charge pairs in a device.
A diode with a larger recombination will have a larger lo. The thermal voltage can be

expressed as:

V= 2, (2.3)
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where k is the Boltzmann constant (1.602 x 10-19 J/V), T is the absolute temperature of
the p-n junction, and q is the electron charge (1.381 x 10-23]/K). Thus, the characteristic
equation, which relates the solar cell parameters to the output current and voltage can

be expressed as [65]:

I'= Ly — 1, [exp (L22) — 1] - % (2.4)

Open circuit voltage

The main parameters that are used to characterize the performance of solar cells are the
open circuit voltage V, ., short circuit current I, fill factor FF and the maximum power.
The conversion efficiency () can be determined from these parameters. The extreme

current-voltage situations of Equation (2.4) can used to determine as V. and I..

The open-circuit voltage (V) is the voltage at which no current flows (i.e., I = 0) through
the external circuit. It is the maximum voltage that a solar cell can deliver. The V,,
corresponds to the forward bias voltage at which the dark current density compensates
the photocurrent density. Thus, from Equation (2.4), forI = 0, V,.=V, Rgy >> Rs and

I

ph >> I,:

v, = %Tln(’f—oh—1)z’§ln’p—“ (2.5)

Io

Short circuit current
The short circuit current, I, is the current through the solar cell when the voltage across

itis zero (i.e., V= 0). Thus, for short circuit condition, Equation (2.4) can be re-written as:

lse = Iy — I [exp (1) — 1| — s, (2.6)

Rsy

The value of each term in the expression has shown that the second term of the
expression is comparatively insignificant [66]. As a result, the second term of the right

side of Equation (2.6) can be neglected [65] and the expression can be rewritten as:

e = (o) Ipu (27)

Rsy+Rs

Equation (2.8) shows that for an ideal solar cell at minimum resistive losses (or ideal
situation), the short-circuit current and the photo-generated current are identical.

Therefore, I, is the largest current which may be drawn from the solar cell.
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Thus,atT = 25°C,n = 1 and Rgy > Rg, the output current (Equation 2.4) and the open
circuit voltage (Equation 2.5) can be approximated as:

I =1, —I,[exp(38.9V) — 1] (2.8)
and

Vye = 0.0257In 22 (2.9)

o

From discussions so far, a plot of current-voltage (I-V) relation shows the extreme
current and voltage conditions I, and V. respectively. The I-V curve of a PV module (or
string) describes its energy conversion capability at the existing conditions of irradiance
(light level) and temperature. A typical I-V curve of solar cells’ single diode model is
shown in Figure 2.4. It also shows the maximum power point (MPP), Pupr. The solar cell
should be operated at the maximum power voltage (Vmpp) to gain the MPP. The key
electrical parameters highlighted in Figure 2.4 are generally provided by the

manufacturer of the solar cell (or module).

Igc !
1 P = P
~ Current o
Iypp
E-r \7,13( . , |
Eu 90 Maximum Power Point i
§ (MPP) |
" I
= i
© i
; |
; L P=0
P=0 ; /
Voltage (V) Vurr Voc

Figure 2.4: A typical I-V curve showing power profile
From the electrical power expression (i.e., P = IV), Vupp occurs at the point where
dP/dV = 0. Modern inverters in PV systems constantly adjust the load, seeking out the

maximum operating power point at changing weather conditions.

Fill factor, FF
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Although maximum current and voltage conditions for the solar cell are I, and V,,
respectively, Figure 2.4 shows that at both operating points, the power from the solar cell
is zero. The fill factor, FF, is defined as the ratio of the maximum power from the solar cell

to the product of V- and I, so that
FF = Pypp _ Vmpp XIympp (2.10)

Vocx Isc Voc X Isc

The FF factor depends on the solar cell technologies which influence the shape of the IV

curve. Table 2.1 shows V., Isc, FF and efficiencies of some selected technologies.

Effect of cell temperature on I-V curve

Environmental conditions, such as temperature or irradiation variations modify the I-V
curve [67], and hence, influence the overall performance (energy yield) of solar cells.
These variations affect the boundary conditions of the equations and, accordingly, the
value of the equivalent circuit parameters. When temperature rises, whereas I,
increases marginally, V,. decreases significantly and the resultant Pypp curve also
decreases [63]. Figure 2.5 shows an example of variation of I-V curve of a silicon solar PV
module with temperature. These variations are approximately linear with temperature,
and most solar panel manufacturers include the rate of variation of the characteristic I-V
curve points in the datasheets, either as absolute increase or as percent variation (please
see Appendix E for an example of such data sheet). The variations with temperature on

current and voltage levels variables, , (e.g., Vo, Isc and Pupp) can be expressed as [63]:

9, =0r,, [1+ 2 (T. — Trep)|, (2.11)

where Jr_ is parameter value at cell temperature T, , 97, ; is parameter value at reference

temperature T,.r and €y is the temperature coefficient of J expressed as a percentage

change in the variable value with respect to a unit change in temperature (€%/°C). The
temperature coefficient is dependent on the solar cell technology and may differ from one

technology to another.
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Figure 2.5: An example of variations in IV curves with temperature for a Siemens M55
monocrystalline solar module, at various cell temperatures and 1 kW/m? insolation
[68].

Electrical Efficiency

Efficiency of energy systems are generally expressed as output over input energy.

Nonetheless, the instantaneous electrical efficiency, n,;, of a crystalline solar cell could

be expressed as a function of its temperature (7,) [69]

MNet = Mo [1- ﬁ(Tc —25)], (2.12)

where 7, is the efficiency at standard test condition (STC) (Irradiance = 1000 W/m? and
Tc=25°C), T, is the solar cell temperature and f is the temperature dependent coefficient
of electrical efficiency. As stated in the previous section, § differs with different PV
materials used [about 0.0045/K for crystalline silicon, 0.0035/K for copper indium
selenide (CIS), 0.0025/K for Cadmium telluride (CdTe) and 0.002/K for amorphous
Silicon (a-Si)]. Efficiency of energy systems are generally expressed as output over input
energy. Figures 2.5 and 2.6 show that the performance of the solar PV is directly affected

by cell temperature.

The photovoltaic efficiency of solar cells is temperature dependent and it generally
decreases with the increasing temperature (see Figure 2.6) due to the worse mobility of
carriers, diffusion length, as well as lifetime of minority carriers and saturation current.

Silicon photovoltaic cells are good absorbers, so their temperature rises significantly
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during operation [67]. Thus, to improve the performance of the PV, the cells must be
operated at controlled temperatures. One method for achieving that is by extracting the
nuisance heat using a thermal absorber on the back of the PV to extract the heat. The most

popular PVT technology is the flat plate PVT system.

Hel (%0)

Figure 2.6: Efficiency of a crystalline silicon PV with ny = 13.7% as a function of cell
temperature [67].

2.2  Fundamental theory of thermal energy transfer

Electromagnetic radiation interaction with surfaces
Heat energy can be transferred either by conduction, convection or radiation. Thermal
radiation travels at the speed of light (S = 300,000 km/s in a vacuum) and is related to
the wavelength () and frequency (f) as:
S=Af (2.13)

When a beam of thermal radiation of wavelength, A, is incident on a surface, a fraction of
it is either reflected, absorbed and or transmitted in phenomena known respectively as
reflectivity (p), absorptivity (o) and transmissivity (t). These quantities are related as:

pra+t=1 (2.14)
A hypothetical blackbody absorbs all impinging thermal radiation such thatp = 0,7 = 0,
and ¢ = 1. A blackbody is not just a perfect absorber but also characterized by emission
of thermal radiation. Max Planck expressed the monochromatic emissive power (rate of

energy emission per unit) of a blackbody in terms of temperature and wavelength as [70]

C1/13?

