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ABSTRACT

Arid areas are characterized by high solar radiation, which is an advantage for the performance of
photovoltaic (PV) panels. However, they are deteriorating by two setbacks from the harsh climate:
shallow temperatures during the night, leading to condensation and overheating during the day, leading
to reduced efficiency. The paper discusses and resolves the two setbacks in the performance by cooling
the panel during the day and heating it during the night using a ground embedded heat exchanger.
Experimental and numerical methods are adopted to carry out the investigation. For that, a numerical
model was developed and subjected to a series of measurements. Two PV modules have been tested
simultaneously; one is with thermal control system and the second without thermal control. A reduction
in the PV surface temperature by around 8°C can be obtained during the daytime. The same system can
rise the PV surface temperature by around 3°C more than the temperature at which condensation takes
place.
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1 INTRODUCTION

Photovoltaic panels have the potential to solve much of the world energy demand by
effectively converting the sunlight into electricity However, deserts present the most
challenging environment for solar panels; there, heat and dust both have a negative impact
on performance, durability, and electrical efficiency. Modern commercial solar cells convert
solar irradiation into electric power at the relatively low efficiency of around 20% PV panel
efficiency decreases due to some factors such as high temperature (0.5%/K in average) and
light reflection.

Cooling of PV panels can be achieved by many methods. Continuous water film flowing
over the frontal surface of the PV module was studied. The temperature on the back surface
was reduced by more than 10 K, while the temperature difference between the front and the
back surface was around 7-8 K [1], [2]. Another possibility of PV cooling is to cool the panel
atits rear surface. This was experimentally investigated, e.g. by Bahaidarah et al. [3], yielding
a temperature reduction of 20%, which resulted in an efficiency increase of the PV panel by
9% [3]. Another study achieved cooling of the PV panel by introducing water trickling
configuration on the upper surface of the panel and obtained an increase of about 15% in
system output at peak radiation conditions [4]. Experimental studies are performed to
compare the performance of a PV system combined with a cooling system consisting of a
thin film of water running on the top surface of the panel. These studies contain the effects
of the nominal power of array and system head on the operation of PV system by cooling the
PV cells with a thin film of water [5], [6]. A different investigation of front PV surface
cooling was performed by using a spray water cooling technique. Results showed that the
cell power increased due to the spraying of water [7], [8].

PV/T solar systems are beneficial devices which enable the production of electricity and
heat, simultaneously [9]. While the cooling of the PV module is needed only during day time,
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condensation of air humidity on PV panels should be avoided under both day and night
conditions. This prevents the formation of mud in the presence of dusty winds, which
increases maintenance costs and shortens the lifespan [10]. Furthermore, it is evident that
mud layers on the panels’ surface reduces the transmissivity of the glass layer and thus also
PV efficiency. Frequent cleaning leads to scratching the surface, which in the medium term
also leads to a drastic decline in efficiency [11].

Using the earth as a heat source or thermal buffer in a heating or cooling system is an
attractive application from a thermodynamic point of view. Underground water cooling
systems are potentially more efficient than conventional cooling water-to-air systems.
Ground horizontal cooling loops are preferred in many situations, due to a consistent
temperature since the ground temperature is not different within a specific depth where the
surface heat flux does not play any role [12], [13].

Ground heat exchanger (GHEX) cooling systems are operating on concept that at a certain
depth, the soil temperature remains almost constant throughout the year and is approximately
equal to the mean surrounding temperature over a year [14]. So, the soil can be used as a
thermal sink for the cooling of PV panels [15]. In various studies, earth—water heat
exchangers (EWHE) and earth—air heat exchangers for air conditioning use water and air as
a cooling medium, respectively [12], [14], [16]. The EWHE pipes are buried below the
ground to a particular depth, and the inlet of the tubes carries the hot water, which transfers
the energy from the high temperature fluid to the soil, thus resulting in a decrease in outlet
temperature [16], [17].

The present study deals with the application of a novel thermal control system for PV
panels using a GHEX to solve the overheating and mud formation problems. The thermal
control system at hand can cool the PV panel during the day and heat it to temperatures above
the dew point during the night. The goal of the thermal control strategy is to increase the day
PV performance and to mitigate nocturnal dew formation, thus mud formation. The ground
heat exchanger system will be studied using an experimentally validated numerical analysis.

