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ABSTRACT

One potential solution for overcoming the use of fossil fuels involves renewable sources
like solar energy. The most efficient way of extracting the solar energy is through solar
PV system which tends to decline as the temperature of cell rises. A promising approach
to enhance both the electrical performance of PV and the acquisition of beneficial heat
energy is through the implementation of photovoltaic-thermal (PVT) systems. This
technology aims to increase overall system efficiency.

This research undertook the development and examination of a PVT water system
employing a serpentine-type tube configuration. To analyse outlet and cell
temperatures, ANSYS software was utilized. The investigation encompassed a range of
mass flow rates, spanning from 0.001 kg/sec to 0.005 kg/sec, and three heat flux rates
(600, 800, and 1000 W/m?). The study also encompassed real-world testing under
Nepal's weather conditions, following the parameters set in the simulation.
Computational fluid dynamics (CFD) results unveiled peak thermal and electrical
efficiencies of the system at 59.3% and 11.6%, respectively. Experimental testing
yielded slightly lower figures, with thermal and electrical efficiencies measuring 53.5%
and 10.4%, correspondingly.

Notably, the PV system's electrical efficiency was gauged at 9.6%, while the PVT
system reached 10.4%, underscoring the PVT system's enhanced efficiency due to its
cooling impact and lower cell temperatures compared to standalone PV systems. The
study highlighted that thermal efficiency exhibited a direct correlation with mass flow
rate, whereas cell temperature exhibited an inverse relationship with increasing mass
flow rates.
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CHAPTER ONE: INTRODUCTION

1.1 Background

The need for food and energy is rising along with the global population. The continued
rise in energy demand, which is largely met by burning fossil fuels, has been a global
worry in many ways. (IEA, 2021) estimates that 81% of the world's energy consumption
is met by fossil fuels, but these sources also provide 89% of the world's CO, emissions
and 70% of its greenhouse gas emissions, which are the primary contributors to global
warming and climate change (IPCC, 2022).With the huge CO, and greenhouse gas
(GHG) emissions from these sources, it's critical to investigate alternative energy
sources including solar, hydro, biomass, and geothermal energy as a way to both meet
demand for energy and dramatically cut emissions (Tyagi, 2021).

Everywhere on Earth can receive energy from solar, which is a plentiful carbon-free
energy source. In fact, the 4.3x109 TJ of solar energy that reaches Earth's surface in a
single day is more than enough to meet the planet's 4.1x109 TJ annual energy needs
(Lewis & Nocera, 2006). Fundamentally, the two main types of energy obtained from
the sun are electricity and heat. The greatest benefit of solar energy is that it can be used
at any production scale, from small-scale homes to large-scale factories connecting to
the grid or operated off-grid, using a variety of technologies including photovoltaic,
CSPs, or integrating system with other forms of energy sources. The solar technologies
also require very little maintenance because, unless tracking devices are added, they
don't have any moving parts. With an average power loss of just 0.5% per year, the
technology has a longer lifespan of over 20 years (Jordan & Kurtz, 2013). Most
crucially, the levelized cost of energy (LCOE) averaged across the globe in 2021 was
$0.048/kWh, a reduction of 88% in just the previous ten years (Renewable Power
Generation Costs in 2021, 2022). Solar energy is expanding more than other renewable
energy sources due to technological improvement, increased efficiency, and lower
investment costs, and it can be projected that it will rule the market in the future decades
(Jaeger, 2021).

1.2 Problem statement

Solar insolation varies by geography, which is the main obstacle to solar energy. Site
characterization is crucial since it affects the total size and production of the plant
because of the fluctuating irradiation's impact on power output. Another obstacle in the



PV market is the need for a specific design when installing PV and Thermal panels for
household use. Laying fully dependent on orientation, tilt angle, and roof slope (taking
into account the installation at roof), all of which vary from location to location. Space
requirement is the other issue where the shade and poor orientation have an impact on
the space limits as well (Allan, n.d.). Decreasing efficiency of solar is also the issue,
which only convert 15% to 20% of incident solar energy into electricity while absorbing
over 90% of it and losing the remainder as heat. Because of this, the solar industry needs
fresh innovations to encourage the adoption of effective and affordable solutions to
these problems.

Combining electrical and thermal energy would be a revolutionary strategy that might
simultaneously have a wide range of applications and require less space. The hybrid
photo voltaic thermal (PVT) modules could be the considerable solution because this
cutting-edge technology can give three times as much energy as a PV system of equal
size and around 1.1 times as much thermal energy as a thermal system of comparable
scale. Although having lower electrical and thermal efficiency than individual PV and
thermal systems, the PVT system offers a higher efficiency usage of space covered. The
other benefit is an extension of system lifespan since the heat is optimally utilized and
the fluid that passes past the panel lessens thermal stress on the PV panel. Given all
these benefits, PVT installations can be the most beneficial solutions for household hot
water and electric space heating. In the context of Nepal this technology could be used
for fulfilling electricity shortage and daily hot water mainly in the Himalayas and
remote areas where there is no connection of the grid line. Further this technology could
be used in the commercial as well as domestic buildings for space heating which could
be the best alternative. This is the main reason behind conducting this study.

1.3 Objective

The main objective of this study is to analyse the performance of the solar photovoltaic-
thermal system in the context of Nepal using simulation and experimental approach.

The specific objectives of this study are;

e To develop the 3D model and determine the outlet temperature of the water and
cell temperature of solar PV based on the different mass-flow rate and heat flux
using CFD approach

e To construct the solar photovoltaic-thermal system and test its performance

e To compare the simulation and experimental results



CHAPTER TWO: LITERATURE REVIEW

2.1 Photovoltaic-thermal system's working principle

As comparison to a PV and thermal system running separately, a PVT hybrid system
integrates PV and thermal energy to deliver both electrical and thermal power with a
better energy yield per unit area and, therefore, improved overall efficiency. The
primary benefit of a hybrid PV/T system is its ability to concurrently supply electrical
and hot water (also the space heating if the fluid used is air or gas) demands while only
requiring a single location and one energy source. These systems typically consist of
PV cells and a heat exchanger contained in an insulated casing, with the heat exchanger
transferring the surplus thermal energy from the panel to a fluid that can then be pumped
for various purposes, such as daily hot water, heating of space and pool, and so forth.

A hybrid PVT system's photovoltaic panels are made of semiconductor material, which
absorbs sunlight and produces power from it. Direct current (DC) power is produced
when sunlight strikes semiconductor material generating the electrons that are then
caught by PV cells. In a hybrid PVT system, the thermal collector is often a flat plate
or a group of tubes covered in a highly absorbent substance. Sunlight that is not
collected by the solar cells is taken up by the thermal collector and transformed into
heat. The heat is subsequently used to produce steam or hot water, depending on the
system's particular design. So, this system may be suitable for homes with limited space
and that require both electrical and thermal load; nevertheless, they are more expensive
and still in the development stage, with very few installations globally compared to PV
and thermal systems.

When compared to PV modules, PVT collectors are often twice as expensive or even
three times as expensive, especially those with good heat removal quality. Using low-
tech setups and materials has been proven to lower the cost to benefit ratio, but will
result in poorer thermal performance because of design simplifications (Zondag et al.,
2003).

2.2 Photovoltaic-thermal system development

In order to increase performance of PV and use the power and heat from the hybrid
system, Martin Wolf presented the idea of PVT collectors for homes in the first study
on the practicality of hybrid PVT systems in the 1970s (Wolf, 1976). Similar to this,
Kern and Russell also conducted a system analysis on PVT and came to the conclusion



that these systems, depending on the applications and climatic conditions, could be
excellent alternatives to individual PV and thermal systems and are more favourable
for residential buildings with high heating requirements (Kern & Russell, 1978).
Although while this study and others helped provide the groundwork for future research
on PVT systems, most investigations conducted prior to 2000 were somewhat basic
(Islam et al., 2016).

The performance of a hybrid PVT solar water system was modelled and simulated by
Kalogirou using TRNSYS, and the findings showed that the hybrid system could
simultaneously satisfy over 49% of a DHW requirement while increasing the mean
annual efficiency of the PV system from 2.8% to 7.7%. Efficiency rose by 31.7% on an
annual basis overall (Kalogirou, 2001).

For analysing the dynamic functioning of PVT systems, Chow concluded that a
dynamic model of a PVT water collector with a single glazing was preferable to steady
state analysis. He also found that photovoltaic conversion efficiency can rise by 2% at
lower temperatures and a mass flow rate of 0.01 kg/sec (Chow, 2003).

Kalogirou and Tripanagnostopoulos created and tested hybrid system of PV/T at the
University of Patras using pc-Si and a-Si PV modules along with water heat extraction
devices. According to the findings, pc-Si systems produce electricity more effectively
than a-Si systems, but have lower thermal yields. The paper's conclusion acknowledged
that hybrid units have a higher chance of success because overall energy production
was much higher and emphasized the necessity for economic development for these
systems before they could be widely used (Kalogirou & Tripanagnostopoulos, 2006a).

Assoa and his team introduced an innovative design for a photovoltaic/thermal (PV/T)
collector by employing a two-dimensional mathematical model for a collector utilizing
two fluids (air and water) and featuring a metal absorber. To assess the impact of
various factors, such as the water mass flow rate, on the collector's thermal efficiency,
they conducted a parametric analysis. The results indicated that, under specific
conditions involving collector length and fluid mass flow rate, the thermal efficiency
of the collector could potentially reach up to 80%. This study suggest that there is still
potential for enhancing the cooling of PV cells based on these findings (Assoa et al.,
2007).

