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Abstract

This study evaluates different collector configurations of a photovoltaic thermal system to identify
the most effective design for achieving high electrical and thermal powers, exergy, low-pressure
drops, and short payback time. Based on the authors' most recent information, previous studies
have identified three gaps in the literature: rare research on the comparison between various
collector designs such as grids, serpentine paths, wavy paths, parallel paths, spiral paths, etc.; little
research on the distribution of surface temperature and pressure drop for different collector
configurations under the same wetted area; and a lack of consideration of the cost and weight of
collector and absorber layers for different materials. To address these research gaps, we
investigated various collector designs, lengths and materials and analyzed their impact on the
system performance. Our findings demonstrate that the photovoltaic thermal system with the
multipath serpentine design is the most effective in terms of overall power, with an average overall
power output of 423.84 W/m?. Furthermore, the photovoltaic thermal system with aluminum offers
the most significant cost efficiency, with a payback time of 2.58 years, and weighs 42% less than

the system with copper.
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PVT Photovoltaic thermal module

1 Introduction

The development of alternative energy technologies has been increasing in response to the growing
energy demand and environmental concerns associated with fossil fuel usage. The accessibility
and affordability of solar energy make it a highly attractive energy source. Photovoltaic (PV) units
can convert solar irradiation into heat and electricity. Currently available PV modules convert 9-
20% of sunlight into electricity [1], whereas the rest of 80-91% is absorbed or reflected. By
absorbing large amounts of solar energy, the module's performance and lifespan can be reduced
due to increased cell temperature [2]. Photovoltaic thermal (PVT) modules address this issue by
combining solar PV units with solar thermal collectors, allowing for converting energy absorbed
by cells into electricity and heat. While PVT systems have higher electrical and overall power than
standalone PV units, further refinement is needed to make them more suitable. There has been
considerable research on improving the performance of PVT systems, such as optimizing collector

and absorber structures.

The design of a flow field in a photovoltaic-thermal (PVT) system is critical in achieving uniform,
stable power output with low weight and cost. Three of the most common collector configurations
for PVT systems are parallel, serpentine, and spiral flow fields [3]. Each design has its advantages
and disadvantages, which are determined by factors such as the distribution of pressure drop, the
maximum speed in collector tubes, and the surface of contact with the absorber plate that facilitates
heat transfer. Additionally, the dimensions and material of the different configurations can be
modified, influencing the final performance. The parallel flow tube is the simplest version, as it

consists of a series of parallel flow tubes joined at the entrance and exit of the system. This design



has very low pressure drops as a result of the even division of the fluid through numerous parallel
tubes with no directional shifts [4]. Conversely, the serpentine flow pattern has larger pressure
drops between the inlet and outlet, as the water is forced to follow parallel and serpentine paths
that take up the whole panel [5]. Finally, the spiral flow field has 90° turns rather than 180° turns
in serpentine flow fields, resulting in a more uniform flow distribution [6]. Designing a flow field
requires achieving maximum heat homogeneity over the PV cells' area and improving water
management with minimal pumping power consumption. To this end, several attempts have been

made to optimize the flow pattern arrangement in order to maximize PVT output.

Poredos et al. [7] analyzed numerically and experimentally the study of three different channel
geometries for a Photovoltaic Thermal (PVT) system: U-shape, parallel, and bionic. The bionic
structure achieved the greatest electrical efficiency of 14.5% and the lowest pressure drop of 385
Pa. Fudholi et al. [8] compared the web, parallel, and spiral collector designs of a PVT system
under the constant intensity of 800 W/m2 and a flow rate of 0.04 kg/s. The spiral design achieved
the highest electrical and thermal performance, with 13.8% and 54.6%. Palaskar and Deshmukh
[9] compared the U-shaped, parallel, and split flow configurations of a PVT module through a
steady numerical simulation under a variety of solar radiations. The split flow design achieved the
highest thermal efficiency, while the U-shaped design had the lowest thermal efficiency. Finally,
Hossain et al. [10] analyzed a PVT system with a two-sided serpentine collector design, reporting
thermal energy efficiency and overall exergy efficiency of 87.72% and 11.08%, respectively. A
PVT system with wavy collectors was simulated by Eisapour and al. [11]. Various amplitudes of
wavy tubes and straight parallel tubes were considered. They found that PVT systems with parallel
tubes had electrical and thermal energy efficiency of 10.94% and 61.04%. The outputs for the

system with wavy tubes are 11.32% and 65.21%, respectively. Shahsavar [12] examined PVT



systems with wavy serpentine tubes and plain serpentine tubes in another study. Using magnetite
nanofluid as a coolant, they investigated the effects of parameters like the wavy collectors'
wavelength and amplitude. According to the study, the wavy serpentine tube system was more
energy efficient for electrical and thermal energy than the plain serpentine tube system by 20.67-

30.63% and 1.94-2.32%, respectively.