Py = A5(eC2/AT_1y

(2.15)

where P, is the monochromatic emissive power of a blackbody (W/m?2 um), T'is absolute

temperature of the surface (K), C1 = 27hSs? = 3.74177 x 108 W um*/m?, C2 = hSo/k =
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1.43878 x 10* um K, h is Plank’s constant, S, is speed of light in a vacuum, k is Boltzmann’s

constant and r; is the refraction index of the medium.

The total emissive power, Py, is related to P}, as
Py = [, Ppydi= oT* (2.16)

Equation (2.16) is the Stefan-Boltzmann law of radiation [71], where o is the Stefan-
Boltzmann constant (5.6697 x 108 W/m K#). Also, the ratio of the total emissive power,
P,, of a real surface to that of a blackbody, P,, with both surfaces at the same temperature,

is known as emissivity, ¢, of the real surface expressed as:
Pe
Pp

€= (2.17)

For a real surface, the rate of total radiant energy leaving a surface per unit surface area
is called the radiosity (J). The radiant energy leaving the surface includes its original
emission and any reflected rays given as [72]:

] = €P, + pGp (2.18)

where Gy is the irradiation incident on the surface per unit area.

Coefficient of thermal radiation
For two black surfaces separated by non-absorbing medium, the fraction of radiation
leaving surface say A1 that reached surface Az is defined as the view factor, Fi2 and is
given as [72]

Q152 = Pp1As1Fy (2.19)

The reverse of Q,_,4 is also true for (2.19). If both surfaces are emitting, while absorbing
all incident radiation from the other surface at the same time, the net radiation

exchange between the two black surfaces is given by [72]:

Q12 = A1F132(Ppy — Pp) = A2F21(Pb1 - sz) (2.20)
1 1
(Pp1 — Ppp) = EQlZ = EQlZ (2.21)
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In an electrical circuit analogy, the term (P,; — Pp5) is an energy potential difference, Q;,
represents the flow of the energy, whereas the terms 1/4,F,; and 1/A,F,; represent the
resistances due to the geometric configuration of the two surfaces [70]. If we assumed
surface temperatures of T7 and T2 for surface A1 and Az respectively, Q;, can be written
as:

Q12 = 1‘111712¢7(T14 - T24) = 1‘12F21U(T14 - T24) (2.22)

For the case of opaque gray surfaces; 7 = 0, ¢ = «a and the reflectivityp=1—a =1 —
€. From (2.18),
J= P, +(1—¢)Gp (2.23)

The net radiant energy Q for the gray surface of area A is the difference between incident

radiation and radiosity:
Q=AU -G =@ -] (2.24)

Thus, if (2.34) is compared to an equivalent electric circuit, (1 — ¢)/A¢ is the surface
resistance due to the its imperfection as an emitter and absorber of radiation relative to
a black surface. However, if we consider two parallel gray surfaces A1 and Az the net

radiation exchanges is given as:

Q12 = A1F12(J1 — J2) :A2F21(/1 —]2) (2.25)

Thus, when two gray surfaces exchange radiation, apart from their individual surface
resistances, there is also space resistance (1/4,F;, = 1/A,F,;) existing between them.
Figure 2.7 shows an illustration of resistances between two radiation exchanging

surfaces. The net rate of radiation exchange between the two surfaces is given by [72]:

_ o(T *-T,*)
Q12 - [(1—51)]| 1 .[(1—52)]
A1e1 1T A1F13 L Agyey

Surface 1 Surface Space Surface Surface 2
resistance resistance resistance
Py, Jy oo Py
1| }*-C}—’\.W;——f}—’\f\/\/\u—{)——’\fv\f\/—O——l |
1—&4 1 1 1-£5

Aqgy AFyz  AyFzy AzEs

(2.26)

Figure 2.7: An illustration of radiation exchange between two gray surfaces showing
equivalent electric network [72].
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For two infinite parallel surfaces, A, =4, =Aand F,; = 1,

Ao (T *-T,%)

Uz = Weraren 1 (2:27)
This can be written as:
Q12 = Ahr(T1 - Tz); (2-28)
where
2 2
hr — 0(T1+T2)(T1 +T2 ) (2'29)

(1/&1)+(1/e2)-1

For a small convex surface, A;, completely enclosed by a very large concave surface, A,,

Ai<<Azand Fy, =1:

Q12 = A1€1U(T14 - T24) (2.30)
Q12 = Alhr(Tl - Tz); (2.31)
where h, = &,0(T, + To)(Ty* + T,°) (2.32)

The variable h,. is the radiation heat transfer coefficient for the different situations.

Coefficient of thermal convection
The convection heat transfer coefficient, h, is treated similarly in an equivalent circuit.
Thus, if a wall at temperature Tzis exposed to a cool fluid at temperature T7 on one side,

the convective heat-transfer rate can be given as [71]:

Q. = Ah, (Tz - Tl) (2.33)

Because of the many factors that affect the convection heat transfer coefficient,
calculation of the coefficient is complex. The convective coefficient of heat transfer is
calculated by Nusselt number (N,,), defined as the ratio of convection heat transfer to the
fluid conduction heat transfer under same conditions. This can be expressed as [71]:
h
N, = k—fL =ZR,*Pr (2.34)
Where k¢ is the thermal conductivity of the fluid in W/m K, L is representative dimension,

R.is Reynolds number given as R, = md/w , B, is Prandtl number given as P. = wc,/ky,

(Z, a, and b) are constant for the particular type of flow, 1 mean mass flow rate, v is the
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fluid flow rate, d characteristic linear dimension in m , w is the dynamic viscosity in

pascals and ¢, is the specific heat capacity at constant pressure in k] /kg K.

Thermal conduction

According to the second law of thermodynamics, heat will flow from the hot to the cold
in an attempt to equalize the temperature difference, which is quantified in terms of heat
flux Q. The heat flux is the rate per unit area at which heat flow in a given direction, which
is directly proportional to the temperature difference 6T and inversely proportional to

the separation in distance éx.

d ar
40 _ _p dr
dt dx

(2.35)

[t could be seen from Figure 2.8 that the heat flow direction means temperature T >
T + 6T. The linear relation has a negative gradient, k., called the coefficient of thermal

conductivity of the solid material.

T T+a&r

A ol (/dt

X x+ dx

Figure 2.8: An illustration of heat flow through a conductor of cross section area A.

2.3 Fundamental theory of solar thermal collectors

Selective Surface
Cover glass

Thermal absorber |

Figure 2.9: An illustration of a simple flat plate water thermal module
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Solar thermal collectors convert solar energy directly into thermal energy. They are
commonly designed as either flat-plate collectors, evacuated tube collectors, line focus
collectors, or point focus/parabolic collectors. The flat-plate collectors may either be
glazed (either single or multiple) or unglazed and may be quoted with selective surfaces,
such as tinox, and insulated to reduce losses. Some of the common fluid channel design
in the absorber include parallel plates, header-riser, serpentine and bionic. The thermal
energy transfer medium is predominantly by air, liquids or both. Figure 2.9 shows a

simplified water based flat-plate solar collector.

Flat plate water thermal absorber and thermal losses

The general performance of the flat plate solar thermal collector can be evaluated based
on the Hottel-Whillier equations [73]. The thermal efficiency of a conventional flat-plate
solar collector is the ratio of the useful thermal energy (@, ) to the overall incident solar
radiation (G,). The maximum ratio of energy reaching the thermal absorber will be the
product of the cover glass absorptance (a;) and transmittance (7, ). This could be

expressed mathematically as:

Input = Gy (at) g (2.36)

The total thermal losses are approximated as being proportional to the temperature
difference between the absorber plate surface temperature, T,, and the ambient
temperature, Tq and it is expressed as:

Losses = U, (T, — Tg) (2.37)

where U, is the overall losses coefficient.