Adnan lIbrahim and his team designed two distinct photovoltaic-thermal (PVT)
systems, each dependent on the type of fluid employed. The first system utilizes water
and is designed with a spiral flow absorber collector, while the second system uses air



and features a single-pass rectangular tunnel absorber collector. According to the study,
the water-based collector had a combined efficiency of 64%, including an electrical
efficiency of 11%, compared to the air-based collector's combined efficiency of 55%,
including an electrical efficiency of 10% (lbrahim et al., 2009).

Matsuka's research aimed to investigate whether liquid cooled BIPV-T collectors could
replace BIPV modules, using simulations to analyse various climate scenarios. The
results showed that in tropical climates, roof installations of BIPV-T collectors could
yield 15-25% more energy compared to BIPV, while moderate climates showed an 8-
15% increase. The thermal efficiency was ten times higher than electrical efficiency
(Matuska, 2012).

Khelifa et al. conducted an ANSY'S simulation of a hybrid PVT system that had a design
similar to the one used in this study. They found that the back temperature of the PV
cell decreased by 15-20% when water flowed through the channel (Khelifa et al., 2016).

Abdul-Ganiyu et al. conducted a study comparing the technical and economic
feasibility of PVT and traditional PV modules in Ghana's climate. They found that when
connected to batteries, the PVT system performed better than the PV system, with an
LCOE of $0.33/kWh compared to $0.45/kWh for the PV system, making PVT the more
favourable option for an average peak solar hour of 4.6 hours. However, without
batteries, he found PV as more economical system compared to PVT system (Abdul-
Ganiyu et al., 2021).

Arslan et al., designed, manufactured and tested the finned type air fluid photovoltaic-
thermal collector where both experimental and numerical analysis were performed
under various flow rates of mass. ANSYS was used for the numerical analysis for
predicting the PV module surface temperature before conducting the experiment and
under the similar meteorological conditions experiment was performed for 0.031087
kg/sec and 0.04553 kg/sec mass flow rates. The findings showed that the electrical
efficiency was improved by 0.42%. Thermal and electrical efficiencies of PV/T
collector for 0.031087 kg/sec flow rate were 37.10% and 13.56% and for 0.04553
kg/sec flow rates they were 49.5% and 13.98% respectively (Arslan et al., 2020).

Karunasena et al., developed the 10 different PV/T collector and conducted the
simulation using ANSY'S to find the best design which will cool the solar PV and based
on the simulation result, solar PV/T collector that showed the best result was
manufactured which provided the most cooling effect to conduct the experiment. They
used two 100Watts solar PV one without cooling and other with cooling effect to



conduct the experiment. The finding from both numerical and experimental showed the
improved efficiency of the system which was integrated with the cooling system on the
back side of the panel. Further the electrical efficiency was improved by 2.5% with
increase in electrical power generation by 28% compared to the solar PV alone without
cooling (Karunasena et al., 2020).

In context of Nepal the average global horizontal irradiation (GHI) reaches up to 5.5
kWh/m?2day in northwest part of country while it is in the range of 4.4 to 4.9 kWh/m?day
in the southern part of the country. The specific solar PV electricity output capacity of
the country lies between 1400 kWh/kWp and 1600 kWh/kW, (= average daily total
between 3.8 and 4.4 KWh/kWp) (Nepal Energy Sector Synopsis Report - 2022, 2022).

Roads Airports

— Motorway, Trunk 4 Paved
Primary & Grags
Secondary Operation questionable
Tertiary

Daily sur: <« 30 35 40 45 50 S5 60 >
Yearly sum: < 1095 1278 W61 1643 1826 2008 2191 »

(Nepal Energy Sector Synopsis Report - 2022, 2022)

Figure 2.1: Global Horizontal Irradiation- a long-term average of daily and yearly
total

Similarly, the maximum total solar radiation of about 777.27, 815.97, 914.03 and
704.51 W/m? were observed in Kathmandu, Pokhara, Lukla and Biratnagar respectively
with annual average solar energy measuring 5.19, 5.44, 4.61 and 4.95 kwWh/m?/day for
respective places (Poudyal et al., 2012). So, with this amount of generation of solar
energy, it can fulfil the daily need which could be the best alternatives in the different
parts of the country where there is no connection of the grid line. Further in the
Himalayas region this could be used for fulfilling the daily hot water need to perform
the daily activities and for space heating. Therefore, this technology could be useful
and viable in context of our country.



It was noted that the performance of the solar photovoltaic thermal system is affected
by different factors like thermal components and PV efficiency, system's design and
configuration, operating conditions etc. Moreover, it can also be seen that this system
has definite advantages over the individual systems. Thus, this study was focused on
the CFD simulation of the serpentine type of collector and experiment was conducted
on the same model of thermal collector to analyse the overall performance of the PVT
system in context of Nepal. The results obtained from the simulation and experiment
were compared with the result obtained from previous studies for the validation of the
system.



CHAPTER THREE: METHODOLOGY

The research was all about the analysis of the solar photovoltaic-thermal system by two
methods i.e., CFD simulation and experiment. The research procedure was segmented
into four phases. Firstly, the literature review was conducted for finding the research
gap and understanding the significant parameters that could adversely affects the
performance of the solar PV device. Afterwards, 3D model of the solar PVT system
was developed using the CAD software where the thermal collector was of serpentine
type which was attached to the thermal absorber and enclosed by the insulation and
framed together. Then the CFD simulation was conducted in ANSY'S using mass flow
rate and heat flux rate as the input parameters.

After conducting the simulation, the experiment setup was prepared and then
experiment was conducted where the performance of the system was tested under the
environmental conditions such as temperature, solar irradiation. The data collected
from the experiment were analysed and compared with the simulation results. For the
validation of the result obtained from the simulation and experiment, the results were
compared with the previous research. Figure 3.1 shows the methodology that was
adopted for conducting this study.

Define the research Conduct the Development of 3D
objective literature review model

e

Conduct the experiment : Analyze the system
and collect the data and Preparation of using the CFD
experimental setup . ;
analyze the result for conductin simulation to
obtained from experiment g determine the outlet
experiment P temperature of water

&

Comparison of Comparison of
experiment and result with literature
simulation result

Figure 3.1: Flowchart showing the methods for conducting the research



3.1 Literature review

From the literature it was found that the performance of the solar photovoltaic thermal
system is affected by different factors like thermal components and PV efficiency,
system's design and configuration, operating conditions etc. Moreover it was also found
that this system has definite advantages over the individual systems. Thus this study
was focused on the CFD simulation of the serpentine type of collector and experiment
was conducted on the same model of thermal collector to analyse the overall
performance of the PVT system in context of Nepal. The results obtained from the
simulation and experiment were compared with the result obtained from previous
studies for the validation of the system.

3.2 Modelling and considerations

For designing and modelling literature review was conducted and based on the literature
review, design consideration, assumptions and modelling was done which are explained
in detail in following section.

3.2.1 Design consideration

The three-dimensional model of solar photovoltaic-thermal (PVT) system consists of
glass, crystalline photovoltaic panel, thermal absorber and collector enclosed by the
insulation layer and then framed together. Here in this study serpentine type of thermal
collector was designed. Overall efficiency of the PVT system was affected by the
various factors such as type of PV module, heat transfer fluid, glazing number, property
of the thermal absorber and collector with mass flow rate of the fluid used in the system.
The contact between the solar cell and thermal absorber was vital as the contact between
these two components leads to the improvement of the efficiency. Here the water was
chosen as the working fluid and copper as the material for the thermal components i.e.,
absorber and collector due to the superior properties of the copper compared to the other
different materials like aluminum.

The designed 3D model has PV panel of size 450 mm x 340 mm with same size of
thermal absorber plate. The thermal collector has 10 mm as the outer diameter and 9
mm as the inner diameter with 20 mm thickness of insulation. The design has 7 loops
of pipes with 60 mm distance between each pipe. Figure 3.2 shows the different parts
of solar PVT system developed using Solidwork software.
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Figure 3.2: 3D model of solar photovoltaic-thermal system

Figure 3.3: Top view of developed model
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Figure 3.4: 2D Model (Top View)

Different materials are used for each part of the system which is tabulated in the Table
3.1,

Table 3.1: Material characteristics

S.N. | Parts Parts Material Density Sp. heat | Thermal
thickness (kg/m®) capacity | conductivity
(mm) (J/kg.K) (W/m.K)

1. Glass 2 Glass 2200 480 1.1

2. PV cell 1 Silicon 2330 700 148

3. Plate 1 Copper 8960 385 401

4, Pipes - Copper 8960 385 401

5. Fluid - Water 998.2 4182 0.8

6. Insulation 20 Rockwool 1.127 1000 0.03

Apart from this, different assumptions were considered while preparing the model
which are as follow;

e Heat absorbed by the absorber plate was considered to be equivalent to the solar
irradiation received by the PV module per square meter by neglecting the
bonding between the PV module and absorber plate
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e Transmittivity was assumed 100% considering that no air gap between the glass
layer and PV module

e Unity packing factor was assumed i.e., the area of the PV module was equal to
the area absorber plate

e Module was made or pure silicon so properties of silicon was used

3.3 Modelling

While conducting the modelling of the PVT system various assumptions were
considered which are given below;

e The entire process operates in a steady-state condition

e Water was selected as the heat transfer fluid which also acts as coolant

e The ambient temperature remains consistent throughout the process and average
temperature was taken into account for each layer

e Heat flux was irradiated constantly on the PV module

e Uniform water flows through the tubes and temperature gradient and pressure
drop were neglected in the tubes

e Shading effect and losses from dust and dirt were neglected

Various parameters were calculated for determining the characteristics of the solar PVT
system which are explained below with the necessary formula.