Aside from the mentioned standard designs, there have been many variations, such as adding
curved corners [13], inserting inserts inside tubes [14], or changing parameters, for instance, the
tube number [15], the tube diameter [16], or the cross-sectional shape [17], adding thermal storage
mechanisms [18], adding fin-faom designs [19], and using triplex-tubes [20]. The designs are all
intended to be easy to manufacture while meeting the four general performance requirements
(uniform PVT surface temperature distribution, high thermal and electrical power, low pressure
drop) [21]. The selection of an efficient material for the collector and absorber is just as important
as the design of the collector geometry. Factors such as thermal conductivity, ease of handling,
cost, and weight should all be taken into account when selecting the material. Copper, aluminum,
and steel are commonly used for PVT systems' collector tubes and absorber plates. Aluminium has
a relatively high thermal conductivity and is light in weight, but copper is heavier and more
expensive. Steel is cheap, but it is also heavy and has low thermal conductivity. The lightweight
feature of the PVT system is particularly important in conditions where weight is a critical factor,
such as in portable or mobile applications where the weight of the PVT system affects its
portability or maneuverability. Additionally, in applications where the PVT system is mounted on
rooftops or other structures, the weight of the system can affect the structural integrity of the
building. To evaluate the prospect of the lightweight feature, it is essential to analyze the weight

of the PVT system with different materials for the collector and absorber layers, as well as different



collector lengths. The ideal collector material should have high transfer capabilities, low weight,
and low cost. Additionally, the design should minimize material consumption. Therefore,
assessing the functionality of PVT systems with various collector materials and lengths is

significant.

Based on the authors' most recent information, previous studies have identified three gaps in the
literature: (a) rare research on the comparison between various collector designs such as grids,
serpentine paths, wavy paths, parallel paths, spiral paths, etc.; (b) little research on the distribution
of surface temperature and pressure drop for different collector configurations under the same
wetted area; and (c) a lack of consideration of the cost and weight of collector and absorber layers

for different materials.
In light of these gaps, the following research objectives and aims are proposed:

- To compare different PVT system collector configurations, namely parallel, spiral,
serpentine, wavy, grid, multipath design, split flow, etc.

- To study how collector design impacts energy, exergy, and pressure drop in PVT systems
under transient weather conditions.

- To examine the influence of multiple variables on system capability, pressure drop, and
weight, such as collector wetted area and collector tubes and absorber layer material.

- To evaluate the costs and determine the payback time of PVT with diverse materials
consisting of copper, aluminum, stainless steel, and brass for collector tubes and absorber

layers.

The proposed theory and technology can be applied to the engineering of photovoltaic thermal

(PVT) systems in various ways, such as optimizing collector design, material selection, and



pressure drop analysis. Engineers can use the proposed theory and technology to analyze the
impact of different design parameters, such as the collector shape, tube diameter, and length, on
energy and exergy efficiencies, pressure drop, and cost, leading to better design and optimization
outcomes. Additionally, the proposed technology can evaluate the impact of different materials for
the collector and absorber layers on the cost and weight of PVT systems, enabling engineers to

determine which material offers the best balance of performance, cost, and weight.

Moreover, the proposed theory and technology can be used to analyze the pressure drop in PVT
systems and identify ways to reduce it, leading to improved system performance and efficiency.
Overall, the proposed theory and technology offer a powerful tool for improving the design and
performance of PVT systems, resulting in significant improvements in the efficiency and accuracy

of PVT system modeling and analysis.

2 Methodology

Fig 1 outlines the method used in this work to assess comparisons between various collector
designs of a PVT device on energy and exergy output, cost-effectiveness, pressure drop, and
weight. The high performance of a PVT system can be achieved through suitable design and
material selection. In our study, the system performance iss assessed by selecting suitable collector
design, material, and collector length. Thus, first, numerical models are developed for various
systems under consideration. The accuracy of these models has been verified by comparing them
to experimental and numerical results reported in the literature. A comparison is carried out to
examine the consequences of collector design on system performance at a constant collector total

length (see Section 3.1).
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Furthermore, the effects of the material used for the collector and absorber on the system'’s total
weight, cost, and performance are investigated in Section 3.2. In this section we have selected

Multi-surpentine path as collector design with total collector tube length of 14.7 m.

Lastly, the impact of altering the total length of the collector tubes in a base-case PVT system
with a multipath serpentine design featuring an aluminum absorber and copper collector is

examined in Section 3.3.

2.1 Designs description

This study numerically simulates the PVT system in 3D with various collector configurations.
Cases are selected based on common types of designs used in the literature. Moreover, some novel
designs are also employed to find the most suitable design. Parallel designs are one of the
traditional types which are used in previous research. Researchers used different types of parallel
configurations in their systems. The first type of parallel design is illustrated in Fig 2-(a), which is
called parallel (direct return). In this design, the length of the water circuit through the inlet and
outlet piping to each parallel tube is different, and tubes near the outlet have a larger flow rate.
Another type of parallel design is presented in Fig 2-(b), which is called parallel (Reverse return).
In contrast, in the reverse return system, presented in Fig 2-(b), supply and return are the same
lengths throughout the collector, making it possible that all parallel tubes have nearly the same
flow rate. Another parallel design that is mostly used in research is presented in Fig 2-(c),
consisting of several parallel tubes, and there is no connection between them; all tubes have the
same flow rate. Two different spiral collector designs are also investigated, and their difference is
in the position of the outlet, as seen in Fig 2-(d) and (e). Serpentine design is also another
configuration that is used in PVT systems. The most common serpentine collector design is a

simple serpentine collector, which appears in Fig 2-(i). Additionally, three other serpentine



configurations (Fig 2-(f), (g), and (h)) are also investigated, and only a few studies are available

about them in the literature.

Glass
EVA

PV cells
EVA
Absorber

A

L3

L1 { i 7 Collector

| —

L2

(m) Cross section of PV layers, absorber and collector

Fig 2. Various collector configurations of PVT system [7, 22, 23]

Wavy, split flow, and grid designs are also evaluated, shown in Fig 2-(j)-(l). All proposed systems
in Fig 2 include PV cells, a glass cover that covers the PV cells, an absorber at the bottom of the
PV cells, and collector tubes beneath the absorber. Apart from the PV surface, the PVT system is
fully insulated [24]. In cases with multiple entrances, namely parallel design (without connection)
and multipath serpentine, it is presumed that the mass flow rate is split evenly between entries. All
cases are evaluated using the same total length of collector, tube diameter, and PV layers to
evaluate the effect of the collector design illustrated in Fig 2-(m). When we refer to the total length
of the collector tube, we mean the entire length of the collector tubes that are used in the system

(The component which is presented by purple color in Fig 2.



