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Center for Renewable Photovoltaic (PV) systems work efficiently up to a certain cell temperature and exhibit
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Development (CREED) efficiency losses and long-term degradation if the cell temperature exceeds a certain
Department of Mechanical limit. The rise in temperature can be controlled with the help of cooling techniques
E?gmﬁe”rl‘gr B”'ad'”;t_ime to maintain cell temperature within limit. In the current research, a novel cooling
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Pilani, Rajasthan 333031, tech.qu.Je termeql earth water heat gxchanger (EWHE) is designed and smulated by
Indlia varying its operating parameters, which includes mass flow rate, length, pipe materials,

and diameter of buried pipe. Results showed that peak PV panel temperature goes up
to 79.31 °C without any cooling and drops to 47.13 °C with the help of EWHE cooling
for optimum flow rate of 0.018 kg/s. At this flow rate, with decrease in panel tempera-
ture, the PV power also increased by 23.16 W with EWHE cooling. The comparative
study between three different EWHE pipe material shows that the performance of
coupled (PV/T 4+ EWHE) system hardly depends on the properties of these materials. It
is also observed that there is an inverse correlation between the EWHE pipe length. The
variation in pipe diameter shows that the PV temperature decreases with an increase
in pipe diameter. The PV/T system along with EWHE may be used for the purpose

of PV power plants cooling in the hot and semi-arid regions of western Gujarat and
Rajasthan (India), where solar irradiation is ample and ambient temperatures are very
high.

Keywords: Photovoltaic, Solar, earth water heat exchanger, TRNSYS (v17.0), Modeling,
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Background

Solar energy is considered as one of the most promising renewable energy sources due
to the fact that it is widely available all over the world and is being used to generate elec-
tricity (Ummadisingu and Soni 2011; Gakkhar et al. 2016). PV systems are commercially
proven technology for electrical power generation from solar radiation. However, only
10-20 % of incident solar radiation is converted into electrical energy, while the remain-
ing radiation is absorbed as heat (Ozgoren et al. 2013). The absorbed radiation which
is converted into heat results in an increase in the PV cells operating temperature. The
rise in cell temperature beyond certain limit adversely impacts the efficiency and the life
span of the cell (Jakhar et al. 2016b, ¢; Royne et al. 2005; Cabo et al. 2016). In fact, the PV
electrical efficiency is highly dependent on the cell-operating temperature, and decreases
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with increasing temperature. From the literature review, it is observed that above a cer-
tain limit, the efficiency decreases by 0.45 % per unit rise in cell-operating temperature
(Du et al. 2013). Therefore, PV temperature control with the help of cooling is neces-
sary for its better performance. The literature discusses the work carried out on differ-
ent PV systems and cooling techniques. One of the cooling technique, where thermal
collectors are attached on the back side of PV panels to produce both electrical energy
and thermal energy, is called photovoltaic/thermal (PV/T) cooling system (Chow 2010;
Hegazy 2000). An experimental study was performed on a PV/T solar air heater system
for indoor conditions (Solanki et al. 2009). It was found that the thermal, electrical, and
overall efficiency of the system were 42, 8.4, and 50 %, respectively. A comparative study
discussed a PV/T system and compared it with a conventional solar water heater and
found that the primary energy saving efficiency of the system was about 60 %, which is
higher than the conventional solar water heater (Huang et al. 2001). A novel PV/T was
designed and tested which produced both electricity and hot water (Dubey and Tiwari
2008). An integrated PV and thermal solar water/air-heating system for the conditions
of New Delhi was tested (Tiwari and Sodha 2006). They found the thermal efficiency for
winter and summer as 77 and 65 %, respectively. An experimental study had been car-
ried out on thermosyphon-based PV/T system with and without glass cover (Chow et al.
2009). An experimental study on a sheet and tube-type PV/T system with brine solu-
tion as a coolant was also reported in the literature (Saitoh et al. 2003). An experimental
study was conducted using water spray to cool both the sides of PV panel (Nizetic et al.
2016a). Their results showed that the PV panel temperature decreased from 54 to 24 °C
and an effective increase in electrical efficiency was measured as 5.9 % with cooling. Two
PV panels (poly-Si and mono-Si) were tested numerically and experimentally with the
backside convection cooling arrangement for the Mediterranean climatic conditions
(Nizetic et al. 2016b). They found out that due to flow separation, there is increase in
average panel temperature by 5-9 °C which results in the degradation of panel electrical
efficiency from 2.5 to 4.5 %. It is also observed that the efficiency may improve if flow
separation is removed.

