Int. J. Renew. Energy Dev. 2023, 12 (3), 520-527

| 520

Contents list available at IJRED website

{5{ < Rﬁ International Journal of Renewable Energy Development

Journal homepage: https://ijred.undip.ac.id

Research Article

Experimental thermal and electrical performances of a PVT-air
collector coupled to a humidification-dehumidification (HDH) cycle

Ahmed Ghazy”

Mechanical Engineering Department, College of Engineering, Jouf University, Sakaka, Al-Jouf, Saudi Arabia

Abstract. Despite their low electrical efficiencies, PVs are widely used to generate electricity from abundant solar energy. In order to maximize the
utilization of incident solar energy, PVT collectors have been used to simultaneously generate electricity and thermal energy. Furthermore, combining
PVTs with humidification-dehumidification (HDH) cycles can provide electricity and potable water in remote, arid rural areas that are not connected
to the grid. In this paper, a PVT-air collector was coupled to an air-heated closed HDH cycle. Air was heated within the PVT collector and humidified
by saline water spray inside the humidifier. Fresh water was produced by cooling humid air inside a dehumidifier that is cooled by saline water. The
thermal and electrical performances of the PVT-HDH system were experimentally studied and compared to the electrical performance of a PV module
with similar characteristics. The results demonstrated a significant decrease in PV temperature within the PVT-HDH system, which resulted in a 20%
increase in the output power of the PVT-HDH system at midday compared to the identical PV module. In addition, the PVT-HDH system produced
about 3.8 liters of water distillate for a PV module surface area of 1.48 m X 0.68 m, which contributed about 38% to the overall efficiency of the PVT-

HDH system.
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1. Introduction

The rapid and continuous increase in global energy
demand as a result of industrial and economic growth has
resulted in a massive increase in the consumption of fossil fuels.
Carbon emissions from fossil fuel combustion are considered
the primary cause of severe ecosystem problems such as
climate change and global warming. Due to the severe
degradation of our ecosystem and the near depletion of fossil
fuels, there is an urgent need to investigate eco-friendly energy
sources. Meanwhile, it is believed that switching to renewable
energy sources such as solar and wind energies will
simultaneously solve the energy crisis and save the
environment.

Solar energy, in particular, is abundant and can be
harvested in both thermal and photovoltaic forms using solar
collectors and photovoltaic cells, respectively. However, the
usefulness of solar energy is still quite low. For example, the
electrical efficiency of photovoltaic (PV) modules, which have
been widely used to convert solar energy to electricity, does not
exceed 20% (Browne et al,, 2016). This is because the majority
of incident solar energy is either reflected into the environment
or absorbed by the PV module and converted into unwanted
heat, which in turn reduces the electrical efficiency of the PV
module by about 0.5% for every 10C increase in temperature
(Brahim et al., 2017). In addition, the thermal stresses generated
in the PV modules due to a prolonged rise in their temperatures
may damage their structures. Therefore, extensive research
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work has been conducted on various active and passive cooling
techniques for PV modules. For instance, Bayrak et al. (2019)
investigated the influence of different fin configurations placed
on the back of a PV module on its cooling by natural air
convection. Rezvanpour et al. (2020) reduced the temperature
of the PV module by 38% and increased its output power by
24.68% in cold weather by using phase change material.
Mehrotra et al. (2014) found that immersing the PV module in 1
cm of water increased its efficiency by 17.8 %. Alami (2014)
increased the output power of a PV module by 19.1% by utilizing
passive evaporative cooling on the back of the PV module.
Nizetic et al. (2016) improved the efficiency of the PV module
by 14.4% by sprinkling water on its surface.

In addition, combining PVs with solar collectors in
Photovoltaic/ Thermal (PVT) and concentrated
Photovoltaic/Thermal (CPVT) systems to simultaneously
produce electricity and heat from the same incident solar
irradiation can significantly improve the overall system
efficiency at a small additional cost. The heat produced can be
used for a variety of purposes, including water heating (Abdul-
Ganiy et al,, 2021), space cooling and heating (Herrando ef al.,
2019), crop drying (Fterich et al, 2018), and desalination of
saltwater (Calise et al., 2019). Nevertheless, the solar collectors
used in these applications range from concentrating collectors,
such as Parabolic Trough Collectors (PTC) (Widyolar et al,
2017), Parabolic Dish Collectors (PDC) (Singh et al,, 2020), and
Linear Fresnel Reflectors (LFR) (Pham et al., 2018), to non-

https://doi.org/10.14710/ijred.2023.51808
ISSN: 2252-4940/© 2023.The Author(s). Published by CBIORE


https://doi.org/10.14710/ijred.2023.51808
https://doi.org/10.14710/ijred.2023.51808
mailto:aeghazy@ju.edu.sa
https://orcid.org/0000-0002-8466-8379
http://crossmark.crossref.org/dialog/?doi=10.14710/ijred.2023.51808&domain=pdf

A. Ghazy

concentrating collector such as Flat Plate Collectors (FPC)
(Moss et al., 2018) based on the output temperature range.