The introduction of a fluid as the main heat extraction agent means that a heat removal
factor, Fr, must be used to account for the fluid flow rate, collector-to-fluid interface, and
inherent properties of the transfer fluid itself. Thus, for a thermal collector of area A,

the useful heat energy, Q,, can be expressed as [73] :

Qu = AthFR[GP(aT)g — U (T; - Ta)] ) (2.38)

Summarily, the Hottel and Whillier-Bliss model (2.38) incorporates a heat removal factor,
Fr which compares Q,, to the theoretical energy gain if the entire collector was kept at

inlet temperature [74]. Thus Fj can be expressed as a function of fluid parameters as:
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_ ey (To—Ty)
R An[Gp(ar) g—UL(Ti-Ta)]’

(2.39)

where T, outlet temperatures, respectively. The heat removal efficiency factor can also

be expressed as follows [73] [70]:

Fo = 2 {1 _ gnp (AenVefe) | 2.40
R p

- ApUp, mCy

where F; is the collector efficiency factor expressed as:

F, = /0t , (2.41)

w L '|'L + L
UL[D+(W—D)F] Cb TIhfiDi

where hy; is the heat-transfer coefficient of the fluid, W is the pipe spacing, Cj, is the
conductance of the bond between the fin and copper circular pipes, D is the external

diameter of the pipes, D; is the internal diameter of the pipes and F is the fin efficiency

F= [—%& (2.42)
Kenlent kglg

where [y, is the absorber thickness, k;j, is the absorber thermal conductivity, [, is the

factor expressed as [70]:

cover glass thickness and kg is the cover glass thermal conductivity. If it is assumed that
all losses occur to a common sink temperature Tq, then the overall loss coefficient (U ) of
the collector is the sum of the edge (U,), top (U;) and the back (U,) loss coefficients,
expressed as:

U,=U,+U, + U, (2.43)

Assuming U, is limited to heat flow through the back insulation material only, then it

can estimated as:

U, =% (2.44)

I’
where kj, is the insulation conductivity and L, is the back insulation thickness. For most
collectors the evaluation of edge losses is complicated. However, in a well-designed
system, the edge loss should be small so that it is not necessary to predict it with great

accuracy [70]. The edge losses could be estimated as:

U, = 2n, (2.45)

leAtn
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where R is the collector perimeter, l;, is the collector thickness and L, is the edge

insulation thickness. Klein [75] has shown that the top losses can also be expressed as:

-1

Up= | —t | 4Tt ) (246)
ﬁ[ %) Eth +0.00591Nhyy £g N
where
N = number of glass covers
f =(1+0.089h, —0.1166h,,&:4)(1 + 0.07866N)
C = 520(1 —0.0000516%)
e =0.430(1 —100/Tgs)
0 = collector tilt (deg)
4= emittance of cover glass
&5 = emittance of thermal absorber
h,, = wind heat transfer coefficient (W/m? °C)
The thermal efficiency of the absorber, 1, could then be determined from (15) as:
fen = Fa(an)g = UpFp =, (247)

Equation (2.27) is a linear equation with 7, expressed as a function of (T; — T,)/Gr, ss

could be seen from Figure 2.10.
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Figure 2.10: A plot of the thermal efficiency curve (2.47).

From Equation (2.38), when input energy becomes equal to energy losses, (i.e., @, = 0

and 74,= 0 (see Figure 2.10), equilibrium or stagnation temperatures is said to have
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occurred. The equilibrium temperatures are substantially higher than ordinary operating
temperatures. Once the plate temperature, T, can no longer increase, stagnation occurs.
It can occur at higher radiation under no flow conditions, or on a cold, windy, clear day
where convection and radiation losses are large and the heat loss coefficient, U,
approaches the magnitude of the energy absorbed. The stagnation temperature could be

estimated as:

T, =T, + (“;Zg’ Gp, (2.48)

At these temperatures the pressure in the collector can be very high and most collector
fluids either will have been boiled off or far exceeded their maximum working
temperature [70]. Proper design of the collector fluid circuits can alleviate overheating
problems. Figure 2.11 shows efficiency curves of some solar collectors and their suitable

temperature applications.
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Figure 2.11: Efficiency curves of selected solar collectors showing operation
temperatures and suitability [76].

2.4 Analytical model of energy in a PVT system.

The energy transition in the water based flat plate PVT module is summarized in Figure
2.12. This is based on the following assumptions: (1) Insulation in the back and the edges
of the module are lossless, (2) There is no heat transfer in the direction of the flow, the
energy transferred in the flow direction is by mass transfer, (3) Properties of glass and

insulation are independent of temperature (constant), (4) All thermo-physical properties
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of the fluid, air gap, and absorber are temperature, and (5) Dust and dirt on the collector

are negligible.

o key . .
Solar cell \'EE(Tc - Tp)
L4

Pottant k
T Py [sngr,,ac(:l -p) -1 - T)
Absorber fin dp

Figure 2.12: Energy transition in a water based flat plate PVT

The solar energy, per unit area, E,_., reaching the solar cell through the cover glass
cover is given by

Eg_c = GpTyp (2.49)

where 7, is the transmittance of the glass cover and p is the parking factor of the cell
envelope area. Assuming the cover glass is of very low iron content, it means absorption
by the glass is negligible. Also, the absorptance of the solar cell, a. , and 7, are assumed
to be close to unity and hence interreflection of insolation between the cells and the glass
surface (s) is neglected. The electrical and thermal energy, per unit area, generated by the

solar cell is given respectively as:

Ecel = 77elGPTgp (2.50)

where 1., is the cell electrical efficiency. Thus, thermal energy generated by the cell per
unit area will be give as:

Ecen = acEg—c —Ecer —Ecy (2.51)

Ecin = (ac - nel)GPTgp —E¢, (2.52)

where E_; is the solar cell energy losses, per unit area, which means that the thermal
energy generated by the solar cell is partly lost to the top cover glass by a combination of

natural convection and radiation. However, for a PVT, the airgap between the cell and the
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cover glass is very thin and therefore losses by convection between cell and glass is

assumed to be negligible. Thus E_; is radiation dominated and is given as:

Ecp=hyeo(T, = T,) (2.53)

where h,. ._, is the radiation heat transfer coefficient from cell to glass expressed as:

b _ O(TAT) (T 4Ty
TET9 T (1/e0)+(1/gg)-1

(2.54)

where T, , Ty, €c and g, are respectively the mean temperature for cell, mean

temperature for glass, emissivity for cell and emissivity for glass. For energy
conservation, E_; is transmitted as part of energy losses by the cover glass to ambient.

This is expressed as

Egi-a = heg-a(Ty = Ta) + &40 (Ty" = Toey*) + Grpy (2.55)

where E;;_, is net energy per unit area from the glass to ambient, Ty, is sky
temperature, p, is reflectivity of the glass and h.4_4is the convective heat transfer

coefficient from glass to ambient. Stulz and Wen [77] have shown that

heg-a = 1.247[(T, — T,) cos 8]*/° + 2.658w (2.56)

where 6 is PVT module’s inclination to the horizontal, T, mean ambient temperature
and w is wind speed in m/s. Thus, the available thermal energy from the cell per unit

area, that is not lost, which is transferred to the thermal plate is given as:

Ecen = (ac - nel)GPTgp - hr,c—g (Tc - Tg) (2.57)

If we assume that the pottant between the cell and the thermal plate is infrared radiation

opaque, then E_.,_, transfer of energy per unit area from the cell to the thermal plate

will be only by conduction. Thus,
k . .
Ecth-p = i (Tc - Tp) (2.58)

where Tp is the average plate temperature, k,, is the thermal conductivity of the pottant

and d,, is the thickness of the pottant. This means that Tp can be calculated from

(ac - nel)GPTgp - hr,c—g (Tc - Tg) = Z_z(Tc - Tp) (2'59)
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Aside E 1, there is also energy per unit area, E,_,, due to insolation incident between

the cells which is transmitted through the pottant to the thermal absorber which is

given as:

Eg_p = GpTgTpac(1—p) (2.60)

We can now consider heat transfer to fins and subsequently to the tubes along the flow
length. From Hottel and Whillier [73], the heat transfer by tubes to the fluid at

temperature T is given by:

k .
Qun = AunFr |Grgtpac(1 = p) =32 (1, = 7o) 261

The losses coefficient in (2.61) - i.e. U, = k;,/d,- shows that the absorber losses is only

limited to the pottant (i.e. U, = U, = 0). Thus, Fy for the PVT can be expressed as:

Fr = MCpdp [1 —exp (Ath—kppc)], (2.62)

Aenkyp MCpdyp

where F, is the collector efficiency factor expressed as:

dp/kp
d
___“r 1., 1
kp[D+(W—D)F] +Cb + TL'hfiDi

F = , (2.63)

where hy; is the heat-transfer coefficient of the fluid. F is expressed as:
F= |—2/% (2.64)
kthlth+ kp lp

Thus, the thermal efficiency 7, of the absorber could be determined from (60).

k T =T,
on = FrtgTpate(1 = p) = 22 F T (2.65)
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3 Materials and Methods

The methodology used in accomplishing the set objectives for this thesis includes design
of experiment, installation of experimental set-up, data measurement and logging over
the period of study, analyzing the data with relevant statistical tools. Figure 3.1
conceptualizes the logical relationships between the goal of the thesis, specific objectives,
research edge as well as the approach research method. It also clearly shows how the

individual research papers contribute to the overall thesis goal.

£ i Foundamental
Specific objectives

Technical Field mesured Comparison with PV
performace performance system

Economic Techno-economic Exergy as an
performance performacne economic parameter
Model long term Comparison with PV

performacne

Research
Paper

Field performace of
PVT in a tropical
environment

Performance Flow rate

e 7 Optimal performace
Optimization configurations - B

Field mesured Comparison with PV

performance system

Figure 3.1: Conceptual Framework

3.1 Experimental design and set-up

Experimental designis a method used to organize, conduct, and interpret results of
experiments in an efficient way, to obtain useful information through a small number of
trials [78]. Proper organization of experiments is a foundation of every thoughtful
research. The main goal of any experimental study is to find the relationships between
independent variables (factors) and dependent variables (results, outcomes) within the
experimental framework. Even though it sounds easy to accomplish, this task can be
cumbersome when it is not organized correctly. Inevitably, decisions on an experimental
design involve making difficult choices among options because of resource constraints

while focusing on the main aim [78].
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The experimental set-up for this thesis consists of conventional solar PV installation and
hybrid PVT installation, as well as instrumental set-up for measuring ambient weather
conditions and other variables. Figure 3.2 shows an elaborate schematic diagram of the

experimental setup for this study as could be seen in Papers 1 and 3.

V1 Air Trap V2

LEGEND
Control circuit for F  Flow Meter
pump , fan 1&2 E, Electric valve n
Iy - lde DC Current
s DC Power Fan 1 o Colder Insulated Sc Control signal
i L2 air water Tn Temperature n
. . & E — Reservoir
v Circulation Fan 2 g Vdec DC Voltage
MPPT battery v/ pump &« Vn  Manual Valve n
charger (PVT
! =) T
Filli t v
illing spout,
MPPT battery with level E;
charger (PV) indicator Temperature Coding:
HEm Hotter
Vdc, |dc Warmer
PVT Colder
_ Module
Data Logger Energy Coding:
L Electrical energy
T T mm Th | signal
Meteorology Data v ! - 2 v Ts ermal signa

Figure 3.2: The schematic shows the interconnection of components, data
measurement points and energy flow of the experimental setup.

The main heat transfer medium (fluid) for the PVT in the setup in Figure 3.2 has been by
force-circulation of water. For a closed loop system, the absorber heat transfer fluid is
important to the life, design, and operation of the system. Some popular transfer fluids
include water, water/glycol mix, synthetic hydrocarbons and silicon. Given the location
of the setup with no threats of freezing due to ambient conditions, water has been used
in the collector loop because it is readily available, and, it has superior specific heat
capacity to any other transfer fluid and it is economically cheaper to access. Water is also
odorless and non-toxic in its pure state and therefore easier to handle. Water is also
thermally stable and does not degrade with temperature. It therefore requires the use of

simple single-walled heat exchangers with little dangers of contamination.
To transfer the thermal energy from the working fluid to the storage tank fluid requires

a heat exchanger. The heat exchanger for the setup was made from a 3.6 m length of

smooth surfaced cylindrical copper pipe with average external diameter of 0.015 m and
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sheet thickness of 0.001 m. Copper pipe has been used because of its good heat
conduction property. The copper pipe was coiled into 7 turns with a mean external coil
diameter of 0.16 m and a mean pitch of 0.02 m. Figure 3.3 shows a picture of the heat
exchanger. The heat exchanger has been placed inside the storage tank closer to its
bottom. Heat transfer to stored water has been purely by convection due to gravity.
Although the unconventional rule of thumb for sizing is approximately 0.2 m? heat
exchanger surface per m? area of flat-plate collectors, this has not been strictly applied in
this case because for hybrid collectors the generation of electric power could have a

major influence on the thermal performance [72].

Calcification on
Cupper surface

3
Figure 3.3: Heat exchanger with some dimensions

The main focus of the setup is on the performance of the modules, which is directly
related to the fluid inlet temperature for the thermal absorber in the case of the PVT.
Lower inlet temperature leads to higher collector efficiency [72] and also lower
temperatures for PV cells. Thus, to further reduce the temperature of the returning
working water, apart from the conventional heat exchanger in the storage tank, a radiator
system has been included in the absorber loop. The radiator is made up of water-to-air
heat exchanger with a pair of fans. The sizing of the radiator system was not based on any
technical specifications. However, some design details could be found in Appendix F. The
radiator system contributes to the performance of the setup in two ways: (1) An
important aspect of thermal absorber testing is to keep the specific heat capacity (cp) and
density (p) of the fluid used within + 1 % over the range of fluid temperatures used during
the tests [79]. As could be seen from Figure 3.4, maintaining the inlet temperature

between 25-40°C ensures that pand ¢y remain with + 1 %. Thus, radiator system reduces
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the chaotic changes in the water inlet temperature - for a test facility in an erratic outdoor
environment- and the influence of relatively higher storage water temperatures on the
temperature of the returning inlet water. (2) Also, lowering the water inlet temperature
relative to ambience reduces thermal losses (see Equation 2.47) and hence improves the

efficiency of the setup.
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Figure 3.4: A variation of density and specific heat capacity of water with change in
temperature at constant pressure of 1bar.

For normal operation of solar collectors, thermal capacitance is provided to alleviate the
solar availability and load mismatch and improve the system response to sudden peak
loads or loss of solar input. As stated earlier, this also improves the system’s efficiency by
preventing the heat transfer fluid from quickly reaching high temperatures, which lower
the collector efficiency. The water storage tank for the setup is non-pressurized with the
heat exchanger installed closer to its base. Figure 3.5 shows some details of the storage
tank. The tank used for the study is a cylindrically-shaped 75L plastic thermos vessel with
a very tight lid, originally for storing cold and hot substances over short periods for
domestic use. This has always been filled to 70L for the study for consistency. The sizing
was based on the typically rule of thumb of about 40-80 L per square meter of collector
area [72]. To improve its insulation property, an additional 19 mm thick Armaflex sheet
has been used to cover its outer curved surface and base. This was then finally covered
with a thermal resistance foil to reduce its thermal interaction with the environment (see
Appendix G for details). The lid was however not modified. The tank has also been fitted

with a manual valve closer to the base to allow for easier emptying of content.
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Figure 3.5: Some details of thermal storage vessel showing: (a) the thermos vessel, (b)
armaflex insulation, (c) heat exchanger, (d) spout for transducer insertion, (e) non
modified lid, (f) thermal resistant foil cover and (g) manual valve