Table 1. Geometric parameters of selected configurations are presented in Fig 2 (It should be noted that
for all cases in Fig 2, X1=2000, X2=1000, H,=3.5, H»=0.5, H3=0.3, H4=0.5, Hs=1.5, L1=17, L»,=17, Ls=1
mm and the total length of collectors are same.)

Cases

Dimensions (mm)

Parallel (Direct return)
Parallel (Reverse return)
Parallel (without connection)
Spiral (Type A)

Spiral (Type B)

Multipath serpentine
Connected multipath serpentine
Two sides serpentine

Wavy

Split flow

Grids

A=124.14, B=1665, C=90.45

A=124.14, B=1665, C=90.45

A=132, B=1839

A=110.74, B= 440.78, C= 438.78, D= 164.90

A=76.26, B=107.82, C=165.84, D=253.03, E=270.03

A= 13250, B=132.50, C= 1654.50

A= 62.50, B= 143.66, C= 800.13

A=104, B= 254, C=135.5, D=239

A=135, B=132.4, C=210.03, D=64.65, E= 132.46, F=92.46, G= 1724.62
A=88.95, B=175, C=138.81, D=158, E=610.11, F=288.93
A=297, B= 249.40, C=61.5

Utilizing the same wetted area for comparison of the effect of different collector designs of PVT

systems has more accuracy because it eliminates any potential differences in the amount of heat

transfer that differences in the surface area of the collectors could cause. This ensures that any

differences in performance are due to the design of the collector rather than any differences in the

amount of heat transfer. Additionally, different collector designs can be compared more accurately

this way. The coolant which passes through the collector is water. Table 1 and Table 2 show

various components' dimensions and thermophysical characteristics.

Table 2. Variations in elements' thermophysical characteristics [25, 26].

Components Density Conductivity Specific heat
(kg.m®) (W.m1K1 (J.kgt.K?

Glass 2200 0.76 830

EVA 960 0.35 2090

PV cells 2330 148.0 700

Copper 8978 387.6 381

Aluminium 2719 202.4 871



Brass 8390 123 380
Stainless steel 8030 16.27 502.48

2.2 Numerical solution

In this study, the 3D PVT cases in this project are simulated using SolidWorks and numerically
modeled using ANSYS Fluent 18.2. Assuming incompressible low-speed flow, numerical
calculations are carried out using a pressure-based approach. As the Reynolds number is low,
laminar conditions are taken into account for the fluid regime. Also, the SIMPLE algorithm
couples pressure and velocity components [27]. Discrete convection terms are obtained using the
second-order upwind approach [28, 29]. A transient model with a time step of 600s is considered.
The sum of residuals of the continuity, momentum, and energy functions are deemed convergence

for residuals below 10 107, and 107, respectively.

2.2.1 Main assumptions and hypothesis

The following are the assumptions that were considered for numerical modeling:

e Assimilation of the sky as a black body [13]: The sky is treated as a surface that absorbs
all radiation incident upon it and emits radiation according to its temperature, simplifying
the calculation of the radiative heat transfer between the sky and the collector.

e A PVT collector is considered to have a uniform ambient temperature around it [30]: The
temperature around the PVT collector is assumed to be uniform, and does not vary
significantly with location, simplifying the calculation of convective heat transfer between
the collector and the surrounding air.

e The PV/T module's sidewalls and bottom are ideal insulators, and minimal heat transfer to

the environment occurs [31]: The PV/T module is assumed to be perfectly insulated on its



sides and bottom, and that very little heat is transferred to the environment through these
surfaces, simplifying the focus on the heat transfer processes occurring within the PV/T
module itself.

PVT surface is not coated with dust or agents [32]: The PVT surface is assumed to be
perfectly clean, without any dust or other agents that could affect its absorption and
reflection of solar radiation, isolating the effects of other factors on the performance of the
PVT collector.

Transmission of 100% is presumed for the EVA layer [13, 33]: The EVA layer, which is
used to encapsulate the PV cells, is assumed to have a perfect transmission rate for solar
radiation, allowing all incident radiation to pass through to the PV cells and focusing on
the performance of the PV cells themselves.

Absorbed solar radiation is considered as an energy source in PV cells [34]: The absorbed
solar radiation is considered as the primary energy source for the PV cells, and is used to
generate electrical power, which is fundamental to the operation of PV cells.

Working fluids and solid components have temperature-independent thermophysical
properties [31]: Since temperature variation in system is not so high, the thermal properties
of the working fluids and solid components used in the model, such as thermal conductivity
and specific heat, are assumed to be independent of temperature, simplifying the
calculation of heat transfer and fluid flow processes in simulations.

Each entrance receives an equal amount of coolant mass flow in cases that have more than
one entrance, such as parallel (without connection) and multipath serpentine as shown in

Fig 2-(c) and (f). Thus, the multipath serpentine design with two entrances has a mass flow



rate of m/2 at each entrance, while the parallel (without connections) design has a mass

flow rate of /8 since there are eight entrances.