3.3.1 Electrical efficiency

PV module cell temperature are affected by the several factors and is the function of
various variables like solar irradiation, speed of local wind, ambient temperature,
system and material dependent properties like absorptance of plate, transmittance of
glazing cover and so on. PV module electrical efficiency is significantly influenced by
the module’s cell temperature and can be expressed as the ratio of electrical power
output to the incident solar radiation on the module which is given as;

I,,, X [ee XV, A
o 2 = Fill factor X S¢ oc (3.1)

Mele = " A GxA

where, V., is the voltage and I,is the current at maximum power conditions,
Isc and Vi are short circuit current and open circuit voltage respectively. G and A are
total solar irradiation and area of the PV module respectively. There is only slight
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increase in short circuit current while fill factor and open circuit voltage both decreases
with the temperature. Therefore, the net effect is linear equation which is as

Nele = NTref T B(Tout - Tref) (3-2)

Where, nrrer IS the electrical efficiency of the PV module at the reference
temperature (T,f) and solar radiation of STC conditions i.e., 1000/m? at 25°C with air
mass ratio of 1.5, 8 is the coefficient of temperature of open circuit voltage which is
normally given by the PV manufacturer and its values varies with the material and T,
is the outlet temperature.

In this study, all these specified values have been sourced from Luminous
Polycrystalline solar panels where, Npper is 13.072%, B is -0.27%/K at STC conditions
and T, is 25°C.

3.3.2 Thermal efficiency

In a PVT system, thermal produces the thermal output while PV is in charge of the
electrical output, and total efficiency is assessed as the sum of these two factors.

The total energy received by a PV module is usually converted into electrical and
thermal energy to a certain extent, with some losses due to convection and radiation to
lesser degree. The numerical model is constructed based on the equilibrium of these
energy transfers both into and out of the system. Equation 3 provides the total solar
energy from the sun that each module has captured (Duffie & Beckman, 2013)

Qn=GxA (3.3)

Where, Q;, is the incident energy. The part of the Q;, is absorbed, transmitted
and reflected therefore, the total incident energy after considering all the losses is given
by equation 4;

Qabs = ((Ta)eff) XGXA (3.4)

Where, ((ta)efr)= glazing’s transmittivity and effective absorptivity.

Similarly, the formula for the energy lost is given as

Qiost = Up, X A X (Tcell - Tambi) (35)
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Where, U = coefficient of overall heat transfer, T..; = average temperature of
cell and T, ;= ambient temperature.

Then the difference between total input energy and energy lost, which is determined by
the cell's temperature and the overall heat transfer coefficient, is known as the total
useful energy and given as;

Quse = Qin — Qiost = ((Ta)eff) XGXA—-U,XAX (3-6)
(Tcell - Tambi)

As mentioned by (Duffie & Beckman, 2013), this equation 6 can be expressed in the
form of Hottel-Whiller equation as given below;

Quse = l:R X A[(((Ta)eff) X G) - UL X (Tcell - Tambi)] (37)

Where, Fj is defined as the factor of heat removal which is the ratio of actual to
the maximum possible heat transfer. As we know, the energy that is transferred to the
working fluid from the collector and expressed as an increase in the temperature of the
water leaving the absorber or collector is known as the total useful energy. This energy
transfer is controlled by the rate of flow and the heat capacity of the water or flowing
fluid and given as

Quse = My, X Cp X (Tin — Tout) (3.8)

Where, m,, = water mass flow rate in kg/sec, C, = water specific heat capacity

in J/kgK and is taken as constant whose value is 4182 J/kgK, T;, and T, are the inlet
and outlet temperature of water respectively expressed in Kelvin.

As the above equation 8 governs the system’s thermal energy so this can be used for
calculating the system’s thermal efficiency which is defined as the ratio of useful energy
to the input energy. Therefore, thermal efficiency is given as;

_ Quse _ rhw * Cp * (Tin - Tout) (3-9)
Nth = Q% = G*A
3.3.3 Overall efficiency

Overall efficiency of PVT system is the sum of electrical and thermal efficiency which
given as;

Mo = Nele T Nth (310)

14



The main energy used to generate the electricity should be taken into consideration
when evaluating overall efficiency because the electricity is valued more due to its
higher exergy, as in equation 3.2 (Schon, 2017).

3.4 CFD configurations

The one of the aim of this study is to simulate the designed model for generating the
possible data to analyze the heat transfer and to observe the variation of the temperature
in the fluid by changing the input parameters such as heat flux rate and mass flow-rate.
To simulate and analyze the data, ANSYS fluid-flow (Fluent) 2021 R1 version was
used and outlet temperature was analyzed by varying the mass flow rate and heat flux
as input. Following assumptions were also made in addition to the assumption
mentioned in the previous section;

e Incompressible work fluid

e PV cells absorbs all heat flux applied on top of the glass surface

3.4.1 ANSYS geometry and meshing

The 3D model prepared in Solidworks was saved in parasolid format and then imported
in ANSY'S geometry modeler where six sections were created in modeler namely glass,
solar PV, absorber plate, collector pipe, fluid and insulation neglecting the enclosure in
ANSYS.

After that meshing was performed which is the process of splitting the geometry into
various nodes and elements for distributing the load uniformly i.e., heat flux rate in this
study. Because of the geometry complexity, automatic meshing was used as it is faster
than manual process of creating mesh. During the meshing different mesh element sizes
ranging from 1mm to 4mm were used to create the fine mesh and to conduct the mesh
independence test. It was found that when increasing the element size above 4mm there
was no significant change in the result thus for the simulation 4mm of element size was
used and analysis was conducted. For the generated mesh it was found that the average
and maximum skewness were 0.1444 and 0.71269 respectively in less than 1 percent
elements where nodes and elements numbers were 296920 and 212359 respectively.
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Figure 3.6: Isometric view of meshed model

3.4.2 Boundary conditions

Based on the literature review, governing equation and assumptions, boundary
conditions were set. The boundary conditions that were used during the simulation were
mention in the Table 3.2;
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Table 3.2 : Boundary conditions

Description Condition/values

Analysis type Steady state

Reference pressure 1 atm

Material Characteristics Refer Table 3.1

Condition of inlet

Working fluid Water

Heat Flux Varying on glass top surface (600-1000
W/m?)

Flow condition Varying mass flow rate (ranges from
0.001 to 0.005 kg/sec)

Temperature of inlet 300K

Condition of outlet Pressure outlet

Temperature of ambient 298.15K

Wall No slip conditions

Weather conditions of Kathmandu was studied from the different sources and found
that the maximum total solar radiation of Kathmandu was about 777.27 W/m? with
annual average solar energy measuring 5.19 kWh/m?/day. Therefore, while conducting
the simulation 800W/m? was used and the result obtained from this will be compared
with the result obtained from the experiment for validation purpose.

3.5 Experimental setup

Experimental setup was prepared for investigating the both thermal and electrical
performance of the solar PVT water system with serpentine type pipe collector. The
setup was constructed by using luminous polycrystalline solar PV of 20W. To prepare
the PVT water system copper plate of thickness of 1mm was used as the thermal
absorber which was brazed with the copper pipe having 10 mm and 9 mm as the outer
and inner diameter respectively. The pipe was bend in such a way that it forms the
serpentine type with 60 mm as the distance between each pipe. There were 7 loops of
pipe. Below the pipe insulation of 20 mm thickness was used and all the components
were frame together.

For circulating the water through the pipes, 15W DC pump was used which was
attached to storage tank. To control the flow of the water manual valve was connected
after the pump at the inlet side and the flow rate was measured by noting the time to fill
the calibrated mug and volume of water collected per minute. To measure the inlet and
outlet temperature of the water clamp meter was used by connecting the k-type
thermocouple probe in the clamp meter. Similarly for measuring the current and voltage
of the solar PV and PVT water system DT830D digital multimeter was used. The data
obtained during the experiment was manually noted down by observing the reading
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shown by the different instruments used during the experiment. For measuring the
global irradiation manual pyranometer was used where the reading ranges from 0 to
1200 W/m2. All the instrument that was used during the experiment has different
uncertainty values. The experiment was carried out at Khashi Bazar, Kalanki, and
Kathmandu for seven days. The specification of the Solar panel used for the experiment
is given in the Table 3.3;

Table 3.3: Specification of Solar panel

Model No. LUMO020P
Serial No. 8121608
Production date 2016-08---
Peak power/Pmax (W) 20

Power tolerance range (W) 0~+3
Open circuit voltage/ Voc(V) 21.62
Rated voltage/Vmp (V) 17.70
Short circuit current / Isc (A) 1.21
Rated current/ Imp (A) 1.13

Max. system voltage (V) 600
Dimension (mm) 450%340x18
Weight (kg) 1.8

Series fuse rating (A) 10
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Figure 3.7: Schematic diagram of experiment

During the experiment, the mass flow-rate of the water was varied using the valve and
the different parameters mentioned above were measured to determine the thermal and
electrical performance of the solar PVT water system. After recording the parameters,
the effect of the flow rate on the thermal and electrical efficiency of the solar PVT were
studied and analyzed. Then the result obtained from the experiment was compared with
the simulation result and with the literature for the validation of the study.