Other cooling approaches which are used to cool down the system other than PV are
also discussed by various researchers. Geothermal cooling is used for air conditioning
which is based on the principle that at a depth of about 3.5 m or more, the soil tempera-
ture remains fairly constant throughout the year and is approximately equal to the aver-
age annual ambient air temperature (ASHRAE 1985). The concepts of earth air tunnel
heat exchanger (EATHE) and earth water heat exchanger (EWHE) for air conditioning
using the air and water as a cooling medium have been discussed in the literature (Sodha
et al. 1985; Chel et al. 2015; Jakhar et al. 2016a). A numerical model for EATHE was
presented and experimentally validated (Bansal et al. 2010). They found that the per-
formance of EATHE does not depend on buried pipe material. The performance of the
EATHE was evaluated for winter heating with solar air-heating duct (Jakhar et al. 2015).
A one-dimensional heat transfer model of EATHE was developed to calculate the undis-
turbed temperature of soil, convective heat transfer coefficient of air, diameter of pipe,
and pressure drop (Bisoniya 2015). In another study, the applicability of EATHE system
for Chandigarh (India) based upon extensive literature review considering the soil prop-
erties was reported (Sobti and Singh 2015).
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EWHE systems consist of buried pipe at a certain depth in which hot water is sent,
through which heat is dissipated from the hot water to the earth resulting in decrease
in the water outlet temperature. Such cooling system using buried pipes can be used for
PV-cooling application also. The cooling of PV system has been investigated by many
authors using various techniques, such as sheet-in-tube, heat sink, water spray, and par-
allel channel. However, no one has tried EWHE for the cooling of PV panel. The main
objective of the present research work is to numerically investigate the performance of
unglazed PV/T coupled with EWHE. For the same, the modeling and simulation of such
a coupled system have been done in the transient analysis tool [TRNSYS (v17.0)] for the
condition of Pilani, Rajasthan. The performance of this coupled system depends on vari-
ous parameters which include mass flow rate of the water, pipe material, diameter, and
length of pipe and hence evaluated accordingly. This research presents the variation in
these parameters to achieve the optimum cooling effect for the PV panels. The proposed
system would provide a great opportunity to utilize the geothermal cooling technique
for PV cooling in the semi-arid regions of northwestern India, where high ambient tem-
perature during peak summer leaves very small scope for convective cooling with heat
rejection to ambient and also minimum scope of utilization of thermal energy.

Description of system and modeling
As shown in Fig. 1a, the model consists of unglazed PV/T, which is connected to EWHE,
through pump and valves in series. The PV/T system is enclosed in a casing and insu-
lated from the sides and back. The copper tubes are mounted on the rear side of PV
panel with water as a heat transfer fluid (HTF), as shown in Fig. 1b. The HTF takes away
the excess heat from the panels, thus resulting in decrease in cells temperature. The out-
let of PV/T is connected to the inlet of EWHE through pipes and valves. In this heat
exchanger, the thermal energy is transferred from the hot water (PV/T outlet) to the soil,
which is at annual average ambient temperature. The soil acts as a heat sink results in
decrease in EWHE outlet temperature, lower than the peak summer ambient tempera-
ture. The outlet from the EWHE is then sent back to PV/T inlet through copper tubes
for cooling.

Such a proposed system is modeled using the transient analysis tool, TRNSYS v17.0,
and simulated as closed loop for 10 h which is average sunshine hours during sum-
mer season. The weather conditions of Pilani, Rajasthan are taken from the inbuilt
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Fig. 1 a Schematic diagram of proposed system, b cross-sectional of unglazed PV/T system
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meteonorm file for the simulation. The couple system is modeled using the library com-
ponents of the TRNSYS which are also known as Types. For the current system, the fol-
lowing Types were used in the simulation: Type 560—PV/T collector, Type 952—earth
water heat exchanger, Type 15—weather data processor, Type 3—variable speed pump,
Type 2—controller, and Type 65—online plotter. Different parameters which are taken
as input for the simulation are shown in Table 1.