2.2.2 Governing equations
Based on the assumptions above, the governing equations are explained below. Solid parts transfer
heat by conduction, and the corresponding equation is presented as follows [35]:

oT,
ot

ZV(kVT)S-F}/( e"ffsun_Egl> (l)

(pC,)s

where density, specific heat capacity, and thermal conductivity are represented by p, ¢, and K

, respectively. The letter S in subscript form is used to denote solid components.

User-defined functions (UDFs) are utilized in this equation to generate two source terms of

effective solar power absorbed by PV (EJ; ,,) and the electricity generated by PV (Ej). PV

cells therefore have ¥ =1, while other solid components have 7 =0. Calculating two source

terms is described below [36]:

E 14

eff ,sun

e G, A (2)

pv —sun” ‘pv
Ee”I = Eé;f,sun - |:1_ﬁ'(Tcell _Tref )] (3)

Eq (2) includes glass transmissivity (7, =0.95), PV absorptivity («, =0.90) and area (

A, =2 m?). Eq.(3) provides a simplified model for calculating the electricity output of a PV panel

that takes into account the temperature dependence of the panel's power output. The equation is

based on several assumptions, including the assumption that the PV panel's efficiency, 7, , is

constant and the irradiance or solar radiation received by the PV panel, EZ

eff ,sun ?

as a key parameter



influencing the power output. The temperature coefficient, 43, is a measure of the decrease in the

power output of the PV panel as the temperature of the panel's surface (T, ) increases. This

ell

coefficient is typically given by the PV panel's manufacturer. The reference temperature, T , iS

ref
the temperature at which the temperature coefficient is measured. The equation assumes that the
absorbed solar radiation is the primary energy source for the PV panel, and is used to generate
electrical power. The equation can be used to estimate the electrical output of a PV panel based on
the temperature of the panel's surface and the irradiance or solar radiation received by the panel.

The equation provides a simplified model for calculating the electrical output of a PV panel and is
widely used in studies of solar energy systems. In Eq (3), n, =0.17 , 5=0.0045 and
T, =298.15K refer to reference PV cells’ efficiency and reference temperature [37]. T, in Eq

(3) is the average temperature of PV cells obtained from Eq (1). Required equations for analyzing

convection and conduction through the working fluid [38]:

91 L v (ov), =
E-I_V (,DV)f—O (4)
d
ps [a_zf + (V- V)Vf] = —VP+ V- (uVV); (®)
aT,
(pCp) 7+ (pCoV - VT) =V (kVT), (6)

where, the subscript of f denotes fluid, and P,V , 1 express pressure, velocity, and dynamic

viscosity of the coolant.
2.2.3 Boundary conditions

Considering a Reynolds number less than 2300, it is assumed that the velocity at the entry of the

collector is constant. The temperature of flow at the entrance is the same as the ambient



temperature. There is a gauge pressure of zero pascal at the outlet, which is referred to "pressure
outlet” boundary condition. The total inlet mass flow rate (m) is 0.02 kg/s. There are some cases
with only one entrance and others with more than one, as shown in Fig 2. When there are multiple
entrances, the total mass flow rate is evenly distributed between each entrance, such as parallel
(without connection) and multipath serpentine configurations, as shown in Fig 2-(c) and (f). Thus,
the multipath serpentine design with two entrances has a mass flow rate of m /2 at each entrance,
while the parallel (without connections) design has a mass flow rate of 1 /8 since there are eight
entrances. Other cases with only one entrance have a mass flow rate of m. The internal tube
surfaces are subjected to a no-slip boundary condition. According to Eq.(1), solar radiation acts as
an energy source. The side walls are kept adiabatic, except the top surface of the system (glass),
which loses heat as convection and radiation mechanisms to the environment. This heat loss can

be calculated using the convection heat transfer coefficient and sky temperature as follows [39]:
Ty, =0.0552T,2 )

Nying =9.7+3.8V,, (8)
Eq.(7) provides an estimate of the sky temperature as a function of the ambient temperature,

assuming that the sky behaves as a blackbody with an emissivity of 1.0 and that it radiates energy
to the ground and surrounding objects where T, and V,, are ambient temperature and wind

velocity. Eq.(8) is a simplified model for estimating the convection heat transfer coefficient around
a flat plate as a function of wind velocity when wind velocity is less than 5 m/s. In this equation,
h represents the convection heat transfer coefficient in watts per square meter per degree Kelvin
(W/m?-K), and V represents the wind velocity in meters per second (m/s). This equation assumes

the air temperature is equal to the ambient temperature. The equation is a simple linear function,



where the coefficient 5.7 represents the convection heat transfer coefficient in still air, and the

coefficient 3.8 represents the increase in the heat transfer coefficient due to the presence of wind.

2.3 Performance evaluation

Four different performance parameters of the PVT system are compared, including power and

exergy rate. Here are the thermal and electrical powers [40]:

o me X Gy p X (Tr out — Tf in)
Ep = Ay

©9)

Ee = E;ff.sun N [1 - 0'0045(Tcell - Tref)] (10)

Electrical exergy equals to electrical power [41], and thermal exergy can be determined by

applying the following equations [42, 43]:

Exth = Exmass,out— Exmass,in = rhf (l//out —l//in) (11)
where [44]:

Vo = (hout - hamb ) _Tamb (Sout _Samb) (12)

Vin = (hin - hamb ) _Tamb (Sin _Samb) (13)

where S and h are the entropy values and specific enthalpy. By substitution of Eq.(12) and (13)
in Eq.(11) and devided by area of the panel, the thermal exergy rate per unit area is calculated as

follows [44]:

T,
fout
me X Cp,r [(Tf,out = Tin) = Tamp In ( Ttin )]

Solar systems are often evaluated using payback time (PBT) to determine when to recoup their