3.6 Comparison of the results

The result obtained from the CFD and experiment was compared for the validation of
the study. Different parameters such thermal efficiency, electrical efficiency, overall
efficiency, temperature difference was compared.
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Further the results of the study were compared with the literature to validate the study.
For this purpose, different research paper was used which were conducted previously
by different approach. The detail comparison will be discussed in the following section.
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CHAPTER FOUR: RESULTS AND DISCUSSION

Here in this section the result obtained from the simulation and experiment are
presented. The results from ANSY'S were obtained after running the solver by applying
the necessary boundary condition such as various mass flow rate and different heat flux
rate as input. Similarly, the experiment was conducted for seven days and the average
value were taken for the calculation of the various parameters. Further the results
obtained from the CFD were compared with the experiment and literature for the
validation of the study.

4.1 Analysis of efficiencies using CFD

ANSYS 2021 R1 was used for simulation where mass flow rate and heat flux rate were
taken as input parameters and water average outlet temperature flowing through tubes
and average cell temperature were noted. In total 15 simulations were conducted for
five different mass flow rates ranging from 0.001 kg/sec to 0.005 kg/sec with three
different heat flux rate i.e., 600, 800 and 1000 W/m?. The results obtained for different
heat flux rate were explained below in details.

4.1.1 Thermal efficiency at 600 W/m?

Thermal efficiency depends on the temperature difference between the inlet and outlet.
In this study, the inlet temperature was maintained at 300K i.e., constant throughout the
simulation while the outlet temperature of water passing through the collector was
measured.

The temperature contour obtained from the simulation for 0.005 kg/sec mass flow rate
is shown in the Figure 4.1;
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Figure 4.1: Static temperature contour for 0.005 kg/sec at 600 W/m?

21



From the above temperature contour, it was observed that the inlet section has the lower
temperature while outlet section has the higher temperature distribution. As the fluid
passes through the thermal collector, the temperature of the flowing fluid i.e., water in
this case start increasing by carrying out the heat generated in the system. Further, it
can also be seen that the outlet section has slightly lower temperature compared to the
other portion of the outlet section which is due to the loss of the heat to the surrounding
as that part is not insulated during the simulation.

Figure 4.2 shows the fluctuation of the temperature difference and thermal efficiency
at 600 W/m? heat flux.
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Figure 4.2: Variation of temperature difference and thermal efficiency at 600 W/m?

The above Figure 4.2 shows, how the thermal efficiency and temperature difference
between the inlet and outlet varies with the mass flow rate. It is clearly seen that the
thermal efficiency is increasing while the temperature difference is decreasing with the
increased mass flow rate. Thermal efficiency is maximum at 0.005 kg/sec of mass flow
rate where the temperature difference is 2.614K. There is maximum increase in the
thermal efficiency when the mass flow rate is change from 0.001 kg/sec to 0.002 kg/sec
which is almost 28.53%. However, the overall increment of thermal efficiency is
84.30% when mass flow rate changes from 0.001 kg/sec to 0.005 kg/sec with decrease
in temperature of just 4.478K. Therefore, based on the desired thermal efficiency and
exit temperature the mass flow rate should be optimized.
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4.1.2 Thermal efficiency at 800 W/m?

The simulation was repeated by changing the heat flux rate for all the five different
mass flow rates as explained in above section 4.1.1. The static temperature contour of
serpentine pipe at 0.005 kg/sec flow for 800 W/m? heat flux is shown in the Figure 4.3
where the exit temperature of the flowing fluid was 303.472K.
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Figure 4.3: Static temperature contour for 0.005 kg/sec at 800 W/m?

Figure 4.3 shows the distribution of the temperature of fluid in the pipe where it can be
seen that the temperature is slightly increasing as it passes through the pipe from inlet
to outlet section. The different color pattern shown in the figure indicates the
temperature range and it increases by carrying the heat generated by the system. The
inlet temperature was 300K and the outlet temperature reaches to 303.472K. From the
figure it is clearly observed that the outlet section has slightly lower temperature
compared to the other section of the outlet section as that part was exposed to
surrounding and heat is lost to the surrounding. The global range of the temperature
distribution vary from 300K to 308K which is shown in the color pattern in the left side
of the figure.
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Figure 4.4: Variation of temperature difference and thermal efficiency at 800 W/m?

Here Figure 4.4 shows the variation of the thermal efficiency and temperature
difference between the outlet and inlet of water with the various mass flow rate. From
the graph it can be seen that the as the mass flow rate increased then the thermal
efficiency start increasing which is similar in tread with the previous section result. The
result shows that the maximum change in the thermal efficiency was about 28.8% when
the flow rate changes from 0.001 kg/sec to 0.002 kg/sec compared to other flow rates.
Moreover, there was about 83% change in the thermal efficiency overall when the flow
rate increases from 0.001 to 0.005 kg/sec for just temperature decrease of 5.985K. The
following graph shows the relation between the mass flow rate, thermal efficiency and
temperature difference.

4.1.3 Thermal efficiency at 1000 W/m?

Figure 4.5 shows the distribution of temperature of the fluid throughout the pipe for
0.005 kg/sec flow rate at 1000 W/m? of heat flux.
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Figure 4.5: Static temperature contour for 0.005 kg/sec at 1000 W/m?

Here, from Figure 4.5, it was analyzed that the temperature of the flowing fluid
increases as it passes through the pipe which was under the solar panel as the flowing
fluid took the heat generated thus increasing its temperature. The outlet temperature
was 304.341K which was higher than inlet temperature by 4.341K. This provides the
cooling effects to the panel and capture the thermal energy generated during the
simulation. From figure, it was clearly observed that the pipe loops in the left side have
the lower temperature compared to the pipe loops in the right side. This was due to the
heat carried out by the fluid and the outlet portion of the pipe has lower temperature
which is because of exposing the pipe to the surrounding.
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Figure 4.6: Variation of temperature difference and thermal efficiency at 1000 W/m?
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The result shows that the outlet temperature reaches to maximum value of 311.823K
for the flow rate of 0.001 kg/sec with thermal efficiency of 32.315%. Here in this case
also the change in the thermal efficiency was maximum when the flow rate increase
from 0.001 to 0.002 kg/sec which was about 28.80%. On comparing the overall
increment of the thermal efficiency, it is found that the thermal efficiency was increased
by 83.6% for just decrease in the temperature of 7.482K. Further, the heat generated
varies from 49 J/sec to 91 J/sec where the heat was maximum at the higher mass flow
rate means heat dissipation rate was higher at the higher flow rate thus providing the
better cooling effect at the higher flow rate as shown by the result above.

4.1.4 Variation in thermal efficiency

Thermal efficiency of the system varies for the different flow rate at different heat flux.
The comparison of the thermal efficiency at various heat flux rate is shown in the Table
4.1.

Table 4.1: Comparison of thermal efficiency at various heat flux

) Thermal efficiency, nth (%)
m (kg/sec) 5 5 5
G=600 W/m G=800 W/m G=1000 W/m
0.001 32.308% 32.312% 32.315%
0.002 41.526% 41.617% 41.623%
0.003 47.801% 47.815% 47.823%
0.004 52.997% 53.015% 53.026%
0.005 59.544% 59.279% 59.330%

Table 4.1 compares the thermal efficiency of the system at various input parameters
assigned during the simulation. It was found that the thermal efficiency was almost
similar in all the cases while there was slightly higher efficiency at higher heat flux
compared to lower heat flux for lower flow rate. Further, it was also observed that the
thermal efficiency increases with the mass flow rate irrespective of the heat flux rate.
The central idea of the thermal system of PVT system was to provide the cooling effect
for the PV panel and to generate the hot water but at the higher mass flow rate the
difference in temperature between the inlet and outlet was very low which does not
meet the hot water requirement. Despite, this the cooling can be effective with the
higher flow rate as the more heat was dissipated with the higher flow rate.

On comparing the thermal efficiency obtained from this study with the results obtained
by various researcher, it was found that the thermal efficiency aligns with the previous
literature results. As per (Yang et al., 2018), the thermal efficiency was 58.35% which
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shows that the thermal efficiency obtained from this study was nearly 1.6% higher thus
validating the result obtained from the simulation. Similarly, when comparing the
thermal efficiency of this study with study conducted by (Misha et al., 2020) shows that
the thermal efficiency align with his study where it was only 0.5% less compared to
(Misha et al., 2020) thus validating the result.

Further, as per (Herrando et al., 2019), the thermal efficiency vary from 65.55% to
67.45% which was nearly 13% higher than the thermal efficiency obtained from the
simulation. Overall, when comparing with different literature, the thermal efficiency
varies from 0.5% to 13% showing the similar trend thus validating the result obtained
from the simulation.

4.1.5 Electrical efficiency

Electrical power is considered more valuable in solar PV compared to the thermal
power and the electrical efficiency is determined based on the outlet temperature and
temperature coefficient of open circuit voltage as mention in the earlier section. The
temperature contour for different heat flux with 0.005 kg/sec mass flow rate are shown
in the Figure 4.7 to Figure 4.9;
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Figure 4.7: Temperature contour for 0.005 kg/sec at 600 W/m?

Here the Figure 4.7 shows the variation of the temperature distribution at 600 W/m?
heat flux for 0.005 kg/sec mass flow rate in the Solar PV where it can be seen that the
inlet section has the lower temperature compared to the outlet section. This was because
the fluid flowing through the pipe carry the heat and increases the temperature when it
passes through the pipe from inlet section to outlet section.
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Figure 4.8: Temperature contour for 0.005 kg/sec at 800 W/m?