Methods

The methodology of system design and its parametric variation for the EWHE is dis-
cussed in this section. The simulation of PV/T coupled with EWHE system is carried out
for 10 h of system operation which is average sunshine hours as a conservative estimate
during peak summer period (June 21). To optimize the design parameters of such a cou-
pled system, the parametric simulation was performed for different mass flow rates for
a fixed diameter and length of the high-density polyethylene (HDPE) pipe. This analysis
gives the optimum flow rate (0.018 kg/s) for a 30 m HDPE pipe length and diameter
of 12 mm. For three different EWHE pipe materials, i.e., galvanized iron (GI), HDPE,
and steel pipe, the simulation was carried out that it shows that the performance of the
coupled system hardly depends on the buried pipe material. Thus, among all the pipe
materials discussed here, HDPE pipe is considered for the performance analysis, as it
is economical as compared to other two. With HDPE as pipe material, variation in pipe
length is analysed for a particular diameter and flow rate. Furthermore, the variation in
pipe diameter is carried out by keeping pipe length and mass flow rate constant.

Results and discussion

The performance of EWHE and PV/T system is analysed by varying different param-
eters, which includes the type of pipe material, length, diameter of pipe, and mass flow
rate of water. The effect of mass flow rate on the performance of PV/T along the EWHE
pipe length of 30 m and diameter of 25 mm for the HDPE pipe is shown in Fig. 2. It
reveals that the temperature of PV goes up to 79.31 °C without any cooling. In the case
of EWHE cooling scenario, the PV temperature decreases significantly and it varies with

Table 1 Physical and thermal parameters used in the simulation

Parameters Properties
PV/T collector length 1.20m
PV/T collector width 1.59m
Thermal conductivity of absorber plate 385W/mK
Copper tube diameter (OD) 0012m

PV efficiency at reference condition 12%

PV panel reference temperature 25°C

HDPE pipe thermal conductivity 040 W/mK
Galvanized Iron (Gl) pipe thermal conductivity 16 W/m K
Steel pipe thermal conductivity 54 W/m K
Fluid density 1000 kg/m?
Fluid thermal conductivity 0.55W/mK

Buried pipe depth 35m
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Fig. 2 PV temperature with cooling and without cooling for various mass flow rates (pipe ¢ 12 mm,

length = 30 m, HDPE pipe)

different mass flow rates, i.e., 29.99-53.82 °C for 0.01 kg/s, 28.54—47.13 °C for 0.018 kg/s,
and 28.33-46.29 °C for 0.026 kg/s. It is observed that with increase in mass flow rate, the
PV temperature decreases and becomes almost the same for 0.018, 0.022, and 0.026 kg/s.
For the practical applications, 0.018 kg/s flow rate could be used as with increase in mass
flow rate, the pumping power required also increases. Figure 3 shows the PV tempera-
ture for three different EWHE pipe materials (i.e., GI, HDPE, and steel) for the diameter
and length of 12 mm and 30 m, respectively, with the flow rate of 0.018 kg/s. It reveals
that the temperature difference of PV for HDPE and GI is mere 1.04 °C, while in the steel
and HDPE pipe is around 1.5 °C, for the same simulation conditions. Figure 4 shows
the PV power output for three different pipe materials for the flow rate of 0.018 kg/s.
It is observed from Fig. 4 that the difference in power output is just 0.97 W for HDPE
and steel pipe, here in the analysis, power consumed by pump is not considered. This
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Fig. 3 PV temperature vs. different pipe materials (pipe ¢ 12 mm, length = 30 m, flow rate = 0.018 kg/s)
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Fig. 4 PV power vs. different pipe materials (pipe ¢ 12 mm, length = 30 m, flow rate = 0.018 kg/s)

small variation is due to small coefficient of friction and lower thermal conductivity of
HDPE pipes, while that of higher thermal conductivity and higher coefficient of friction
for steel and GI. The higher heat transfer due to one better property is compensated
by another poor property. Hence, there is marginal variation in the outlet temperature
and power output for all the three materials. Thus, it can be concluded that the selec-
tion of pipe materials out of three materials has a small impact on the performance of
the PV/T-coupled EWHE system. The same has also been discussed in the literature for
EATHE (Bansal et al. 2010). This validates the selection of the HDPE pipe, as it is much
cheaper than the other two.