(14)

Exth =

investment costs. The PBT is calculated using the following equation [45]:



_In[(Cy(ie ~))/(CSs core) +1]
PBT = In[L+i.)/(1+d)] (15)

Assuming the fuel inflation rate to be 3.5% [45], where C, and i, are the investment cost and
the fuel inflation rate. Furthermore, a discount rate (d ) of 5% is applied to the annual cost savings
(CS _cchp) [46]. Based on the assumption that electricity is not exported to the grid, the annual

cost savings can be calculated as follows [45]:

CSs ccwp =Ecov *Ce +QC%O” “Cog ~Coem (16)
where CS¢_..» is calculated utilizing the savings in electrical and natural fuel as a result of the
solar system as well as the costs associated with operation and maintenance (C, g, ). Ec,, and Qc,,

represent the annual electrical and thermal power, respectively, produced by a PVT system, with

units of kWh. It is assumed that the system operates for six months of the year, from April to

September. The electricity and natural gas prices per kWh (C, and C ) in China are

approximately 0.084 USD/kWh and 0.079 USD/kWHh, respectively, as reported in reference [47].

Furthermore, the thermal power generated is supposed to be used instead of an 82% efficient gas-

fired boiler (7,,; ) [45]. Lastly, the C,,, represents 1% of the total cost of a solar system [48].

2.4 Independence from the grid, as well as model confirmation

The ANSYS Workbench 18.2 software is used to create a 3D structure mesh with a refined grid
near the collector walls, where there is a rapid change in temperature and velocity gradients. Water
is employed as the operating fluid, and a multipath serpentine design is employed, with five distinct

grid sizes created to enhance the precision and velocity of numerical modeling. The weather



conditions for the grid independence study are shown in Fig 4, and the flow rate equals 0.02 kg/s.

Table 3 illustrates the coolant outlet's average temperature for various grid sizes.

The results indicate that the average outflow temperature is responsible for a 0.01 °C difference
between 5.9 and 7.5 million mesh cases. Therefore, a grid of 5.9 million elements is selected for
the remainder of the research, as a small discrepancy exists between simulations with 5.9 million

and 7.5 million elements.

Table 3. Mesh independent study

Difference from the case with 7.5

Mesh (million) Outlet temperature (°C) million meshes (°C)

1.9 43.41 0.15
2.6 43.48 0.08
3.7 43.52 0.04
5.9 43.55 0.01
7.5 43.56

The outflow temperature of the PVT system was corroborated by employing numerical and
experimental data from Khanjari et al.[49] and Selmi et al.[50]. Khanjari et al.[49] numerically
simulated a PVT system and the model consisted of a glazing section, a PV panel, and a sheet-
and-tube collector with five riser tubes, which were reduced to one to decrease computational
effort. The model included an absorber plate and a water riser tube to consider heat transfer
mechanisms. The geometry was created in CATIA software, and mesh generation and solution
analysis were carried out in ANSYS Workbench. The fluid flow was assumed to be steady,
incompressible, and uniform, and a fully developed laminar flow was taken for the simulation. The
temperature distribution in the photovoltaic panel and absorber plate was assumed to be
approximately the same. The amount of absorbed solar radiation was mainly related to the

transmittance of glass, the absorbtance of the photovoltaic panel and absorber plate material, and



their effects were applied in the boundary conditions. Selmi et al.[50] conducted an experimental
study to investigate the performance of a solar collector under different operating conditions. The
solar collector was designed and built as a simple model consisting of a wooden box covered with
transparent glass, containing an aluminum plate used as an absorber and a copper pipe for water
flow. The housing frame was made of wood due to its high insulation efficiency and ease of
forming. The model was 1.5 meters long, 166 millimeters wide, and 70 millimeters high, with an
absorber plate and pipe fixed at a certain level inside the wooden box. The inner walls of the box,
absorber plate, and pipe were covered by black mate paint, while the outside box was painted
white. The pipe extended slightly on both sides outside the housing frame, in order to connect the
water inlet and outlet fittings easily. A number of thermocouples were attached to the absorber
plate, pipe at some selected points, and outside of the solar collector, to measure the collector
inside, ambient, water inlet and outlet temperatures. The model was oriented to face the sun rays
normally and tilted from time to time to keep tracing the sun position for most of the experiment
time to gather maximum energy. These studies applied parallel design (without connection), 470-
542 W/m? irradiance, 0.00136 kg/s flow rate, 32-46 °C inlet temperature, and water as the working

fluid nearly identical in design and operation to the present work.

One difference between the current numerical model and the experiments performed by Selmi et
al. [50] is that the PVT system in the current study is insulated, while Selmi et al. used a wooden
box as insulation, which allowed for heat transfer to the environment. Additionally, Selmi et al.
[50] considered tracing panels, while the current study assumed that the panel is fixed. The time
span considered in the current study was from 7:00 to 17:00, while Selmi et al. [50] measured data
from 9:30 to 13:15. Additionally, Khanjari et al. [49] made several key assumptions in their work,

including assuming a steady-state condition and fully developed laminar flow. They also



approximated the temperature distribution in the photovoltaic panel and absorber plate to be

approximately the same.

It should be noted that, for an accurate comparison, the same conditions were considered in the
validation section, while the model and conditions related to this research were considered in the
rest of the analysis. To determine the fluid temperature at the exit of the PVT system during the
day, numerical and experimental techniques are compared with the present research, as seen in Fig
3. Results from the present study deviate from those of references [49] and [50] by an average of
around 3% and 7%, respectively. The findings of this study show that the simulated PVT model is

highly precise and dependable.