Figure 4.8 shows the distribution of the temperature of Solar PV at 800 W/m? heat flus
for 0.005 kg/sec mass flow rate. Here, it can be that the outlet section has higher
temperature than the inlet section because of the flow fluid taking the heat from the
panel when it flows from inlet to outlet section. The inlet section has the minimum
temperature and outlet has the maximum temperature.
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Figure 4.9: Temperature contour for 0.005 kg/sec at 1000 W/m?

Figure 4.9 shows the temperature contour for 0.005 kg/sec mass flow rate at 1000 W/m?

heat flux where the temperature is higher at the outlet section compared to the inlet and
middle section of the solar panel. This was because of the transfer of the heat from the
panel to the flowing fluid which carry the heat from the panel thus generating the
thermal energy and providing the cooling effect to the panel.

On comparing the temperature contour for all the heat flux rate, similar pattern has been
observed the distribution of the heat is uniform through the cell which was due to the
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heat carried out by the flowing fluid thus providing the cooling effect to the cell.
Because of the flowing fluid which carries the heat, the inlet section has the lower
temperature compared to the outlet section as seen in the contour.

Table 4.2 shows the average cell temperature of the solar PV at different mass flow rate
and heat flux rate. It also shows the electrical efficiency of the system for various flow
rate at different heat flux rate.

Table 4.2: Electrical efficiency and average cell temperature at various heat flux and
mass flow rate

G=600 W/m? G=800 W/m? G=1000 W/m?
Teen (K) | mMet (%) | Teen (K) | Met (%) | Teen (K) | mer (%)
0.001 9.489 10.66% 12.652 10.02% 15.815 9.38%
0.002 6.763 11.34% 9.017 10.93% 11.271 10.52%
0.003 5.620 11.63% 7.493 11.31% 9.366 11.00%
0.004 4,958 11.79% 6.611 11.53% 8.264 11.26%
0.005 4,559 11.87% 6.078 11.64% 7.598 11.40%

m (kg/sec)

The tabulated result shows that when the mass flow rate was increased then there was
decrease in the cell temperature i.e., cell temperature was inversely proportional to the
mass flow rate of the fluid. The electrical efficiency ranges from 9.38% to 11.87% and
was maximum for 600 W/m? compared to the 800 and 1000 W/m?. The electrical
efficiency was found to be above one-tenth of the incident energy.

The reference efficiency, temperature coefficient of open circuit voltage was taken as
13.071% and -0.27%/K respectively at STC condition as provided by the manufacture
i.e., luminous technologies Pvt. Ltd. as mentioned in the previous section.

Figure 4.10 shows the variation of the cell temperature and the electrical efficiency of
the PV module with the mass flow rate.
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Figure 4.10: Variation of electrical efficiency and cell temperature with mass flow
rate for various heat flux rate

The graphs shows that the electrical efficiency increases with increase in the mass flow
rate. Similarly, the pattern of electrical efficiency is similar for all the heat flux rate
where electrical efficiency was slightly higher for 600 W/m? heat flux compared to
other followed by 800 W/m? and 1000 W/m? respectively. However, the average cell
temperature was higher for higher heat flux rate i.e., higher for 1000 W/m? followed by
800 W/m? and 600 W/m? respectively.

The electrical efficiency obtained from CFD analysis here in this study vary from
9.38% to 11.87%. When comparing this efficiency with the result obtained by
(Dupeyrat et al., 2011) and (Allan, n.d., 2015) whose value were 8.7% and 8%
respectively, it was found that the electrical efficiency was nearly 26% and 32% higher
respectively compared to (Dupeyrat et al., 2011) and (Allan, n.d., 2015). Similarly,
when comparing with the result given by (Misha et al., 2020) and (Herrando et al.,
2019), the electrical efficiency was 3% higher and 1% lower respectively.

Furthermore, comparing the result with (Dubey & Tay, 2013) shows that the electrical
efficiency was only 3% higher. The variation in electrical efficiency with literature
review may be due to the system design and variation in assumptions made during the
CFD analysis of the system.

4.1.6 Overall efficiency

Overall efficiency was calculated by adding the thermal and electrical efficiency of the
system as mentioned in the earlier section. However, some researcher considers
electrical efficiency as more valuable compared to thermal energy. Therefore, they had
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introduced energy saving efficiency to determine the overall performance of the system.
But in this study, thermal and electrical efficiency were added to determine the overall
efficiency of the system which varies from 41% to 72%. The Table 4.3 shows the
comparison of the overall efficiency for different heat flux rate.

Table 4.3: Comparison of overall efficiency for various heat flux

. Overall efficiency, no (%)
m (kg/sec) 5 5 5
G=600 W/m G=800 W/m G=1000 W/m
0.001 42 97% 42.33% 41.70%
0.002 52.87% 52.55% 52.14%
0.003 59.43% 59.13% 58.82%
0.004 64.78% 64.54% 64.29%
0.005 71.41% 70.91% 70.73%

From the Table 4.3, it was observed that the overall efficiency was higher for 600 W/m?
which was followed by 800 W/m? and 1000 W/m? respectively. The overall efficiency
at 600 W/m? with 0.005 kg/sec flow rate is nearly about 1 % higher than that of 1000
W/m? for 0.005 kg/sec flow rate. Similarly, it was almost 0.70% higher than for 800
W/m? heat flux with 0.005 kg/sec flow rate.

While comparing the overall efficiency obtained from the CFD analysis in this study
with the literature, it was found that the results align with literature. The overall
efficiency vary from 41.70% to 71.41% here in this study while the result obtained by
(Dupeyrat et al., 2011) and (Allan, n.d., 2015) were 87.7% and 59% respectively which
was nearly 22% lower and 17.37% higher respectively.

Further, the overall efficiency obtained here in this study when compared with the result
obtained by (Herrando et al., 2019) which was in the range of 77.9 to 80.4 % was nearly
12.5% less. Likewise when comparing the result with (Yang et al., 2018) shows that
the overall efficiency was almost 8.5% higher than that of (Yang et al., 2018). Moreover
the result of (Misha et al., 2020) shows the overall efficiency of 71.31% which indicate
that the result of this study align with (Misha et al., 2020).

However, there was certain deviation in the results with the literature which may be due
to size of the system, system design and meteorological data which were different for
each study. This shows that while designing the model, optimal size should be chosen
to obtain the desire result.
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4.2 Experimental results

Experimental setup was constructed using the polycrystalline solar panel of 20W,
copper plate of thickness of 1 mm as thermal absorber, copper pipe of 10 mm OD and
9 mm ID as thermal collector and all these components were insulated and framed
together. The experiment was conducted from 11:00 AM to 01:30 PM for 7 days on a
sunny day. Different parameters such as inlet and outlet temperature of water, surface
temperature of PV and PVT system, current and voltage of PV and PVT system and
global irradiance were recorded at an interval of 30 minutes for different flow rate
ranging from 60 ml/minute to 300 ml/minute i.e., (0.001 kg/sec to 0.005 kg/sec). The
detail results obtained from the experiment is discussed in this section.

4.2.1 Experimental thermal efficiency

For determining the thermal efficiency, inlet and outlet temperature of working fluid
i.e., water in this study was recorded using k-type thermocouple for different mass flow
rate as the thermal efficiency is based on the temperature difference between inlet and
outlet of the water. As there is fluctuation of the temperature of the inlet and outlet so
the average temperature was taken by recording the temperature at an interval of 1
minute to minimize the error and maximize the accuracy of the measured data. The
Table 4.4 shows the detail result obtained from the experiment for thermal efficiency

Table 4.4: Experimental thermal efficiency

m (kg/sec) Tin (K) Tout (K) AT (K) Nth (%)
0.001 299.143 307.643 8.500 28.522%
0.002 300.571 306.429 5.857 38.247%
0.0033 301.929 305.857 3.929 42.330%
0.004 303.786 307.286 3.500 46.524%
0.005 304.714 308.000 3.286 53.569%

From Table 4.4, it was observed that the thermal efficiency varies from 28.522% to
53.569%. There was an increase of 34% of thermal efficiency when the mass flow
changes from 0.001 kg/sec to 0.002 kg/sec which was maximum increase in the thermal
efficiency. Moreover, it was observed that overall thermal efficiency increased by
almost 87% when flow rate increased from 0.001 kg/sec to 0.005 kg/sec. Further, the
temperature difference decreases from 8.5K to 3.286K.

Figure 4.11 shows how the thermal efficiency and temperature difference vary with
various mass flow rate recorded during the experiment.
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Figure 4.11: Relation of temperature difference and thermal efficiency with mass flow
rate —experimental data

From Figure 4.11, it was noted that, as the mass flow rate increases the thermal
efficiency is increasing. Similarly, it was also found that the temperature difference was
decreasing with increased mass flow rate. With the decrease of 5.214K there was nearly
87% increases in the thermal efficiency with increase in the mass flow rate.

When comparing this result with (Yang et al., 2018), it was found that the thermal
efficiency obtained from the experiment was nearly 9% lower while it was 30% higher
when compared with the result obtained from (Dubey & Tay, 2013).

Similarly, when compared with (Herrando et al., 2019), the thermal efficiency was
nearly 24% lower. Overall, the thermal efficiency obtained from the experiment align
with the result obtained by the previous researcher. The variation when comparing with
the literature was because of the materials used for the experiment, the assumptions
made during each study and the meterlgological data as the study was conducted in
various parts of the world.