Recently, there has been increased interest in desalination
systems powered by heat generated by PVTs and CPVTs. In
this context, Tiwari et al. (2020) used a photovoltaic thermal-
compound parabolic concentrator (PVT-CPC) to supply a single
basin solar still with hot water. Naroei et al. (2018) increased the
water production of stepped solar still by 20% by connecting a
PVT-water collector to the still. Singh (2018) studied the effect
of attaching N identical PVT-CPCs and PVT-CPCs to
conventional solar stills (CSS) on the improvement of their
performances. The study revealed that the use of PVT-FPCs
reduced the cost of water production by 2.3% and 27.05%
compared to CSS and PVT-CPC, respectively. Monjezi et al.
(2020) concluded that preheating seawater in a PVT-water
collector prior to introducing it to a reverse osmosis (RO) unit
can reduce the electricity consumption rate of RO desalination
by 0.12 kWh/m?3,

Furthermore, solar desalination using the humidification-
dehumidification (HDH) technique (Fath et al, 2002 and
Narayan et al., 2010) is one of the thermal desalination methods
with a simple structure and low operating temperature (He et al.,
2016a and 2016b), which made it much easier to be coupled
with solar collectors (Bacha, 2013 and Ghazy et al., 2016). Solar
HDH can be classified as air-heated HDH and water-heated
HDH depending on the fluid being heated by solar energy. For
example, saline water can be heated by a flat plate solar
collector (Zeman et al., 2009; Soufari et al., 2009a and Soufari et
al., 2009b), by an evacuated tube water collector (Hamed et al.,
2015), or by a PV-driven heater (Wang et. al, 2012). On the
other hand, air can also be heated by an evacuated tube solar
heater (Antar & Sharqawy, 2013), by an all-glass evacuated
tubes solar air heater (Li et al., 2014), or by the condensation
losses of a solar still (Ghazy & Alrowais, 2022). In addition, Zhani
etal (2011) and Deniz & Cinar (2016) studied the heating of both
air and water in HDH and Yildirim & Solmus (2014) studied the
operation of HDH on air, water, and hybrid air and water
heating modes.

Coupling HDH with PVTs enabled the utilization of the
produced thermal energy from the PV module to drive the HDH
cycle and produce potable water (Anand & Srinivas, 2017). In
this context, Gabrielli et al. (2019) numerically investigated the
optimal design and operation conditions of an HDH cycle
coupled to PVT-water. The study concluded that maximum
water production was attained when operating at the maximum
possible saline water flow rate, which was achieved by the use
of two PV modules connected in series. Elsafi (2017) modeled a
CPVT combined with an air-heated HDH cycle. The model
predicted an annual freshwater and electricity production of 12
m? and 960 kWh, respectively for annual solar irradiance of 1.88
MWh. However, despite the simplicity and affordability of air
heating for the HDH cycle, air cannot effectively cool the
elevated temperature of the CPV. In addition, the electrical and
thermal performances of the PVT were evaluated
independently and approximately by these models. Pourafshar
et al. (2020) introduced a double-pass PVT collector as a
humidifier for an HDH cycle with a heat pump. The
experimental results showed a freshwater production rate of
0.56 to 0.99 kg/h per unit area of the PV module, however, the
presence of a glass cover above the PV module decreases the
solar irradiance it received and, consequently, its electricity
generation.