—=— Khanjari et al.
|—e—Selmietal. |
||—~— Present study

Outlet temperature (°C)
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Fig 3. Validation of the outflow temperature obtained in the present work through numerical (Khanjari
et al.[49]) and experimental (Selmi et al.[50]) studies
3 Results and discussion
The research was done in the summertime weather of Shanghai, China. Weather conditions

considered in the simulation are displayed in Fig 4. The inflow temperature is assumed to vary with

time and equals the ambient temperature. An open circuit system is used, in which water passes



through the collector only once before exiting. This type of system allows for the inlet of the
collector to be directly connected to the city water, which is often stored in places that are in direct
contact with the environment, such as dams. As a result, the temperature of the city water can
change with the ambient temperature with a similar trend, and there is usually only a small
difference between the two temperatures. This assumption is commonly used in several studies of
PVT systems, and has been supported by other researchers in the field [13, 51]. The weather data
used in our study was collected by the green energy laboratory of Shanghai Jiao Tong university.
The profile shown in Fig 4 is based on the typical weather conditions during the summer season
in Shanghai when the research was conducted. Specifically, the weather profile represents the
average weather conditions during the summer period based on historical data for the region.
Simulations were performed under transient conditions with a time step of 10 minutes. The
corresponding weather conditions for each time step were used to calculate the electrical and
thermal powers from 7:00 AM to 17:00 PM. An average value was then calculated. User-defined
functions (UDFs) are used throughout the modeling process to consider all terms in Eq (1) and
climate conditions. As a base case, dust deposition = 0 g/m?, azimuth angle = 0°, tilt angle = 0°,

wind speed= 1 m/s and total mass flow rate = 0.02 kg/s are used.
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Fig 4. Typical July weather conditions in Shanghai.

3.1 Comparison of different collector geometries

A key parameter in determining a PVT system's performance is its absorber's temperature
distribution. Different collector designs can have a significant impact on the temperature
distribution of the absorber. In Fig 5, the contour of the temperature distribution of absorbers of
PVT systems for different collector designs is compared. The same wetted area is used for this
comparison to better evaluate the capability of different collector designs, and the simulation was
based on a three-dimensional finite element model. In comparison to the temperatures near the
collector's outlet, those close to the collector's inlet are cooler. This is due to the cooler water
entering the collector than the water leaving it, resulting in a lower temperature near the inlet. Fig
5 also shows the highest surface temperature in parallel (direct return) collector design. This is
because the length of the water circuit through the inlet and outlet piping to each parallel tube is

different, resulting in tubes near the outlet having larger flow rates. The contours indicate that the



two-sided serpentine design has the lowest surface temperature, likely due to its large number of

collector bends, facilitating a greater heat transfer.

Fig 5. The contour of the temperature distribution of the PVT systems absorber depends on the
collector type.

Non-uniform temperature distribution is a common issue in PVT systems, and it can significantly
impact the system's performance and efficiency. This non-uniformity can arise from various
factors, such as variations in solar radiation intensity, shading, and non-uniform flow within the
system. The uneven distribution of temperature can reduce the electrical and thermal efficiencies
of the PVT system, which, in turn, can affect the module power generation. Hot spots and cold
spots on the PV module due to non-uniform temperature distribution can lead to module
degradation and reduced energy output. Based on Fig 5, it can be observed that the Spiral type A
design has the most uniform temperature distribution and the lowest non-uniformity. In
comparison, Case (a): Parallel (Direct return) has the highest non-uniformity. As a result, Spiral
type A can generate nearly 1.6% higher electrical power than the Parallel (Direct return) design,

as shown in Fig 6.

The results of Fig 6-(a) indicate that the multipath serpentine and parallel (without connection)
designs are more effective in terms of thermal power than the other designs. The difference is
owing to the total mass flow rate being equally divided between entrances, allowing for more
efficient heat transfer. Furthermore, the temperature at each entrance is the same as the ambient
temperature, increasing the temperature disparity from inlet to outlet, thus increasing the heat

transfer rate.



Based on Fig 6-(b), the PVT system with a two-sided serpentine collector design has the greatest
electrical power due to its low surface temperature, which allows almost half of the PV surface to
remain at a low temperature during operation. The parallel (direct return) collector design has the
lowest electrical power output due to its non-uniform flow rate in the parallel tubes. This is because
the length of the water circuit through the inlet and outlet piping to each parallel tube is different,
resulting in tubes near the outlet having larger flow rates. This means that the working fluid cannot

absorb a large amount of heat, leading to a lower electrical power output.

The quality of thermal energy produced by the PVT system with different collector designs can be
compared by examining the thermal exergy of the system as presented in Fig 6-(c). The findings
suggest that the multipath serpentine and parallel (without connection) designs are more efficient
regarding thermal exergy conversion than the other designs. This is since the thermal exergy of
the systems is dependent on the inflow, outflow, and ambient temperature. Since inlet and ambient
temperatures are equal in all cases, the systems with higher outflow temperatures have the

maximum thermal exergy.

PVT systems are significantly affected by the pressure drop in the collector. Energy consumption
increases as the pressure drop increases, resulting in an increase in pump power needed to maintain
the flow rate. It can be observed in Fig 6-(d) that designs with more complex tube paths, such as
two-sided serpentine collectors, have higher pressure drops (874 Pa), while designs with smoother
tube paths, such as parallel tubes, split flow, and wavy, have lower pressure drops (less than 22

Pa).
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Fig 6. Comparing the effects of collector design on photovoltaic thermal systems: (a) thermal power,
(b) electrical power, (c) thermal exergy, (d) pressure drop, and (e) surface temperature.