Furthermore, the hourly variation of PV temperature is estimated for the different pipe
lengths for HDPE pipe diameter (12 mm) and flow rate of 0.018 kg/s and has been rep-
resented in Fig. 5. From Fig. 5, it is observed that the PV temperature decreases with
increase in pipe length from 10 to 60 m. It also observed that during peak sunshine hour,
for the pipe length up to 50 m, the maximum PV temperature drops drastically, and with
increase in pipe length beyond 50 m, this temperature drop is gradually. From Fig. 6, it
is observed that for variation in pipe length from 10 to 50 m, the maximum PV power

65
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Fig. 5 PV temperature vs. different pipe lengths (pipe ¢ 12 mm, flow rate = 0.018 kg/s, pipe mate-
rial = HDPE)
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ranges from 151.64 to 167.36 W at peak sunshine hour. However, for the pipe length of
60 m, the maximum PV power is 168.60 W, which is just 1.24 W increase in power out-
put for 10 m increase in pipe length as compared to 50 m. Thus, the pipe length of 50 m
would be sufficient for such coupled systems.

The variation of PV temperature with respect to time for various diameters with the
flow rate of 0.018 kg/s and pipe length of 50 mm is represented in Fig. 7. With increase
in the pipe diameter, the PV temperature decreases gradually over a period of time. Ini-
tially, during the first hour of simulation, the PV temperature drop is less for smaller
diameters, while it is more in the case of larger diameters. At the peak simulation hour,
the PV temperature in all the pipe diameters exhibits almost similar temperature drop,
with the variation of just 1.05 °C between 12 and 25 mm pipe diameters. Figure 8 shows
the variation of PV power output with respect to time for various pipe diameters with
the flow rate of 0.018 kg/s and the pipe length of 50 m. It is observed that at 1400 h, for
12 and 25 mm pipe diameter, PV power output is 167.36 and 168.30 W, respectively,
which is a very small variation. From the analysis and the figures, it is observed that the
variation in pipe diameters hardly affects the PV power output. Thus, it is concluded
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Fig. 7 PV temperature vs. different pipe diameters (length = 50 m, flow rate = 0.018 kg/s, pipe mate-
rial = HDPE)
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that 12 mm pipe may be considered for the practical applications because of economic
reasons. The analysis of results of TRNSYS simulation of PV/T coupled with EWHE sys-
tem as discussed above provides the optimum values of various parameters.

The variation of all the parameters combined together is represented in 3D surface
plot using MATLAB and represented in Figs. 9 and 10. The variation in PV cell tempera-
ture with respect to variation in pipe diameter, pipe length, and mass flow rates is shown
in Fig. 9. The comparative variation shows the direct correlation of each parameter with
respect to PV cell temperature. Similar to this, another 3D surface plot has been mapped
in Fig. 10 which depicts the variation in PV power output with respect to variation in
pipe diameter, pipe length, and flow rates. It is observed that there is marginally temper-
ature variation and power output for the flow rate of 0.022 kg/s, pipe diameter of 25 mm
and pipe length of 60 m as compared to flow rate of 0.018 kg/s, pipe diameter of 12 mm,
and pipe length of 50 m. Thus, the later case may be considered for practical application
owing to economical reason.