2 EXPERIMENTAL IMPLEMENTATIONS

The current investigation has been carried out computationally to extend site measurement
utilizing a developed experimental Photovoltaic/Thermal (PV/T) setup. The experimental
setup was developed in the humid and warm climate conditions at the University of
Technology PETRONAS (UTP), Perak, Malaysia. The computational model was created to
simulate the experimental case and impose extended boundary conditions to gain more
insight on the effectiveness of the proposed idea of integrating the PV/T with underground
embedded coil, GHEX.

2.1 System description

The experimental setup for the current study, which also forms the basis for the experimental
validation of the numerical model, is shown in Fig. 1. The setup has three primary
components: modified solar PV/T unit, ground heat exchanger system and measurements
system. PV/T panel is equipped with backside cooling container, with water as
cooling/heating medium, circulation pump running at controlled discharge for preselected
flow rate and piping circuit that connects the circulating water between the ground heat
exchanger and the PV/T back tank.

A horizontal copper pipe channel system was used as a ground heat exchanger, which has
an inner diameter of 0.015 m, thickness of 0.003 m and a total length of 22.0 m. The heat
exchanger was installed at 0.8 m. A schematic of the setup is depicted in Fig. 2.
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Figure 1:  Schematic of the PV thermal control system with backside water cooling and
ground heat exchanger.

Figure 2: Ground copper pipe loop heat exchanger.

2.2 Operational principles

During the day, warm water flowing through the PV backside has been circulated through
the GHEX, thus transferring heat to the soil and cool the water. This process increases the
soil temperature and store heat to the ground. However, during the night, when water flows
through the ground, the storage heat increases the water temperature and heat the PV panel
when circulating through the backside panel. The heat storage capacity of the ground is
dependent on the thermal properties of the soil [7]. In this study, dry soil with thermal
conductivity of 0.2 W/m?K was considered.
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3 COMPUTATIONAL PROCEDURE
The numerical analysis of the present work includes a horizontal ground heat exchanger
embedded underground. The simulation considered a block of the ground containing the
GHEX. as shown in Fig. 2. The heat exchanger has similar geometries as in the experimental
setup. The simulation has been conducted at four different depths, Z, of GHEX installation:
0.5, 0.8, and 1.5 m. The simulation at depth 0.8 m is utilized for comparison with
experimental results and validation.

3.1 Numerical modelling and meshing criteria

The ground block selected has 2 m width x 3 m length x 2 m height. Those ground domain
dimensions are large enough compared to the GHEX geometries for assuming adiabatic
boundaries. It is almost a far field simulation. The mesh for the copper pipe loops and soil
domain is generated using the ANSYS meshing tool. In both domains, a hex-dominant
method for reducing the number of cells is used. The cells in the copper pipe loops domain
were kept uniform with a cell size of 0.2 cm, which gave enough accuracy of the pipe
temperature distribution.

The copper water pipe domain uses cell inflation on the interior of the pipe wall to resolve
the boundary layers within the fluid flow. The discretization of these domains provides
additional information about heat transfer and fluid flow characteristics within the system. In
order to save computation time and because the flow characteristics are relatively simple, a
high resolution of these features was not considered. The mesh was concentrated inside the
soil pile. The size of the individual mesh elements varied greatly because of the large
variation in domain sizes. The size variation of the domains provides challenges in keeping
the cell count of the mesh low. The model residual convergence criteria were set to 1x1073.
The CFD model mesh with the soil domain, the top and bottom of the soil pile, and the copper
pipe loops is displayed in Fig. 3.

Figure 3: The soil domain and the copper pipe loops domain geometry.