Another factor impacting the PVT output is surface temperature. When the surface temperature
rises, the electrical output of the photovoltaic cells decreases due to the increased resistance.
Additionally, high surface temperatures can cause solar cells to overheat, reducing their lifespan.
Thus, the surface temperature of different cases is also investigated in Fig 6-(e), and the results

indicate that the two-sided serpentine design with an average temperature of 41.93 °C has the



lowest temperature, while the parallel (direct return) design with the average surface temperature

of 45.4 °C has the highest temperature.

To examine the system's financial viability and select the collector design with the highest possible
return on investment, both the payback period and cost savings are presented in Fig 7. The design
of the collector affects the amount of energy that can be collected and stored, which in turn affects
the system's cost savings and payback period. The most efficient collector designs maximize the
amount of energy collected and stored, leading to the lowest payback period and highest cost
savings. As seen in Fig 7, the PVT system with multipath serpentine and parallel (without
connection) collector designs shows the lowest payback time (2.565 and 2.567 years, respectively)
and highest cost saving ($147 and $146, respectively). This is because these designs can generate
the highest overall power, as shown in Fig 6. The parallel (direct return) design yields the highest

payback period (2.92 years) and the lowest cost savings ($129.2) of all the designs evaluated.
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3.2 Investigating the impact of collector and absorber materials

The material of the collector and absorber of the PVT system, which is investigated in Fig 8, is
another critical factor that must be carefully chosen. The purpose of this is to ensure that the device
is capable of efficiently absorbing and transferring solar energy. The absorber material should have
high absorptivity and low emissivity to ensure that the maximum amount of solar radiation is
absorbed. The collector tubes must also have a high thermal conductivity to achieve an efficient
transfer of thermal energy to the working fluid. Thus, the PVT system output is compared with
various tubes and absorbers made of various materials. Copper, aluminum, brass, and stainless
steel are selected for this comparison due to their widespread availability and popularity in the
market. Fig 8 demonstrates that the PVT system with copper-made collector tubes and absorber
exhibits the highest electrical, thermal power, and thermal exergy. Due to its superior thermal
conductivity, copper transfers heat from the absorber to the collector tubes more efficiently than
aluminum. However, the weight of the PVT system with copper collector tubes and absorber was
found to be 58.69 kg, making it less suitable for use in a PVT system. Aluminium, in contrast, is
a better absorber of solar radiation and is more lightweight than copper, making it a better choice
for use as an absorber. Nevertheless, aluminum is not as efficient as copper for conducting heat,
thus making it less practical for use as a collector tube. Therefore, Case 5, with its Aluminium
absorber and copper collector, is a good candidate due to its weight being 32% less than a PVT
system with both its absorber and collector made of copper and its suitable high electrical and

thermal power.
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Fig 8. The effect of the material of the absorber and tubes on the PVT system performance (Case 1:
absorber and collector are Copper, Case 2: absorber and collector are Aluminium, Case 3: absorber and
collector are Brass, Case 4: absorber and collector are Stainless Steel, Case 5: absorber is aluminum

and collector is copper)



As a result of the geometric dimensions and materials of the different units, Table 5 calculates the
capital costs (see EQ.(16)). Collector's and absorber's materials have a substantial influence on
payback time and annual cost savings, as demonstrated in Fig 9. Aluminium is the most cost-
effective option, resulting in a payback period of 2.58 years and annual cost savings of $146.11.
Assuming the system runs six months a year, the evaluation will include a PVT module with a
multipath serpentine collector (Fig 2-(f)). A PVT system with an aluminum absorber and copper
collector tubes is the second most cost-effective option, boasting a payback period of 3 years and
annual cost savings of $146.43. Although a system with brass and stainless steel has a lower
investment cost, its annual electrical and thermal power is lower than that of aluminum, resulting
in a longer payback time. Copper is the most expensive option but has the highest annual electrical
and thermal power. Ultimately, the selection of materials depends on the system's requirements

and the available budget.

Table 4. The total cost of a PVT system with different materials for absorber and collector tubes [52]
(Case 1: absorber and collector are Copper, Case 2: absorber and collector are Aluminium, Case 3:
absorber and collector are Brass, Case 4: absorber and collector are Stainless Steel, Case 5: absorber is
aluminum and collector is copper).

Components Price (%)

Materials Case 1 Case 2 Case 3 Case 4 Case 5
PV module 200.00 200.00 200.00 200.00 200.00
Absorber 202.01 18.35 125.85 38.06 18.35
Glass 0.00 0.00 0.00 0.00 0.00
Collector pipe 63.44 5.76 39.52 11.95 63.44
Insulation 2.00 2.00 2.00 2.00 2.00
Water storage tank (120L) 34.00 34.00 34.00 34.00 34.00
Battery 55.00 55.00 55.00 55.00 55.00
Solar controller 10.00 10.00 10.00 10.00 10.00
Inverter 30.00 30.00 30.00 30.00 30.00

Total cost ($) 596.44 355.12 496.37 381.02 412.79
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Fig 9. Comparing the impact of different collector tub and absorber materials on payback time, cost
savings, investment cost, and annual thermal and electrical power output in a PVT system (Case 1:
absorber and collector are Copper, Case 2: absorber and collector are Aluminium, Case 3: absorber and
collector are Brass, Case 4: absorber and collector are Stainless Steel, Case 5: absorber is aluminum

and collector is copper).
3.3 Investigating the effect of collector length

Fig 10 illustrates the influence of collector length in photovoltaic thermal systems, which is crucial
in determining the amount of energy that can be harvested and converted into usable heat. To
determine the optimal length of the thermal management layers, a detailed calculations is
performed in this section and evaluats various collector lengths to determine their effects on system
energy and exergy output, pressure drop, weight, and cost. It should be noted that the PVT system

with multipath serpentine collector design (Fig 2-(f)) is considered for this evaluation.