From the literature review, it is observed that there is hardly any single study on
PV/T coupled with EWHE using water as a heat transfer fluid. Studies on various PV/T
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Fig. 9 PV temperature for different mass flow rates at different pipe diameters and lengths (material = HDPE)
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systems and their applications vary and depend on the ambient condition, solar radia-
tion, wind velocity, etc. Hence, it would be difficult to compare them on a common basis.
Similarly, studies based on EWHE depend on soil properties and the location thus can-
not be generalized. Moreover, a sufficient amount of research has been done on EATHE.
Some researchers have done work using EATHE for air conditioning. One of the experi-
mental studies was performed on the hybrid EATHE (Misra et al. 2013) for the condi-
tions of Ajmer (India). In their experimental analysis, they used the thermal and physical
parameters of various materials, such as soil density, soil thermal conductivity, soil spe-
cific heat, and pipe thermal conductivity as 2050 kg/m?, 0.52 W/mK, 1.840 kJ/kg K, and
0.16 W/mK, respectively. Experimental study done by Misra et al. 2013 is simulated in
TRNSYS on a model of EATHE to determine the precision of results for the same prop-
erties of materials. The variation of EATHE outlet air temperature with the length of
EATHE pipe from both the simulation and experimental analyses is shown in Fig. 11. It
is observed from Fig. 11 that the simulated results are within the close agreement with
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Fig. 11 Simulated EATHE model validation with experimental results in the literature (Misra et al. 2013)
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the experimental results with the variation of 0.8—-7.93 %. This error may occur due to
the improper insulation of pipes, variation in coefficient of friction of materials used in
the simulation, and irregularities, such as fitting and joints in the experimental setup.
Therefore, the comparison of the simulated model and experimental results in the lit-
erature with the air; as heat transfer fluid is showing small error for the same climatic
conditions, it is expected that the study for the EWHE will also follow the same pattern
with more precise results. Thus, the coupled system of EWHE and PV/T would provide
better results in the present simulation.

The climatic condition for the simulation of the coupled system is taken as that of
Pilani, Rajasthan which has semi-arid climate and has high ambient air temperature
and high solar radiation during peak summer day (21 June, equinox day) and is shown
in Fig. 12. It reveals that the ambient temperature and solar radiation range between
239-997.58 W/m? and 33.40-39.58 °C, respectively, for the Pilani, Rajasthan. Figure 12
also shows the climatic data for the Jodhpur, Rajasthan and reveals that the solar radia-
tion and ambient temperature vary between 261.70 and 987.90 W/m?, and 33.50 and
43.40 °C, respectively. For an additional climatic information of western India, Fig. 13
shows the solar insolation and ambient temperature for the conditions of Bhuj and
Ahmedabad (Gujarat). It is observed that maximum solar insolation and ambient tem-
perature go up to 908.73 W/m? and 40.89 °C, respectively. Since, the Rajasthan and
Guyjarat states have good solar insolation throughout the year, the technique of PV-cool-
ing system with EWHE can prove to be suitable technique in specially arid region and
when peak summer temperatures are about 45 °C. The weather conditions of Rajasthan
and Gujarat are taken from the inbuilt meteornorm file in the TRNSYS.

Conclusion

The present paper discusses the analysis of unglazed PV/T-coupled EWHE system by
varying different parameters, such as buried pipe diameter, pipe material, pipe length,
and flow rate. The system is designed and simulated using the TRNSYS (v17.0) software
for the conditions of Pilani, Rajasthan during peak summer day (21 June). The perfor-
mance of such a system for various pipe materials, i.e., GI, HDPE, and steel, is compared.
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From the analysis, it is observed that there is marginally variation in the performance of
the system for different pipe materials. Therefore, it is concluded that among three mate-
rials which are considered for the analysis, HDPE pipe may be used for practical appli-
cations because of economical reason. From the simulation results of variation in pipe
lengths, it is observed that with increase in pipe length, the PV temperature decreases
and power output increases. Results showed that maximum drop in PV temperature has
observed from 10 to 50 m length as 60—42.89 °C. However, for the length of 60 m, the PV
temperature is 41.59 °C which is little higher as compared to 50 m pipe length. Similar
trend has been observed for the PV power output. Hence, the pipe length of 50 m will be
sufficient for the system. Further analysis shows that with increase in the pipe diameter,
the outlet temperature decreases gradually over a period of time, but at the peak simu-
lation hour, the PV temperature for all the pipe diameters exhibits similar temperature
drop. Thus, smaller pipe diameter, i.e., 12 mm, may be used for the practical applica-
tions. Therefore, finally, it is concluded that this combined system may be a better solu-
tion for rejecting the excess heat of PV panels for the semi-arid northwestern regions of
India which are blessed with high solar insolation throughout the year.
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