3.1.1 Working principle of the experimental setup

The basic principles of experimental designs are randomization, replication and local
control. These principles make a valid test of significance possible. A good experimental
setup should obtain relevant information with minimal risk of errors using as minimum
resources as possible. As described in Papers 1-3, the operation of a water PVT system
involves the working together of many sub-components to achieve desired results. Figure
3.8 shows a flow diagram of sequence of operation of the setup shown in Figure 3.2. As
could be seen, the operating conditions depend on whether (irradiance in this case),
selected mode of operation (1 or 2) and set variable limits. These are achieved by
systematic control circuit with monitoring system (data logger in this case) and well
balance load distribution of components to achieve maximum power point (MPPT)

operation.
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Figure 3.6: Flow diagram of working principle of the experimental setup

3.1.2 Control circuit

One method of reducing human errors in an experimental setup is to automate most of
the repetitive activities. This is achieved by using intelligent control systems. As could be
seen, Figure 3.7 illustrates a rough design of electrical loads distribution; showing battery
chargers, batteries, pump, fans, data logger and the control circuit. This also means that
the electrical energy required by the components in the setup is completely generated by
the PV and PVT modules, making it an energy independent system. Figure 3.8 also shows
fine details of how individual components are interconnected to create an intelligent
control circuit (CCT) (Also see Appendices B and C). The CCT includes relays, switches

and monitoring system (data logger). It could be seen from the CCT that the setup works
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as a stand-alone unit with minimal human interventions. Also, both Figures 3.7 and 3.8

show fuses (i.e., F1-F8) in the circuits for protection against faulty components.

PVT PV
MODULE MODULE
F1, 16A F2, 16A F3, 16A F4, 16A
Battery Battery
Ch. .
Charger.  [LOAD <5A (Mpemy | LOAD <5A
{(MPPT) ‘
& EAN1 CCT % FAN2 CCT
PVT | PV | |
BATTERY BATTERY 4 PUMP CCT
(12 vdc) % COTROL CCT (12 vdc) < DATA LOGGER CCT

Figure 3.7: Electrical load distribution for PV and PVT sub-systems
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Figure 3.8: Control circuit showing detailed electrical load distribution and
interconnections between control relays, switches, fuses and energy sources.

50



3.1.3 Modes of operation of the PVT sub-system

The PVT sub-system has been designed to operate in two fundamental modes. Figure
3.9(A) shows simplified line diagram of the PVT’s closed-loop water circulation circuit in
an idle state (pump off). As could be seen from Figure 3.6, this state of operation will

occur in any of the modes when Gy (i.e., in-plane irradiance) <120 W/m?2.

Operation Mode 1 configuration is biased towards maximizing electrical energy output
from the PVT module by cognizant cooling of circulating water in the closed-loop,
resulting in relatively lower average cells temperature and hence subsequent
improvement in electrical efficiency. In this mode, for experimental reasons, heat transfer
to water in reservoir is compromised. Figure 3.9 (B) shows Mode 1 configuration. For an
initial condition of Gp>120 W/m?, the water is continuously circulated through the water
reservoir and water-to-air heat exchanger and returns to the inlet of the PVT module
relatively colder. This mode also reduces variations in T7 to the barest minimum for the
outdoor experimental setup. This configuration was used for collecting the primary data

for Paper 1.

(A)

Mode=1
Pump=1 (ie. G, > 120 W/m?)
Ei=0

E;=1 ElX

Fans =1

Mode= 2b: T;< T
Pump=1 (i.e. G, = 120 W/m?)
Ei=1

E;=0 E X

Mode= 2a: T;>Ts
Pump=1 (i.e. Gy = 120 W/m?)
E;=0

E=1 Ei X

T3 Fans =0 T

Figure 3.9: (A) Simplified line diagram of the PVT’s closed-loop water circulation circuit
in an idle state; (B) operational Mode 1 configuration; (C) operational mode 2
configuration when T3> Ts; (D) operational mode 2 configuration when T3< Ts

Operation Mode 2 explores the heating of stored liquid in a reservoir, a fundamental

principle in domestic solar hot water systems. For initial conditions of G,>120 W/m?2and
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T5>Ts, the warmer water from T3 is continuously circulated through heat exchanger coil
in the reservoir till any of the pre-conditions is breached. This configuration is illustrated
in Figure 3.9(C). However, as could be seen from Mode 2b configuration shown in Figure
3.9(D), for Gp>120 W/m?2and T3 < Ts the exiting water from T3 is re-circulated through
the PVT module until T3>Ts when it reverts to configuration Mode 2a. These 2 modes (1
and 2) can be operated together to experiment different scenarios. Both configuration

modes 1 and 2 were used in Papers 2 and 3.

3.1.4 Photovoltaic-thermal and Photovoltaic set-up

The experimental set-up for the PVT and PV used in this study was installed on the roof
of the Department of Mechanical Engineering laboratory, Kwame Nkrumah University of
Science and Technology (KNUST) Kumasi Ghana. The latitude and longitude of the
installation are respectively 6.68°N and 1.57°W. Some pictures of the installations are
shown in Figure 3.10. The PVT (model: Volther PowerVolt) and PV (model: PV SOL60S-270W)
were manufactured and supplied by Solimpeks in Turkey [80]. Table 3.1 also shows some

selected information for PV and PVT modules (Also, see Appendix E for technical details).

X

f Wpté‘wﬁ A | Electric/
|| circulatioag Data
"I companigaent’

Figure 3.10: Installation of setup on the roof top of Solar Energy Applications Laboratory at
Department of Mechanical Engineering, KNUST Ghana, showing; (A) PV and PVT modules; (B)
North facing surface with water circulation and Electric/Data compartments; (C) East
facing surface with radiator cooling fans
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Table 3.1: Technical specification of PVT and PV collectors.

Parameters PVT PV
Manufacturer Solimpeks, Turkey Solimpeks, Turkey
Model Volther PowerVolt PV SOL60S-270W
Photocell type mc-Si mc-Si
Number of cells 72 72

Absorber surface (Thermal) Copper -

Module Dimension (mms3) 1601x828x90 1640x992x45
Aperture Area A,,, (m?) 1.326 1.474
Absorber Area (m?) 1.194 -

Weight (kg) 24.4 18.3

Nominal electrical power Pmax (W) 200 270

Thermal Power (W) 630 -

Nominal current I,y (A) 5.43 8.6

Short circuit current I (A) 5.67 9.31

Nominal voltage Vi (V) 36.8 31.4

Open circuit voltage V. (V) 46.43 38.3

Module electrical efficiency (%) 15.08 16.6

Zero loss collector efficiency (%) 47.5 -
Temperature Coefficient of Isc (%/°C) 0.06 0.05
Temperature Coefficient of Voc (%/°C) -0.34 -0.34
Temperature Coefficient of Pmax (%/°C) -0.45 -0.45
Nominal operating cell temperature NOCT (°C) 45+2 45+2

3.1.5 Instrumentations and data collection

A programable Campbell CR300 data logger has been used to record both meteorological

and modules’ performance data. The measurements are sampled every 10 seconds and

then averaged over 15-minute periods, from which hourly, daily, and monthly data are

determined. Table 3.2 shows the list of characteristics of the instrumentation used in this

study (see Appendix D). Detailed description of instrumentations and data collection can

be found in Papers 1 and 3.
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Table 3.2: Test Variables and Sensors

Variable Instrumentation Measurement accuracy Resolution

Temperature (°C) 109 Temperature Probe +0.2 °C (for 0 to 70 °C) 0.01
(Pt100)

Irradiance(W/m?) Apogee SP-421 +1% <0.001
pyranometer

Wind speed (m/s) Decagon DL-2 wind sensor 3% 0.01

Air temperature (°C) CS215 Temp/RH sensor +0.4 °C (5to 40 °C) 0.01

Relative humidity (%) CS215 Temp/RH sensor +4% (0 to 100 %) at25°C  0.03

Flowrate (L/min) Mechanical valves set. Not specified 0.2

Current (A) Bim205 smart charger Not specified 0.1
w/MPPT

Voltage (V) Bim205 smart charger Not specified 0.1
w/MPPT

3.2  Climatic conditions at the installation site

The performance of a solar collector is influenced by many interactive weather factors
and collector’s related parameters. There is however, a very high level of variability and
uncertainty in predicting meteorological variables. Nonetheless, PV cell temperature, for
instance, is a function of ambient temperature, wind speed and global irradiance [27].
Ghana is a sub-Saharan African country with land mass located within latitude 5 °N - 11
°N and longitude 3 °W - 1 °E [81]. The installation site is in Kumasi, a town in the middle
belt rain forest region of Ghana characterized by tropical rainfalls. By the K6ppen-Geiger
classifications, Kumasi’s climate is classified as tropical savanna climate or tropical wet
and dry climate of categories Aw (for a dry winter) and As (for a dry summer). This
implies that the average temperature of the coolest month is above 18 °C and

precipitation in the driest month is less than 60 mm [82].