The literature review reveals that previous studies on
coupling PVs with HDH lacked a balance between the electrical
efficiency of the PV module and the thermal efficiency of the
PV-HDH system as a whole. The majority of the studies
compromised the electrical efficiency of the PV module in favor
of enhancing the fresh water yield of the HDH cycle. However,
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coupling PVs with HDH should first consider improving the
electrical efficiency of the PV module as the primary system,
followed by enhancing the PV-based HDH cycle as the
secondary system. In addition, more consideration should have
been given to the cost and simplicity of the HDH cycle.
Accordingly, it can be concluded that air-heated HDH cycles are
advantageous to water-heated ones in terms of both cost and
simplicity, especially when natural air circulation is taken into
account. In addition, PVTs are preferable to CPVTs due to the
huge temperature rise of CPVTs, which dramatically degrades
the electrical efficiency of the PV module unless extremely
effective cooling strategies are employed. Moreover, glass-
covered PVTs are unfavorable because of the reduction in the
solar energy received by the PV module and the module’s
thermal losses to the surrounding air. Consequently, this study
aims to experimentally investigate the thermal performance of
a simple PVT-air collector coupled to a closed air-heated HDH
cycle. In addition, the enhancement in the electrical efficiency
of the PVT was assessed and compared to that of a PV module
with identical characteristics.

2. Experimental Set Up

This section describes the technical specifications and operating
parameters of the PVT-HDH system. Following that, the
experimental methodology and performance parameters used
to evaluate the performance of the PVT-HDH system are
discussed.

2.1 System Description

Fig 1(a) shows a schematic diagram of the PVT-HDH system,
while Fig 1(b) shows the actual setup. The PVT-HDH systems
consisted of a PVT-air collector, a humidifier, a dehumidifier,

Humidifier

Cooling
water
inlet

HDH Distilled
Water

Blower

Fig 1. PVT-HDH (a) scheme and (b)experimental setup.
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Table 1

PV module characteristics.
Parameters Values
Peak power 150 W
Open-circuit Voltage 216V
Maximum power current 8.78 A
Maximum power voltage 12V
Short-circuit current 9.58 A
Cell technology Monocrystalline Silicon
Module dimensions 1.48 X0.68 m

and an air blower that circulated air through these components
in a closed loop. The PVT-air collector consisted of a blackened
galvanized steel duct sized 1.48 x0.68%0.1 m with a 3 mm sheet
thickness. The PV module comprised the top of the air duct,
which was inclined 30° against the horizontal plane to maximize
solar collection. The humidifier was a plastic drum through
which air entered from a lower side hole and exited from an
upper side hole, saline water was sprayed from nozzles on the
top, and concentrated brine blow down exited from the bottom.
The dehumidifier was a plastic drum through which air entered
from an upper side hole and exited from a lower side hole, saline
cooling water entered a copper coil, inside the dehumidifier,
from an upper side hole and exited from a lower side hole, and
fresh water was collected from the bottom. In order to recover
the condensation energy of the dehumidifier, heated brine water
from the dehumidifier was sprayed over the airflow inside the
humidifier. In addition, the bottom and sides of the PVT-air
collector were insulated with a 5 cm thick extruded polystyrene
board, and the humidifier, dehumidifier, and connecting ducts
were insulated by a flexible insulation sheet to minimize thermal
losses from the PVT-HDH system.

2.2 Experimental methodology

The PVT-HDH was experimentally tested side-by-side against
a PV module with identical characteristics under the climate
conditions of Sakaka (29.9° N, 39.3° E), Saudi Arabia. The
characteristics of the PV modules are detailed in Table 1.
Temperatures were measured using K-type thermocouples, the
solar intensity was measured using a digital pyranometer,
airflow and ambient wind velocities were measured using a
digital anemometer, PV characteristics were measured using a
PV analyzer, and water distillate was measured using a
measuring jar. Table 2 lists the measuring ranges, accuracies,
and errors of the measuring devices used to obtain experimental
data.

The measured parameters were utilized in evaluating the
thermal and electrical performances of the PVT-HDH system
and the identical PV module.

2.3 Performance analysis

The electrical efficiencies (7,;,) of the PV module in the PVT-
HDH system and the conventional PV module were calculated
by Eq 1.

Table 2
Measuring devices features.
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meax
Mele = ST x A (1)

where Pyu (W) is the maximum output power of the PV
module, I(t) (W/m?) is the incident solar irradiation on the PV
module, and A (m?) is the PV module area.

The thermal efficiency (7;) of the PVT-HDH system was
calculated by

_ 2 (Mypy X heg(T))
Th = "SI0 x A

(2)

where Mypy (kg) is water distillate from the HDH cycle, hg,(T)
(J/kg) is the temperature-dependent latent heat of saline water
vaporization.

The overall efficiency (1,,) of the PVT-HDH was calculated by
summing its thermal and electrical efficiencies as follows.