3.2 Simulation procedure

The simulation of the current approach was performed numerically using control volume
based solver in the commercial software, ANSYS FLUENT. Reynolds-averaged Navier—
Stokes equations have been solved with a Semi-implicit method for pressure-linked equations
(SIMPLE algorithm). The realizable k-¢ turbulence model with enhanced wall treatment and
thermal effect option has been adopted. The k-& model is appropriate for wall-bounded and
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internal flows with small pressure difference across the flow passage. The main parameters
are listed in Table 1. The numerical simulation has been carried out under assumption steady-
state conditions. The domain of the problem is discretised as 3D-structured meshing criteria.
The heat exchanger was simulated for different operating conditions.

3.3 Boundary conditions

For the simulation, the weather data acquired at the solar research site in UTP, Malaysia were
used; these considered the interactions of the soil with solar irradiation, wind, and air
temperature during the day. The values of the main thermodynamic properties of the
materials included in the simulation are shown in Table 2.

The boundary conditions (BC) adopted in the current simulation are mostly same as those
used in the experimental investigation. The applied BC conditions used in the simulations
are given in Table 3.

Table 1: CFD simulation parameters.

Parameter Description

Mesh elements 3D Structured mesh, hex-dominant
Numbers of elements/nodes 228390/289388

Solver 3D steady-state

Pressure velocity coupling Phase Coupled SIMPLE
Turbulence model Realizable k-¢

Table 2: Material properties involved in the simulations.

Property Pipe (copper) | Ground (soil) Water
Density (kg/m®) 8,940 1,555 1,000
Conductivity (W/(m-K)) 250 0.2 0.6
Cp (kl/(kg-K)) 390 875 4,184
Viscosity (kg/m-s) — - 0.001003

Table 3: Boundary conditions adopted in the simulation.

Parameter Value

Water mass flow rate 0.02778 kg/s

Water inlet temperature | According to the transient measured data, on hourly base
Soil thermal diffusivity | 1x107° m?/s

Depth 0.5m,0.8m,1.0mand 1.5 m

4 RESULTS AND DISCUSSIONS
The numerical simulation has been carried out at controlled water flow rate of 1.6 LPM. The
experimental conditions during the measurement are essential to be identified prior to
commencing the discussion of the results.

WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)




46 Energy Production and Management in the 21st Century IV

4.1 Experimental verification on the functionality of GHEX

The performance of the PV panel can be enhanced by incorporating a rear side water cooling
system, thereby removing diurnal excess heat from the PV panel and charge it to the ground
by GHEX. During the night, this PV thermal control system (PV/T) allows heating the PV
panel to temperatures higher than the dew point. Thereby, dew and subsequent mud
formation can be mitigated and the ground thermal storage can be conditioned for optimal
diurnal operation as a heat sink.

Fig. 4 shows the measured ground temperature distribution for two depths (0.5 m and
0.8 m). The two curves are almost identical in the early morning hours of the day, while the
divergence begins after 11.30 AM until it reaches its maximum value at around 4.30 PM.
Two conclusions could be drawn from those measurements. First, it is clear that the soil
temperature is almost constant at 0.8 m depth with slight increase in the afternoon, as the
solar radiation with high irradiance and high incidence. Second, the temperature of ground at
0.5 m depth is not suitable for the installation of the GHEX as it is relatively high and the
heat removal from the hot water will be inefficient.
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Figure 4: Experiment ground temperature at 0.5 m and 1 m depth for 5th October Malaysia.

Fig. 5 shows the measured temperatures at the surfaces of the PV/T panel and the
reference PV panel, and the solar irradiation over a full day in October month. At noontime,
from 12.00 PM till 2.30 PM, the system shows near steady-state behaviour. Compared to
conventional PV panels, the thermal control system can reduce the PV cell temperature by
8 K. This temperature reduction is enough to keep the PV cell temperature near to the normal
operating condition of around 48°C. During the condensation time (3:30 AM to 7:30 AM),
the thermal control system is realized to be able to keep the PV surface temperature above
the dew temperature by 2—4°C. By this thermal control system, the PV efficiency can be
increased by 10%, and nocturnal condensation can be avoided.