In general, Ghana experiences two main climatic seasons namely, the wet and dry
seasons. Typically, the wet season in Kumasi starts from April to October. It is normally
characterized by cloudy weather conditions, relatively higher mean monthly
precipitation, relatively lower mean ambient temperatures, and relatively lower average
daily irradiance. The dry season (which predominantly spans November to March)

records low-to-no precipitation, higher ambient temperatures, and higher irradiance.
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The yearly average daily global insolation and the yearly average daily ambient
temperature recorded at the installation site for the year 2019 were 4.05 kWh/m2/day
and 27.13 °C respectively, as detailed in Figure 3.11 [83]. However, as could be seen from
Figure 3.12, the monthly average wind speed is less than 1.00 m/s, which prospectively
indicates that wind speed effects on solar photovoltaic performance could be negligible.
However, occasional wind gusts ranging from 3 m/ s in February to 11 m/ s in October
were observed during the period and must be considered in the design of mounting racks

for the site.
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Figure 3.11: Monthly average daily irradiation and monthly average daily ambient
temperature at the installation site for the year 2019
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3.3 Data analysis

3.3.1 Energy efficiency and analysis

The overall performance of a convectional PV system is usually examined using selected
performance indices, which include energy yield, performance ratio and efficiency. In the
case of hybrid PVT system, the overall performance is a combination of both convectional
PV (electricity) indices and solar thermal (heat energy) system. The instantaneous
electrical efficiency of a crystalline solar cell could be expressed as a function of its

temperature (T,) [69] as:
Net = Mo[1+ B(Tc — 25)], (3.1)

where 7, is the efficiency at standard test conditions (STC) (which are defined as
[rradiance = 1000 W/m?, T, = 25 °C, and air-mass ratio = 1.5), T, is the solar cell
temperature (i.e., T2 and T« for PVT and PV respectively, from Figures 3.2 and 3.9) and 8
is the temperature dependent coefficient of electrical efficiency. The value of £ differs
with different PV materials used (about -0.0045/K for crystalline silicon, -0.0035/K for
CIS, 0.0025/K for CdTe and -0.002 /K for amorphous-Si).

Efficiency of energy systems are generally expressed as ratio of output energy to input

energy. The PV module (cell) electrical efficiency (7,;) is, therefore, given as:

Eqc
Net = 4 (3-2)

Am*Gp’

where E,. is the direct current (DC) power from the module in kW, 4,, is the module

total surface area (m?) and G,is the in-plane irradiance (kW/m?). Similarly, the thermal
efficiency (1) is, also, expressed as:

Eon (3.3)

Men = 4 x 6,
where E};, is the useful thermal gains of the system and it is given as:
Ep = my,Cy (To - Ti); (3.4)

where m,, is the water mass flowrate (kg/s), ¢, is the specific heat capacity of water

(k]/kg °C) and, T; and T, (i.e., T; and T; respectively, from Figures 3.2 and 3.9) are the
inlet and outlet water temperatures respectively, in °C. The total efficiency of the
integrated PVT (npyr) is used to evaluate the overall performance of the system [84]. It

can be obtained by combining Equations (3.2) and (3.3) as:
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Egqct Etn
Am X Gp

Npyr = Neh T Net = (3.5)

Depending on the available data and desired level of resolution, convectional PV and
hybrid PVT systems’ efficiencies can be determined on instantaneous, hourly, daily,

monthly, and annually bases.

3.3.2 Exergy efficiency and analysis
The exergy analysis is based on the second law of thermodynamics. The overall output

exergy (Ex,,:) from PVT system is expressed as:

Exout = Exeg + Exgq, (3.6)

where Ex,; is the electrical exergy and Ex,, is the thermal exergy. Unlike thermal energy,
electrical energy is perfectly convertible, and its exergy content can be taken to be same
as the energy content. Thus Ex,; and Ex;, can be expressed in energy terms in kWh as
[85]:

Ex. = Eg4, (3.7)

Tref+273)
To+273 )’

Exg, = Eon (1- (3.8)

Equation (3.8) shows that the useful product of a PVT thermal collector is the heat
extracted from the absorber plate to the fluid and made available at its outlet
temperature, T,. The Carnot Factor, [1-(T,.f +273)/ (T, +273)], shows the reference
temperature (Ty.; ) at which the exergy content of the thermal power is zero [24]. T,y is
generally assumed to be equal to ambient temperature T,. This is adopted by numerous
authors, such as [24] [86]. However, for an uncontrolled environment, T, frequently
fluctuates periodically. Thermal exergy is affected by such fluctuations as it depends on
the value of the reference temperature at the moment when heat is delivered [86]. This
therefore introduces thermodynamic contradictions

because the reference temperature is supposed to be constant. Thus, for this paper, the
Ty shall correspond to the monthly minimum ambient temperature T, ;,;, recorded in
any given month, as recommended by [86]. Therefore,

Exen = Egp (1 - Ta'min—+273), (3.9)

T,+273
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Following the same minimum monthly ambient temperature reference point assumption,
the overall exergy efficiency of the PVT could be expressed as [87]:

Tamint273
Nex = Net + Ntn (1 - W)' (3.10)

where 7., is the overall exergy efficiency of the hybrid PVT water-heating system.

3.3.3 Economic performance indicators

The economic assessment is made up of costs and benefits of the system. There are many
economic performance indicators used by investment professionals, such as levelized
cost of energy (LCOE), net present value (NPV) and simple discounted payback period
(PP) [88]. The LCOE is a regularly used metric for evaluating the financial and economic
viability of energy technologies [89] [90]. In the case of this study, LCOE is evaluated
using NPV techniques. LCOE is the price at which energy must be generated from a
specific source to break even over the lifetime of the project. In calculating LCOE, all cost
factors such as financing, operation costs, maintenance cost, taxes, support, must be
considered. The generalized expression for the LCOE over the life span of an energy

system is given as [88] [91]:

Net Present value of cash flow

LCOE = , (3.11)

Present value of energy

In exergetic terms, the levelized cost of exergy (LCOEX) is defined as
_ ZPgPVer
LCOEx = TR (3.12)
c
PV = —(1+tr)t, (3.13)
EXpyt

PV, = uj—;; (3.14)

where PV, is the present value of the cash flow, PVg, is the present value of the exergy,
Expye ¢ is the annual exergy from the system in year ¢, b is the economic life of the system,

ris the discount rate for cash flow and C; is the total cost in USD ($) to the setup in year

t. Mathematically, C; is expressed as
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Ct=It+Lt+Mt+ Txt_Spt,

(3.15)

where I; is the total investment expenditure, L, is the financial loan cost, M; is total

operation and maintenance cost, Tx; is the total tax paid and Sp; is the total support and

incentives, all in the year t.

Table 3.3 shows a summary of economic parameters and prices of balance of system

(BOS) devices used in the setup. Although the cost of mounting rack without labour cost

is estimated at 10% of the total cost of Module [92] the same is assumed for the PVT

system as well. Also, the operation and maintenance (M;) for both modules were

estimated based on studies by Baumgartner [92]. This includes all labour costs as well as

provision of security. It should also be noted that systems were acquired without any

financial support.