This figure shows that a longer collector length allows the system to capture more solar energy,
resulting in lower surface temperatures and more power. The results indicated that electrical
power, thermal power, and thermal exergy improved on average by 0.59%, 2.81%, and 3.84%,
respectively when the length increased from 14.7 to 29 m. In addition, the pressure drop increases
if the collector is longer. This is due to the increased surface area and bends in the longer collector,
creating more fluid flow resistance. The pressure drop is enhanced by 116.34 Pa when the collector

is increased from 14.7 to 29 m.
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Fig 10. Evaluating the contribution of collector length on energy, exergy, surface temperature,
and pressure drop in photovoltaic thermal systems

Fig 11 presents an economic evaluation of the output of the PVT system with varying collector
lengths. The PVT system with multipath serpentine collector design (Fig 2-(f)) with aluminum
absorber and collector tube is considered for this evaluation. As seen in Fig 11-(a), longer collectors

increase the annual thermal and electrical powers because the system with longer collectors is able



to capture more energy from the sun, resulting in higher efficiency. Additionally, longer collectors
can reduce the amount of energy lost through heat transfer, further increasing the system's
efficiency and resulting in greater cost savings. Thus, the collector length enhancement from 14.7
to 29 m has improved the cost by saving 2.5% (see Fig 11-(b)). Based on Fig 11-(b), the collector

length of a PVT system directly impacts its payback time.

Table 5. The total cost of a PVT system with varying collector lengths [52].

Components Price ($)

Collector length (m) 147 16 20 23 26 29

PV module 200.00 200.00 200.00 200.00 200.00 200.00
Absorber (Aluminium) 18.35 18.35 18.35 18.35 18.35 18.35
Glass 0.00 0.00 0.00 0.00 0.00 0.00
Collector pipe (Aluminium)  5.76 6.27 7.83 9.01 10.18 11.36
Insulation 2.00 2.00 2.00 2.00 2.00 2.00
Water storage tank (120L) 34.00 34.00 34.00 34.00 34.00 34.00
Battery 55.00 55.00 55.00 55.00 55.00 55.00
Solar controller 10.00 10.00 10.00 10.00 10.00 10.00
Inverter 30.00 30.00 30.00 30.00 30.00 30.00
Total cost ($) 355.12 355.62 357.19 358.36 359.53 360.71

The longer the collector length, the more energy can be collected and converted into usable
electricity and heat. Thus, the system could generate more electricity in less time, resulting in a
shorter payback time. However, the total cost (Table 5) and weight of PVT systems can be
negatively impacted by a long collector length. A longer collector length requires more material,
raising the system's price. Additionally, the longer the collector length, the heavier the system will
be, which can make it more difficult to install and transport, as seen in Fig 11-(d). Therefore,

selecting the collector length for a PVT system requires balancing cost, weight, and performance.



It is worth clarifying that the collector tube and the absorber plate are two separate components of
the PVT system, as shown in Fig 2. The collector tube is represented by the purple color, while
the absorber plate is represented by the yellow color. In this section, only the length of the collector
tube is changed, and the length of the absorber plate remains constant. Therefore, the cost of the

absorber plate remains constant regardless of the length of the collector tube, as shown in Table 5.
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Fig 11. Comparing the impact of different collector lengths on payback time, cost savings, investment

cost, and annual thermal and electrical power output in a PVT system

4 Conclusions

This study investigated various collector configurations to provide the effective one with respect

to electrical and thermal power, exergy, and pressure drop. The configurations considered included



parallel, spiral, serpentine, wavy, grid, multipath design and split flow. Additionally, various
materials were considered for the collector tubes and absorbers, such as copper, aluminum, brass,
and stainless steel. High generated powers, low price, and light weight were desired goals for
selecting a suitable material. Moreover, the total length of the collector tubes was evaluated for its
effect on energy and exergy performances, cost, payback period, and total weight. This study has

yielded the following findings:

e The surface temperature is highest in the parallel (direct return) collector design, and the
two-sided serpentine design has the lowest surface temperature.

e The multipath serpentine design is the most effective in terms of overall power, with an
average overall power output of 443.71 W/m?. In comparison, the parallel (direct return)
collector design has the lowest overall power output of 392.26 W/m?2.

e Two-sided serpentine collectors have higher pressure drops (874 Pa), while designs with
smoother tube paths, such as parallel tubes, split flow, and wavy, have lower pressure drops
(less than 22 Pa).

e PVT system with aluminum is the most cost-effective option, with a payback time of 2.58
years and annual cost savings of $146.11. Moreover, the system's total weight with
aluminum is 42% lighter than the system with copper.

e The electrical power, thermal power, and thermal exergy improved on average by 0.59%,

2.81%, and 3.84%, respectively, when the length increased from 14.7 to 29 m.

Overall, the selection of the best collector design for photovoltaic thermal systems depends on the
application and the customer's desire. Different designs have different advantages and
disadvantages. For example, some designs have high overall power output, but their pressure drop,

weight, and surface temperature are also high. On the other hand, some designs have low-pressure



drop, lightweight, and low surface temperature, but their overall power output is lower. Therefore,
it is important to consider the application and customer's desire when selecting the best collector

design for photovoltaic thermal systems.
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