Compared to conventional PV panels, the thermal control system demonstrated the ability
to reduce the PV cell temperature by around 8 K. This temperature reduction, which results
from the use of the GHEX, is sufficient to maintain the PV cell temperature close to the
normal operating condition of around 48°C. During the condensation time (3:30 AM to 7:30
AM) the thermal control system by GHEX managed to keep the PV surface temperature
above the dew temperature by 2—4 K. By the GHEX thermal control system, the daily PV
efficiency can be increased by around 10.0%, and nocturnal condensation can be avoided.
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Figure 5:  The experimental temperature distribution and the solar irradiation over a day in
October for a water flow rate of 1.6 LPM.

4.2 Numerical analysis

The numerical procedure developed in this research is aimed to simulate the operational
performance of GHEX that is hypothesised to enhance the performance of PV/T system.

4.2.1 Validation of computational procedure
Prior to presenting and discussing the numerical results, the computational procedure is to be
validated. The validation has been achieved through comparison between the water
temperature at outlet of the GHEX as measured experimentally and that predicted
numerically by the simulation. The comparison results are shown in Fig. 6.

The short-term behaviour of the fluid outlet temperature was compared as obtained
experimentally and numerically during every 1 hour at a depth of 0.8 m. As can be seen in
Fig. 6, the maximum difference between the simulation results and experimental data is about
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Figure 6: Comparison between the numerical prediction and experimental measurement
results of outlet water temperature from the GHEX installed at 0.8 m depth.
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3.2% and 2.2%, respectively. So, it is reasonable to say that the outlet fluid temperature shows
reasonable agreement with the experimental data. The numerical model and experimental
data matched well in this timeframe, whereas a maximum deviation of 0.6 K was observed
at 5 PM.

4.2.2 Analysis of ground temperature simulation

Fig. 7 shows the temperature profiles in the soil pile at two different buried GHEX depths,
0.5 m, and 1.0 m, at 12 PM, October 11th. The temperature profiles show that under realistic
weather conditions, the soil temperature varies minimally at 1.0 m depth, whereas
temperature is almost constant below a certain depth, around 1.5 m. This is the ideal location
for the ground heat exchanger as it was not affected much by the ambient weather conditions.
At 1.5 m depth and below, it is possible to obtain the maximum temperature between
circulatory water inside the UGHX and the surroundings.

4.2.3 Analysis of thermal field in the GHEX

Fig. 8 displays the heat dissipation in the buried GHEX at 0.8 m depth, at 12:00 PM. Hot
water flows in the GHEX at around 313 K and leaves at around 308 K. the GHEX managed
to reduce the water temperature by around 5°. This demonstrates the correctness of the
hypothesis and the proposed technique for reducing the PV surface temperature.
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Figure 7:  Temperature profile in the soil of the simulation block, considering the presence
of the GHEX at 0.5 and 1.0 m depth.
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Figure 8: Temperature profile of the GHEX, at 0.8 m depth, October 11th, 12 PM.
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4.3 Analysis of GHEX performance

The performance of the ground heat exchanger system is directly related to the difference
between the outlet water temperature from the heat exchanger and the soil temperature. In
general, the positive value of this difference means heating of water, and the negative value
means the cooling of water in the ground, as shown in Fig. 8. The figure also predicts that
the ground heat storage system was heating the water before 9:00 AM, whereas, between
9:00 AM to 8:00 PM, the GHEX system was cooling the water.

Fig. 9 shows the water outlet temperature from the GHEX at various times when the
GHEX is located at depths of 0.8 m, 0.5 m, and 1.5 m. With larger depths of the copper pipe
loop, the overall heat transfer area towards the colder soil is also growing. Besides, the water
temperature was less affected by the thermal condition of the soil surface for a larger burial
depth of the pipe. Therefore, the water outlet temperature decreases with increasing depth.
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Figure 9:  The predicted temperature of water at outlet from the GHEX, from 7:00 AM to
7:00 PM.

5 CONCLUSIONS

It is hypothesised that installation of cooling tank, at the back of the PV, connected to ground
heat exchanger would enhance the PV/T performance. Experimental and numerical
assessment demonstrated the functionality of the method. Results show that the GHEX cools
the water in the day and reduces the PV surface temperature by around 8°C leading to
improved PV efficiency by about 10%. Experimental measurements revealed that the GHEX
has contributed in warming up the water in the night and eliminate the vapor condensation
on the PV surface.
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