Table 3.3: Economic parameters

Item/Parameter Size /Rating Unit Value Unit value
or cost ($) Reference
PV 270 W $ 254 Actual cost
PVT 1.326 m? $392.15/m? Actual cost
Mounting rack % of module cost 10 % [92]
Inverter Cost, Iy, ¢ Paper 2 $300/kW Actual cost
Battery bank Cost, I'q¢ ¢ Paper 2 $160/kWh Actual cost
Water circulation Pump, 10W $9/W Actual cost
Control station Single unit $50 [93]
O&M cost per year, M, % of module cost 5%/annum Estimated [92]
Storage tank with heat exchanger 100L $ 1.5/Liter Actual cost
Average Electricity tariff for Average $0.12/kWh [94]
residential users in Ghana
Discount rate, r (Dec. 2020) Return on savings 5% [95]
Financial support package, Sp; % of module cost 0% Actual situation
Exchange rate (02.07.2021) $/GH 5.76 [96]
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4 Results and discussion

The findings of this study have been presented in Paper 1, Paper 2 and Paper 3. Paper
1 investigated the influence of meteorological conditions on general energy output and
performance indicators, including efficiencies, while Paper 3 assessed the detailed
influence of flowrate configurations of heat extraction fluid on PVT performance. Paper
2 studied the economic feasibilities of the PVT for its projected life span in the installed

environment.

4.1 Climatic effects on performance

The electrical energy efficiency of any PV system is directly related to its cells
temperature. Paper1 studied the influence of the climatic factors (irradiance, ambient
temperature and wind velocity) on the temperature of the PVT and PV modules. The
average daytime temperatures of the PV module were relatively higher than average PVT
module temperatures, ranging between 1.3% to 6.9% higher [83]. Table 4.1 details

effects of climatic factors on module temperatures.

Table 4.1: A summary of weather data and module temperatures

Ambient Conditions Average Daily T ..,
Month kWh(;ZnZ/d T, w PV PVT
°C m/s °C °C
ay

January 4.49 30.57 0.56 42.26 40.21
February 4.39 30.86 0.60 42.87 40.69
March 4.90 30.94 0.73 44.22 41.19
April 4.72 30.67 0.75 43.60 40.98
May 4.44 29.88 0.75 41.65 39.33
June 3.67 28.08 0.80 37.87 36.38
July 2.90 26.79 0.81 34.69 34.01
August 2.82 26.62 0.93 34.62 34.17
September 3.20 27.31 0.74 37.16 35.97
October 3.94 28.00 0.78 40.08 38.08
November 4.90 29.91 0.71 43.65 40.80
December 4.25 30.10 0.71 42.58 39.74

PV cells temperature are directly linked to their efficiency (Equation 3.1). An advantage

of the PVT over the PV is the cooling effect of the working fluid on the cells. Following
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that, in the case of the PVT module, Paper 3 has shown that increasing mass flowrate of
the water (mw) reduced its temperature non-linearly until such a value (mw= ~0.082 kg/s
in this case) that any further increase did not result in significant changes in T, for a
specific irradiance. For instance, the T, significantly reduced by almost 11.3% from 60.3

°C to 53.4 °C for mw variation from 0.025 - 0.067 kg/s at an irradiance of 900 W/m?2 [97].

4.2  Energy and Exergy Efficiency of modules

Paper 1 assessed the energetic efficiencies of the modules based on their output
energies. Rated electrical efficiencies (DC) for PV and PVT are 16.6% and 15.1%
respectively, whereas zero loss thermal efficiency of the PVT thermal collector is 48.0 %,
as shown in Table 3.1 for STC. However, in reality, there are significant variations in
instantaneous efficiencies calculated from input and output energies from modules
installed in uncontrolled environments, which are predominantly lower than values
measured at STC. For example, Paper 1 has shown that the annual average daily electrical
efficiencies for the PV and PVT modules were 12.1 % and 10.8 %, whereas the average

efficiency of the thermal collector was 36.3 % [83].
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Figure 4.1: Range of deviation of instantaneous energy efficiencies from rated
efficiencies at STC

Figure 4.1 shows the range of deviations of instantaneous efficiencies of modules,
installed in uncontrolled environment, from rated efficiencies. It could be seen that the
mean deviations of the electrical efficiencies for the PV and PVT modules are -26.9 % and
-28.3% respectively, whereas the thermal efficiency of the PVT system deviated by -
24.3%. This means that although the instantaneous thermal efficiencies for the PVT had

wider range variation of 29.4% to 44.8% (Paper 1 [83]) it recorded the lowest mean

61



deviation from its rated efficiency. Also, the PVT’s instantaneous electrical efficiencies
recorded the highest mean deviation from rated efficiency, which is not very different
from what was recorded from the PV module. This however means that, the cooling of
the PVT cells did not translate directly into efficiency improvement, as compared to the

PV cells.

[t has also been shown in Paper 3 that, in exergy terms, the commercial PVT only began
to perform better than the conventional PV at higher irradiance (i.e., ~790 W/m2in this
case) as could be seen from Figure 4.2. However, whereas the PVT seemed to show a
relatively stable exergy efficiency with increase in Gy, the PV suffered a decrease in exergy
efficiency due to the debilitating effect of higher T, in the absence of any active cooling.
This observation about stability of the PVT exergy efficiency is only true at a specific mass

flowrate (mw= 0.033kg/s).

120 | PV electric efficiency _
r ® PVT exergy efficiency (n,)

O PVT electric efficiency (n,)
PVT m,,=0.033 kg/s -

Efficiency (%)
o
T

700 750 800 850 900
Irradiance, G, (W/m°)

Figure 4.2: Exergy comparison between the conventional PV and the commercial PVT
at manufacture’s recommended mass flowrate of 0.033 kg/s

4.3 Longterm energy and exergy performance

For the purpose of this analysis, the water circulation through the thermal system of the
commercial PVT has been set at manufactures recommended mass flowrate of 0.033 kg/s
(2 L/min). The estimated gross annual average outputs from the PVT module for the 25-
year economic period are 170.85 kWh/m?2 and 519.69 kWh/m?2 and 377.15 kWh/m? for
electrical energy (E;.), thermal energy (E;;) and total exergy (Ex,,) respectively. In the
case of the PV module, gross annual average electrical energy output is estimated at

192.58 kWh/m?2/annum for the period, which is the same as its exergy (see Equation 3.7).
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Paper 2 presented analytical models in a comparative energy and exergy study over a
25-year lifetime of the PVT and PV subsystems. Both subsystems have been modeled with
TRNSYS for their economic life-cycle projections based on field measured data. The
degradation rate of PVT module and PV module outputs were predicted based on
manufacturer warranty information for the modules and measured data, including
exergy performance. As could be seen from Figure 4.3, the PV module and PVT module
output exergies are estimated to degenerate by 12.8 % and 11.3 % respectively at the end
of the 25-year period of continuous exposure. This translates to approximately 6.1% of

total exergy lost for each module over the period of study.
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Figure 4.3: Projected exergy output from PV and PVT modules over life span.
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Figure 4.4: Effect of system losses on net exergy output over the years of study.
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However, in reality, BOS components contribute to losses in energy transition from
modules to load. Figure 4.4 shows that for the period of study, the average net exergy
output from the commercial PVT system degenerates curvilinearly from approximately
84.6% to 73.3%, as against 83.9% to 68.3% for the PV system. Thus, the exergy
degeneration rate of the commercial PVT is lower than recorded for the conventional PV.
The non-linear variation of average percentage of available exergy could be attributed to
occasional replacements of BOS devices, as they reached their end of useful life within the

study period.

4.4 Economic performance

The economic evaluation of the PV and PVT systems are based on a reference scenario
described in Paper 2 with battery storage capacity in full use (f§; = 1) at default input
parameters (Gp = 4.5 kWh/m2/day, r = 0.05, 0&M = 5% of module cost, and Sp; = 0) for
the 25-year project lifecycle. Paper 2 also introduces levelized cost of exergy (LCOEX) as
an economic parameter for fairer economic comparison between the commercial PVT

and conventional PV.