4.2.2 Experimental electrical efficiency

Electrical efficiency of both the system i.e., PV and PVT were determined by measuring
the current and voltage of each system using the multimeter. During the experiment
current and voltage are continuously measured through the multimeter and average
value were taken for each mass flow rate at the interval of 1 minute.

33



Figure 4.12 shows the comparison of electrical power for PV system and PVT system
calculated from experiment.
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Figure 4.12: Comparison of electrical power for PV and PVT system

From Figure 4.12, it was clear that the power was higher for PVT system compared to
the PV system. The power varies from 10.127 watt to 12.424 watt for PVT system while
it varies from 10.944 watt to 13.368 watt for PVT system. The deviation varies from
7% to 8% and this variation was because of the heat carried out by the flowing fluid in
the PVT system which cools the cell temperature of the PVT system compared to the
PV system thus increasing the current and voltage of the system. This also indicate that
when the cell temperature decreases then the power increases. Further, it can be seen
that the power increases with increase in the flow rate and both follow the similar trend.

Table 4.5: Comparison of electrical efficiency for PVT and PV system

) Electrical efficiency (nele %)

m (kg/sec) PVT =V,
0.001 8.781% 8.127%
0.002 9.440% 8.722%
0.0033 9.865% 9.170%
0.004 10.453% 9.673%
0.005 10.430 % 9.697%

From the above table, it was seen that the electrical efficiency varies from 8.781% to
10.453% for PVT system while it ranges from 8.127% to 9.697% for PV system. It was
also analyzed that the electrical efficiency for PVT system was higher compared to PV
system. This is due to the heat dissipation of the PVT system which is carried by the
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flowing fluid in the collector which provides the cooling effect to the PVT system.
However, in both cases the electrical efficiency is increasing with the increases mass
flow rate. The deviation of the electrical efficiency between PVT and PV system varies
from 7.58% to 8.23% which indicates that the PVT system help to increase the electrical
power compared to the PV system alone by providing the cooling effect to the system.

Figure 4.13 shows the effect of mass-flow rate in electrical efficiency and temperature
difference for experimental data.
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Figure 4.13: Relation of temperature difference and electrical efficiency with various
mass flow rate-experimental data

From Figure 4.13, it was analyzed that the electrical efficiency rises with rise in flow
rate while the difference in temperature between inlet and outlet fall with rise in flow
rate. This trend was similar to that of the thermal efficiency and temperature difference
with the mass flow rate. There was an overall rise of 19% in electrical efficiency when
the mass flow rate increases from 0.001 kg/sec to 0.005 kg/sec with a decrease of
5.214K.

Figure 4.14 shows the electrical efficiency for PVT system and PV alone system
calculated during experiment.
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Figure 4.14: Comparison of electrical efficiency for PVT and PV system

From Figure 4.14, it was observed that the trend of the electrical efficiency was similar
in both cases i.e., for PVT and PV. There was variation in the efficiency which was due
to the transfer of heat from the cell to the flowing fluid thus cooling the panel in case
of PVT system compared to the PV system.

Figure 4.15 shows the effect of flow rate on the average cell temperature of the PV
system and PVT system measured during seven days experiment.
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Figure 4.15: Variation of cell temperature for PV and PVT system
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From Figure 4.15, it was noted that the cell temperature for PV system was higher than
that of the PVT system. It was also analyzed that for PVVT system the cell temperature
decreases when the flow rate increase from 0.001 kg/sec to 0.002 kg/sec and then
increases upto 0.003 kg/sec. Afterward the cell temperature decreases with the flow
rate. However, the trend was slightly different in case of PV system where it can be
seen that the cell temperature first decreases and then increases upto 0.004 kg/sec flow
rate and then again decreases afterward. It was also analyzed that the deviation of the
cell temperature between PV and PVT system varies from 0.9% to 1.4% which
indicates that the flowing fluid gets heated thus decreasing the cell temperature of the
PVT system compared to the PV system.

The variation in the trend of the cell temperature between the PV and PVT system may
be due to the higher value of solar intensity with respect to time, as the solar intensity
change with respect to time. This shows that the PVT system generate the thermal
energy and provide the cooling effect to the system thus improving the electrical
performance of the system.

While comparing the electrical efficiency with (Misha et al., 2020) result, it was
analyzed that the electrical efficiency obtained here in this study was nearly 12% lower.
Similarly the electrical efficiency obtained in this study was 10% lower compared to
the result obtained by (Dubey & Tay, 2013). When compared with (Herrando et al.,
2019), it was almost 14.8% lower which indicates that the electrical efficiency
determined here in this study align with the electrical efficiency determined by the
previous researcher. The variation in the result may be due to the material properties
used, climatic condition at which the experiment was conducted and the type of solar
PV used for preparing the PVT system.

4.2.3 Experimental overall efficiency

Figure 4.16 shows the variation of experimental overall efficiency. Here the overall
efficiency was obtained by adding thermal efficiency with electrical efficiency.
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Figure 4.16: Variation of overall efficiency for experiment

From Figure 4.16, it was analyzed that the overall efficiency rises with rise in flow rate.
Overall efficiency ranges from 37.302% to 63.999% showing rising trend with flow
rate. It was found that the overall efficiency increases by nearly 28% when the flow rate
increased from 0.001 kg/sec to 0.002 kg/sec. The overall increment of the overall
efficiency is nearly 1.71 times when the mass flow rate increased from 0.001 kg/sec to
0.005 kg/sec.

To validate the result obtained in this study, the result obtained was compared with
several literature. When compared the result with (Yang et al., 2018), it shows the
variation of 2% i.e., the overall efficiency obtained in this study was lower by 2%.
Similarly, when compared with (Misha et al., 2020), again the overall efficiency was
lower by 11%. However, when compared with (Dubey & Tay, 2013), the overall
efficiency obtained here in this study was higher by 20%. This variation in overall
efficiency when compared with various literature was because of the climatic
conditions where the experiment was conducted, material used for experimental setup
and the type of solar PV used for preparing the PVT system.

4.3 Comparison of CFD and experimental results

Here in this section, the results obtained from the simulation and experiment were
compared. During the comparison, the results of simulation for 800 W/m? was taken
because while conducting the experiment the global irradiance varying in the range of
760-860 W/m?2. For comparison different parameters such as thermal efficiency,
electrical efficiency and overall efficiency, temperature difference between inlet and
outlet, electrical power was compared.
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a. Comparison of thermal efficiency

Figure 4.17 shows the variation of the thermal efficiency obtained from simulation and
experiment.
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Figure 4.17: Comparison of thermal efficiency —experimental and simulation

From Figure 4.17, it was observed that the both approach has similar trend of thermal
efficiency i.e., in both cases thermal efficiency was increasing with increase in the flow
rate. From the simulation it was found that the thermal efficiency varies from 32.212%
t0 59.279% while it ranges from 28.522% to 53.569% for experiment.

When analyzing the result from simulation and experiment, it was observed that the
deviation was in between 8% to 14% with maximum deviation at 0.004 kg/sec mass
flow rate. This deviation may be due to varying meteorological data, geographical
conditions, variation in assumption made for CFD, losses to surroundings and
instrument inaccuracy. It was also observed that when the mass flow rate increases from
0.001 kg/sec to 0.002 kg/sec then the increase in thermal efficiency was maximum in
both cases compared to other flow rate.

b. Comparison of temperature difference

Figure 4.18, shows the result for temperature difference between the inlet and outlet of
the flowing fluid obtained from simulation and experiment. During the experiment,
average temperature was taken as the temperature vary with the time. Therefore, the
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temperature was noted for 1 minute and then average value was taken for the calculation
in both inlet and outlet for the experiment data.
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Figure 4.18: Comparison of temperature difference-experimental and simulation

From Figure 4.18, it was found that the temperature difference for simulation data was
more compared to the experimental result. This was because during the simulation, the
inlet temperature and heat flux was kept constant for certain flow rate but during the
experiment the solar irradiance vary with the time and the inlet temperature and outlet
temperature of water also vary with the time.

The results show that the difference in outlet water temperature decreases with
increases mass flow rate. It can be seen that at low speeds the outlet temperature
difference was higher. This is because, at low speeds, the rate of heat removal from the
tube is much higher than the rates of heat obtained from the PV module.

Furthermore, at higher flow rate the volume of water gets contact to the tube wall for
very less time to accumulate thermal energy, thus reducing the water outlet temperature.
Almost 19% deviation was observed for 0.003 kg/sec flow rate while minimum
deviation was nearly 4% for 0.002 kg/sec. However, it was also analyzed that the
temperature difference between the inlet and outlet decreases with increase in the flow
rate and has similar trend in both cases.

c. Comparison of electrical efficiency

Figure 4.19 shows the comparison of electrical efficiency between the simulation and
experiment.

40



1294
o 11.525% 11.636%

1294 11.313%
:Q‘\_:? 10.928%
~ 11%
= °
5
g 11%
> 10.019% .
= 10% 10.453% 10.430%
L)
= 9.865%
g 10%%o o
= 9.440%
§ 9%
= 9% 8.781% Experimental Simulation

8%
0.001 0.002 0.0033 0.004 0.005

Mass flow rate (kg/sec)

Figure 4.19: Comparison of electrical efficiency-experimental and simulation

From Figure 4.19, it was seen that the simulation has higher electrical efficiency in
comparison to experimental results. The simulation result shows that the electrical
efficiency varies from 10.019% to 11.636% whereas the experimental efficiency varies
from 8.781% to 10.430%. It was also observed that the efficiency was increasing with
increase in flow rate. Nearly difference of 1.6% of electrical efficiency was observed
in both simulation and experimental with expense of 5.214K decrease in temperature
for experiment and 5.985K for simulation respectively.

However, there was deviation in the electrical efficiency between simulation and
experimental. The deviation varies from 10% to 16% which was observed due to
varying meteorological data, geographical conditions such as varying global irradiance
with respect to time, variation in assumptions made for CFD and losses to surroundings.
Moreover, both simulation and experimental results shows the similar trend and has
similar pattern of electrical efficiency with respect to mass flow rate.

d. Comparison of overall efficiency

Figure 4.20 shows the comparison of overall efficiency for CFD and experimental
result.
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Figure 4.20: Comparison of overall efficiency —experimental and simulation

From Figure 4.20, it was analyzed that the simulation result has higher overall
efficiency compared to the experimental result. The graph shows that the overall
efficiency varies from 42.331% to 70.915% during CFD analysis while it ranges from
37.302% to 63.999% during experimental analysis. The maximum and minimum
deviation were found to be 13.643% and 10.242% respectively. The reason behind the
deviation may be due to varying meteorological data, geographical conditions such as
varying global irradiance with respect to time, variation in assumptions made for CFD
and losses to surroundings. Moreover, both simulation and experimental results shows
the similar trend and has similar pattern of overall efficiency with respect to mass flow
rate.

e. Comparison of cell temperature

Figure 4.21 shows the comparison of experimental and simulation cell temperature.
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Figure 4.21: Comparison of cell temperature —experimental and simulation
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From Figure 4.21, it was analyzed that the cell temperature for simulation decreases
with increase in flow rate but in case of experiment, the cell temperature first
decreases and increases and then again decreases with increase in flow rate. This
unusual behavior in the cell temperature in experiment was due to change in the
value of global irradiance, meteorological data and variation in assumption made
for the CFD. As the cell temperature is directly affected by the amount of irradiance
fall on the face of the solar PV and during the experiment the intensity of the solar
irradiance vary with respect to time.

However, in case of simulation the value of solar intensity was kept constant to
800W/m? with inlet temperature at 300K. This is why there was unusual behavior
in the cell temperature in experiment and decreasing trend in simulation. For
simulation the value decreases from 312.652K to 306.078K while it varies from
309.0K to 307.4K in case of experiment as seen in the figure above.

f.  Comparison of thermal efficiency with respect to heat loss parameter

Figure 4.22 shows the comparison of thermal efficiency with respect to heat loss

parameter.
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Figure 4.22: Comparison of variation of thermal efficiency with heat loss parameter-
experimental and simulation

From Figure 4.22, it was observed that the thermal efficiency increases with decreases
in the heat loss parameter. However, there was deviation between the simulation and
experimental result which may be due to varying meteorological data, geographical
conditions such as varying global irradiance with respect to time, variation in
assumptions made for CFD and losses to surroundings. Moreover, both simulation and
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experimental results shows the similar trend and has similar pattern of electrical
efficiency with respect to heat loss parameter.

g. Comparison of electrical efficiency with respect to heat loss parameter

Figure 4.23 shows the comparison of electrical efficiency for PVT, PV and simulation
with respect to heat loss parameter.
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Figure 4.23: Comparison of variation of electrical efficiency with heat loss parameter-
experimental and simulation

From Figure 4.23, it was clearly seen that the electrical efficiency was lower for PV
system compared to the PVT system and simulation. The electrical efficiency increases
with decreases in the heat loss parameter. There was no so much deviation in electrical
efficiency between PV and PVT system when compared to the simulation analysis. The
deviation between the electrical efficiency was because of the varying global irradiance
during the experiment which causes to vary the voltage and current.

Similarly, the flowing fluid took away the heat from the panel which provides the
cooling effect to the system thus decreasing the temperature of the cell and increasing
the electrical efficiency. However, for the deviation between simulation and
experimental result it may be due to varying meteorological data, geographical
conditions such as varying global irradiance with respect to time, variation in
assumptions made for CFD and losses to surroundings. Moreover, both simulation and
experimental results shows the similar trend and has similar pattern of electrical
efficiency with respect to heat loss parameter.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Following conclusions has been drawn from the study;

Outlet temperature of water and cell temperature decreases with increase in the
mass flow rate and heat flux and was maximum at 0.001 kg/sec mass flow rate
at 1000 W/m?

The average highest value of cell temperature of PVT system and PV system
were 309.0K and 312.7K at mass flow rate of 0.001 and 0.004 kg/sec
respectively

The CFD analysis revealed that the system's thermal efficiency ranged from
32.312% to 59.279%, while on the experimental side, its value ranges from
28.522% to 53.569% with maximum deviation of 14% at 0.004 kg/sec mass
flow rate

The CFD analysis revealed that the system's electrical efficiency ranged from
10.019% to 11.636%, while on the experimental side it ranges from 8.781% to
10.453% with maximum deviation of 16% at 0.002 kg/sec mass flow rate

The CFD analysis indicated that the overall efficiency ranged from 42.331% to
70.915%, while experimental analysis showed a range of 37.302% to 63.999%
with maximum deviation of nearly 14% at 0.001 kg/sec mass flow rate
Cooling effect was observed which help to increase the electrical efficiency of
the system because of the heat carried out by the flowing fluid

5.2 Recommendations

Following recommendation can be provided;

An examination can be carried out to assess the impact of an extremely high
flow rate in order to determine the mass flow rate that maximizes energy
transfer. For this study, the flow rate has been limited to 0.005 kg/sec
Experiment can be carried out by varying the geographical location to
understand the variation of performance of the system

Further study can be carried out by varying the diameter of the thermal collector
to find the optimal size of the collector which help to improve the system's
performance
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The effect of incorporating various storage systems for electrical energy (such
as batteries) and thermal energy (like a water tank with a heat exchanger) can
be investigated to understand the fluctuations in efficiency. This analysis could
be performed based on factors like building integration and concentrated solar
power, potentially resulting in improved efficiency and adaptability of solar
energy systems.
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ANNEX

Table: Thermal efficiency at 600 W/m? for various mass flow rate

m (kg/sec) Tout (K) AT (K) Qu (Watt) nth (%)

0.001 307.092 7.09197 29.658 32.308%

0.002 304.558 4.55775 38.121 41.526%

0.003 303.498 3.49763 43.881 47.801%

0.004 302.908 2.90836 48.651 52.997%

0.005 302.614 2.61414 54.661 59.544%
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sequential order

Table: Thermal efficiency at 800 W/m? for various mass flow rate

m (kg/sec) Tout (K) AT (K) Qu (Watt) Nth (%)

0.001 309.457 9.457 39.550 32.312%

0.002 306.090 6.090 50.940 41.617%

0.003 304.665 4.665 58.525 47.815%

0.004 303.879 3.879 64.890 53.015%

0.005 303.472 3.472 72.603 59.316%
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Thermal efficiency at 1000 W/m? for various mass flow rate

m (kg/sec) Tout (K) AT (K) Qu (Watt) Nth (%)

0.001 311.823 11.823 49.442 32.315%

0.002 307.614 7.614 63.683 41.623%

0.003 305.832 5.832 73.169 47.823%

0.004 304.850 4.850 81.130 53.026%

0.005 304.341 4.341 90.775 59.330%

cntaur-1 SiatoT smperatirs
StaticTemperature 3.19e+02
3.10e+02
5170002 3.17e:02
e 3.15e+02
S 3.13e402
3.11e+02 Alred2
3.00e+02 8 09er02
5 07002 | 3.07er02
| s osen0z g 2202
— 3042402
=== 3.02e+02
3.008+02 e

K}

55




contour-1 contour-1

Static T emperature Static T emperature
3.14ev02 3.14e+02
3.12e+02 3.12e+02
3.11e:02 3.11esr02
3.10e+02 3.10e+02
3.08e+02 3.08e+02
3.07e+02 3.07e+02
3.05e+02 3.05e+02
3.04e+02 3.04e+02
3.Ber02 3.Berd2

3.01e+:02 3.01etD2

3.00e+02 y 3.008+02
] it

contour-1 contour-1
Static T emperature Static T emperature
3.12e+02 3.12e+02

3.10e:02 —
3.09e+02 e
3.080402 s
3.07e:02 B
3.08e+02 S
3.050+02 S
30002 ——
LEE o 3028402
FUre-T2 301e:02
[K1

i 3.00e+02

[K1

contou r-1

Static T emperature ocontour-1
3.10e+02 Static Temperature

3.10e+02

3.00e:02

3.08e+02 @ — ~

3.07e:02

3068402

3050402

3.04e+02

3.8 e:02

3026402

3018002 - S/ "

3.00e+02 :
[K]

Temperature contour of PV panel and pipes for 0.001 to 0.004 kg/sec at 1000 W/m?
sequential order

3.09e+02
3.08e+02
3.07e+02
3.06e+02
3.05e+02
3.04e+02
3.Berl2
3.02e+02

3.01e+02

3.00e+02

K]