One main barrier or concern for the use of renewable energy technology is their high
investment cost, with a chunk of it required upfront. For the reference scenario, the net
present value of life cycle cashflow (PVcr) per unit area for the PV and PVT sub-systems
were respectively $ 1083/m?2 and $ 1665/m2. Thus, as expected, the running cost of the
commercial PVT system has been generally higher than the conventional PV system.
Upfront cost amounted to 58.5% and 68.6% of the net PVcr for the PV and PVT systems
respectively. Thus, it requires approximately 80% more upfront cost for setting up the

conventional PV-system/m?2 to setup the commercial PVT-system/m? [98].

The cost of exergy produced from the PVT system ($ 0.33/kWh) is however generally
cheaper than that from the PV system (0.45/kWh) but more expensive than residential
tariffs for grid power in Ghana (i.e., $ 0.06-0.16/kWh, depending on the units of electricity
consumed per month [94]). However, for a scenario where the modules are freely
acquired through support policies like the National Rooftop Solar Programme [99] and
installed without any batteries, the PV system has achieved grid parity in all regions ($
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0.06 - 0.13/kWh) in Ghana, whereas the LCOEx for PVT ($ 0.09 - 0.19 kWh) has compared

favorably with tariffs in regions with daily peak sun hours > 3.65 h.

4.5 In comparison with conventional PV systems

Unlike PVTs, conventional PVs are already one of the leading products in the global
renewable energy charge. For the commercial PVT to compete well with the conventional
systems, the cooling effect on the cells should translate into both electrical energy and
thermal energy gains. This calls for alternative design and improvement of the
commercial systems. The most common thermal absorber in PVT technology is the tube
and sheet design [24] [83] [30]. However, some alternative absorber designs in literature
with encouraging performance include spiral flow absorber [33], aluminium-alloy flat
box with rectangular channel absorber [35], and serpentine channel absorber [100]. The
use of nanofluid technology for heat transfer has also been reported to improve both

thermal and electrical energy performance of the PVT [101].
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5 Conclusions

The primary aim of this research was to make an original scientific contribution to the
subject of real-life performance of a commercial PVT in an uncontrolled environment in
West-Africa, by studying a system installed in a Ghanaian environment in comparison
with a conventional PV system. Like any solar system, climatic conditions are key to the
performance of the PVT collectors. However, although some studies on operational
performance of solar PV modules in Ghana can be found in the open literature (e.g. [46]
[21] [102]), this experimental study has been the first known attempt to assess a
commercial PVT module’s real-life performance in the West Africa sub-region. Moreover,
for the first time, this research has attempted a comparative study between the two

technologies (PV and PVT) in Ghana.

In relation to the research objectives, the major conclusions of the study are presented
below:

e The average daytime temperatures of the PVT cells were relatively lower than
average PV cells, ranging between 1.3% to 6.9% lower. However, the relatively
colder PVT cells did not translate directly into electric efficiency improvement, as
compared to convention PV cells. This means that, in terms of electrical energy
production, although the commercial PVT operated at lower cell temperatures, its

electrical efficiency remained lower than that of the conventional PV at all times.

e In exergy efficiency terms the commercial PVT, operated at manufacturer’s
recommended mass flowrate, performs better than the conventional PV only when
irradiance is beyond a specific higher value (~790 W/m? in this case). Whereas the
PVT’s exergy efficiency remains constant with increasing irradiance, the PV’s exergy
efficiency reduces linearly from higher to lower values, in comparison with the

PVT’s.

¢ Interms of technical performance, the gross annual average exergy outputs in their
life-cycles are 192.58 kWh/m? and 377.15 kWh/m? respectively measured from the
PV and PVT systems.

e The rate of degradation of output exergy due to ageing was projected to be lower in

the commercial PVT module than the conventional PV module. This has been
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estimated to reach 11.3 % and 12.8 % respectively for the PVT and PV modules in
their estimated 25year economic life, which translates into approximately 6.1 % of
total exergy losses for each module over the period. Also, whereas the output losses
of the PVT system increased curvilinearly from 15.4% to 26.7% over its economic

life, that of the PV system increased from 16.1% to 31.7%.

For complete standalone systems (configured with battery and invertor), the net
present value of life cycle cashflow (PVcr) per unit area for the PV and PVT systems
are estimated at $ 1083 and $ 1665. Upfront costs amounted to 58.5% and 68.6% of
PVcr for setting up the PV and PVT systems respectively. The study estimated the
upfront cost to be approximately twice what was required in setting up the
conventional PV system to setup the same surface area of the commercial PVT

system.

The study introduced the use of levelized cost of exergy (LCOEX) as an economic
parameter, instead of energy, for a fairer cost comparison of net energy from PV and
PVT systems. The cost of exergy produced from the PVT system is averagely 36.4%
cheaper than from the PV system, but more expensive than residential tariffs for grid
power in Ghana. However, when installed without batteries, the PV’s exergy

becomes cheaper.
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6 Limitations of work, future studies and engineering direction.

Following the conclusions above, it is possible to state that the current thesis has
successfully assessed the field performance of a commercial PVT in the context of the
listed objectives. While the methods adopted in this thesis accounted for significant
sources of uncertainties, some issues could be recommended as subjects for further

investigation and to potentially minimize uncertainties in the assessments:

= The results highlight the importance of climatic conditions. The reliability of
climate impact assessments depends on the quality and duration of the weather
data. However, climatic related impact assessments were based on measured
weather data over a single year. Since weather changes are very unpredictable,
such short-term data may not be enough to draw accurate conclusions. Further
studies on impact assessment should be based on long term weather data

collected at installation site.

= Also, the prediction of long-term performance of the PVT and PV modules were
based on analytical models and a TRNSYS model based on the same short-term
measured data. Since this study is the first of its kind in such an environment, with
unique weather conditions like harmattan, there is no evidence in literature to
ascertain the veracity of the models in the long term. Thus, further research based
on long term observations is necessary to validate or correct existing models and

to accurately predict long term performance.

= The study was also based on only mono-crystalline silicon technology for both PV
and PVT modules. This was because of non-availability of commercial PVT
products on the Ghanaian market. The only available source in Europe ready to
export to Ghana had only crystalline silicon modules in stock. While the results
may have been based on modules from one technology and manufacturer, yet it
provides stronger reference for comparison with other products across other geo-
climatic zones. However, future works could expand scope to include other PV and

PVT technologies from different manufactures and technologies.

= Extreme test conditions are rare to achieve in real life situations. Well-equipped

simulation solar labs with measuring instrument and weather conditioning
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possibilities should be establish for future works to generate data in support of
solar industry in Ghana. With that in place, the PVT’s behavior in such extremities

could be assessed in the future.

= A lifecycle assessment is a comprehensive tool for quantifying the lifetime
environmental impacts of energy systems. However, the study focused on the
productive life of the modules without considering environmental impacts. Future
studies into lifecycle assessment of the PVT and PV modules will evaluate adverse
impacts from cradle-to-grave; starting from inputs (raw materials & energy) and
production outflows (emissions, waste & product), transportation, use,

decommissioning and management as waste.

= The study was premised on the reported high temperatures of PVs installed in that
environment. The PVT was therefore investigated as an alternative technology,
without considering stand-alone thermal systems. A future study could assess the
performance PVT against both PV’s and solar thermal systems in that

environment

For the commercial PVT to compete well with the conventional systems, the cooling effect
on the cells should translate into both electrical energy and thermal energy gains. Its
electrical efficiency was generally lower than that of the conventional PV system.
Different assembling techniques and materials could be used to improve the PVT
electrical efficiency. Also, cheaper, and more efficient batteries with longer
charge/discharge lifecycles could significantly improve both techno and economic per-
formance of stand-alone PV/PVT systems. This observation is, however, based on mc-Si
technology and specific commercial manufacturer’s design, may not be generalized for

all other PV/PVT technologies.
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