56




Temperature measurement Thermal absorber and collector

57



Table: Experimental Data

25/4/2080
Flow (kg/sec) 0.001 0.002 0.0033 0.004 0.005
Inlet temp.(K) 297 298.5 300 302 303
Outlet temp. (K) 306 304.5 304 305.5 306.5
Temp. diff. (K) 9 6 4 35 35
For PVT Voltage (V) 19.96 19.9 19.89 19.74 19.69
Current (A) 0.57 0.62 0.66 0.66 0.71
For PV Voltage (V) 20.1 19.95 19.63 19.79 19.98
Current (A) 0.52 0.57 0.61 0.6 0.64
PV cell temp. (K) 314 314 313 312 310
PVT cell temp. (K) 311 309 309 306 305
Irradiance (W/m?) 820 840 860 800 860
MNth 30.00% | 39.05% | 41.95% | 47.83% | 55.62%
PVT Nele 9.07% 9.60% 9.98% | 10.64% | 10.62%
Mo 39.07% | 48.65% | 51.93% | 58.48% | 66.24%
PV Nele 8.33% 8.85% 9.10% 9.70% 9.72%
Power PV 10.45 11.37 11.97 11.87 12.79
(watt) PVT 11.38 12.34 13.13 13.03 13.98
26/4/2080
Flow (kg/sec) 0.001 0.002 0.0033 0.004 0.005
Inlet temp.(K) 299.5 300.5 301 302.5 304
Outlet temp. (K) 308.5 306.5 305 306 307.5
Temp. diff. (K) 9 6 4 3.5 35
For PVT Voltage (V) 20 19.92 19.88 19.81 19.65
Current (A) 0.59 0.66 0.66 0.68 0.71
For PV Voltage (V) 20.1 19.81 19.63 19.79 19.75
Current (A) 0.54 0.61 0.62 0.62 0.64
PV cell temp. (K) 315 315 313 312 310
PVT cell temp. (K) 311 309 309 306 305
Irradiance (W/m?) 840 860 840 820 860
Nth 29.29% | 38.14% | 42.95% | 46.67% | 55.62%
PVT Nele 9.18% 9.99% | 10.21% | 10.74% | 10.60%
Mo 38.47% | 48.13% | 53.16% | 57.40% | 66.22%
PV Nele 8.45% 9.18% 9.47% 9.78% 9.61%
Power PV 10.85 12.08 12.17 12.27 12.64
(watt) PVT 11.80 13.15 13.12 13.47 13.95
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27/4/2080

Flow (kg/sec) 0.001 0.002 0.0033 0.004 0.005
Inlet temp.(K) 299.5 300.5 301 303 304
Outlet temp. (K) 308 306.5 305 306.5 307.5
Temp. diff. (K) 8.5 6 4 3.5 3.5
For PVT Voltage (V) 20 19.96 19.89 19.92 19.78
Current (A) 0.55 0.65 0.65 0.7 0.71
For PV Voltage (V) 20.1 19.86 19.63 19.79 19.75
Current (A) 0.5 0.6 0.62 0.66 0.67
PV cell temp. (K) 315 315 313 312 310
PVT cell temp. (K) 311 309 309 306 305
Irradiance (W/m?) 820 860 820 820 860
Nth 28.33% | 38.14% | 44.00% | 46.67% | 55.62%
PVT Nele 8.77% 9.86% | 10.30% | 11.11% | 10.67%
No 37.10% | 48.00% | 54.30% | 57.78% | 66.29%
PV Nele 8.01% 9.06% 9.70% | 10.41% | 10.06%
Power PV 10.05 11.92 12.17 13.06 13.23
(watt) PVT 11.00 12.97 12.93 13.94 14.04
32/4/2080
Flow (kg/sec) 0.001 0.002 0.0033 0.004 0.005
Inlet temp.(K) 301 303.5 304.5 305.5 306
Outlet temp. (K) 309 309 308.5 309 309
Temp. diff. (K) 8 55 4 3.5 3
For PVT Voltage (V) 20 19.9 19.89 19.92 19.78
Current (A) 0.51 0.55 0.59 0.63 0.63
For PV Voltage (V) 19.94 19.83 19.79 19.87 19.71
Current (A) 0.48 0.52 0.55 0.58 0.6
PV cell temp. (K) 310 310 312 312 310
PVT cell temp. (K) 308 307 309 308 307
Irradiance (W/m?) 780 820 840 840 800
Nth 28.03% | 36.67% | 42.95% | 45.56% | 51.25%
PVT Nele 8.55% 8.72% 9.13% 9.76% | 10.18%
No 36.58% | 45.39% | 52.08% | 55.32% | 61.43%
PV Nele 8.02% 8.22% 8.47% 8.97% 9.66%
Power PV 9.57 10.31 10.88 11.52 11.83
(watt) PVT 10.20 10.95 11.74 12.55 12.46
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1/5/2080

Flow (kg/sec) 0.001 0.002 0.0033 0.004 0.005
Inlet temp.(K) 302 303 305 308 307
Outlet temp. (K) 311 308.5 309 3115 310.5
Temp. diff.(K) 9 55 4 35 35
For PVT Voltage (V) 19.78 19.74 19.6 19.95 19.8
Current (A) 0.56 0.59 0.65 0.69 0.69
For PV Voltage (V) 19.8 19.9 19.8 20 20.1
Current (A) 0.52 0.55 0.6 0.64 0.64
PV cell temp. (K) 316 308 313 318 318
PVT cell temp. (K) 313 306 309 313 313
Irradiance (W/m?) 820 780 820 800 860
Nth 30.00% | 38.55% | 44.00% | 47.83% | 55.62%
PVT Nele 8.83% 9.76% | 10.15% | 11.25% | 10.38%
No 38.83% | 48.31% | 54.15% | 59.08% | 66.00%
PV Nele 8.21% 9.17% 9.47% | 10.46% | 9.78%
Power PV 10.30 10.95 11.88 12.80 12.86
(watt) PVT 11.08 11.65 12.74 13.77 13.66
2/5/2080
Flow (kg/sec) 0.001 0.002 0.0033 0.004 0.005
Inlet temp.(K) 294 296 299 302 304
Outlet temp. (K) 302 302 303 305.5 307
Temp. diff. (K) 8 6 4 3.5 3
For PVT Voltage (V) 20.5 19.75 19.61 19.81 19.98
Current (A) 0.52 0.6 0.65 0.65 0.67
For PV Voltage (V) 20.4 19.7 19.55 19.78 19.91
Current (A) 0.48 0.55 0.58 0.59 0.6
PV cell temp. (K) 304 305 312 310 308
PVT cell temp. (K) 302 303 309 308 306
Irradiance (W/m?) 820 860 860 840 820
Nth 26.67% | 38.14% | 41.95% | 45.56% | 50.00%
PVT Nele 8.50% 9.01% 9.69% | 10.02% | 10.67%
Mo 35.16% | 47.15% | 51.64% | 55.57% | 60.67%
PV Nele 7.80% 8.23% 8.62% 9.08% 9.52%
Power PV 9.79 10.84 11.34 11.67 11.95
(watt) PVT 10.66 11.85 12.75 12.88 13.39
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3/5/2080

Flow (kg/sec) 0.001 0.002 | 0.0033 | 0.004 0.005
Inlet temp.(K) 301 302 303 303.5 305
Outlet temp. (K) 309 308 306.5 307 308
Temp. diff (K) 8 6 35 35 3
Voltage (V) 19.8 19.9 20.4 20 19.5
FOrPVT T Current () | 053 | 059 | 059 | 062 | 062
For PV Voltage (V) 19.75 19.85 20.25 19.95 19.45
Current (A) 0.5 0.54 0.58 0.6 0.6
PV cell temp. (K) 310 309 310 313 314
PVT cell temp. (K) 307 307 308 311 311
Irradiance (W/m?) 800 840 820 840 800
Nth 27.33% | 39.05% | 38.50% | 45.56% | 51.25%
PVT Nele 857% | 9.14% | 9.59% | 9.65% | 9.88%
Mo 35.91% | 48.18% | 48.09% | 55.20% | 61.13%
PV Nele 8.07% | 8.34% | 9.36% | 9.31% | 9.53%
Power PV 9.88 10.72 11.75 11.97 11.67
(watt) PVT 10.49 11.74 12.04 12.40 12.09
Average of 7 days
Flow (kg/sec) 0.001 0.002 | 0.0033 | 0.004 0.005
Inlet temp.(K) 299.143 | 300.571 | 301.929 | 303.786 | 304.714
Outlet temp. (K) 307.643 | 306.429 | 305.857 | 307.286 | 308.000
Temp. diff(K) 8.500 5.857 3.929 3.500 3.286
For PUT Voltage (V) | 20.006 | 19.867 | 19.880 | 19.879 | 19.740
Current (A) 0.547 0.609 0.636 0.661 0.677
For PV Voltage (V) | 20.027 | 19.843 | 19.754 | 19.853 | 19.807
Current (A) 0.506 0.563 0.594 0.613 0.627
PV cell temp. (K) 312.00 | 310.86 | 312.29 | 312.71 | 311.43
PVT cell temp. (K) 309.00 | 307.14 | 308.86 | 308.29 | 307.43
Irradiance (W/m2) 814.29 | 837.14 | 837.14 | 822.86 | 837.14
Nth 28.52% | 38.25% | 42.33% | 46.52% | 53.57%
PVT Nele 8.78% | 9.44% | 9.87% | 10.45% | 10.43%
Mo 37.30% | 47.69% | 52.20% | 56.98% | 64.00%
PV Nele 8.13% | 872% | 9.17% | 9.67% | 9.70%
Power PV 10.13 11.17 11.74 12.17 12.42
(watt) PVT 10.94 12.09 12.63 13.15 13.17
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