ZPmax + Z(MHDH X hfg(T))
YI(t)xA

Nov = Nete T Nen = (3)

3. Results and Discussion

The weather conditions measured in Sakaka (29.9° N, 39.3° E),
Saudi Arabia in August is shown in Fig 2. The measured solar
intensity increased steadily from the mooring to about 1200
W/m? at midday, and then gradually decreased until sunset.
The measured ambient temperature increased from about 30 °C
at 7.00 a.m. to about 45°C at 1.00 p.m., then decreased to about
37°C at sunset. The surrounding wind velocity varied
throughout the day from 1 m/s to 3 m/s.
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Fig 2. Climate conditions at Sakaka, Saudi Arabia in August.

Measured variable Measuring device

Measuring range

Measuring accuracy Measuring error

Temperatures K-type thermocouples -50 to 400°C +1°C 2%

Solar irradiation digital pyranometer 0 to 3999 W/m? +10 W/m? 3%

intensity

Airflow speed digital anemometer 0.1to30m/s +0.1 m/s 1%

Water distillate measuring jar 1000 mL 10 mL

PV characteristics PV analyzer 10 to 60 V 0.01V 1%
0.01to 10 A 1 mA 1%
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3.1 Thermal performance

Fig 3(a) compares the hourly surface temperature of the PV
module in the PVT-HDH system to that of a conventional PV
module. Compared to the ambient air temperature, the
temperatures of both modules steadily increased from mooring
until early afternoon and then decreased until sunset. Moreover,
the temperature of the PV module in the PVT-HDH system was
consistently lower than that of the conventional PV module. In
addition, the maximum temperature of the conventional PV
module was about 10°C higher than that of the PV module in the
PVT-HDH system and about 20°C higher than the ambient
temperature. These findings are consistent with the results of
Jaszczur et al. (2021).

The temperature distribution within the PVT of the PVT-
HDH system is illustrated in Fig 3(b). The air temperatures
within the PVT collector are observed to follow the same
pattern as the ambient air temperature, despite being
consistently higher than the ambient air temperature throughout
the day. Moreover, the air temperature difference between the
inlet and the outlet of the PVT collector increased steadily
throughout the day until midday, when the temperature
difference reached 10°C, and then decreased until sunset. These
results agree well with the measured data by Joshi et al. (2009).

Fig 4(a) depicts the hourly variation in the temperatures of
the circulating air and sprayed saline water within the humidifier
of the PVT-HDH. Despite the constant increase in the
temperature of the sprayed saline water inside the humidifier,
the air temperature difference between the humidifier’s exit and
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Fig 3. (a) PV and (b) air temperatures within the PVT-air collector.

Int. J. Renew. Energy Dev 2023, 12(3), 520-527
523

inlet increased steadily until midday, when a temperature
difference of about 15°C was reached. This is due to the
noticeable rise in humidifier inlet air temperature during the
day. However, the cooling of the air inside the humidifier
gradually diminished from midday until sunset.

The temperature distribution of the circulating air and saline
cooling water inside the dehumidifier is shown in Fig 4(b).
Observations indicate that the difference in air temperature
between the dehumidifier’s inlet and outlet grew until midday
and then decreased afterward. In addition, the cooling of the air
mandated the heating of the saline cooling water. For instance,
during midday, airt was cooled by about 6°C while saline
cooling water was heated by about 4°C. The temperatures
distributions within the humidifier and the dehumidifier are in
agreement with the experimental data obtained by Ghazy&
Alrowais (2022).

The hourly variation in the psychometric properties of the
air during the cooling and humidification process inside the
humidifier is illustrated in Fig 5(a). Air humidification is
represented by an increase in the air's specific humidity (y-axis),
while air cooling is represented by a decrease in the dry bulb
temperature (x-axis). It is noticeable that both the dry bulb
temperature and specific humidity of the air steadily increased
until midday and then decreased until sunset.

Fig 5(b) illustrates the cooling and dehumidification process
of air inside the dehumidifier. Air dehumidification is
represented by a reduction in the specific humidity of the air,
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Fig 4. Temperature distributions inside (a) the humidifier and (b)
the dehumidifier of the PVT-HDH system.
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Table 3
Comparison between distillate production of the present study and previous PVT-HDH systems.
HDH system Distillate production Reference
(L/h. m?)
PVT-HDH with heat pump 0.99 Pourafshar et al. (2020)
PVT-water coupled with HDH system 0.82 Anand & Srinivas (2017)
PVT-air coupled with HDH system 0.28 Giwa et al. (2016)
PVT-water coupled with HDH system 0.2 Gabrielli et al. (2019)
PVT-air coupled with HDH system 0.32 Present study
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Fig 5. Psychometric properties of the air inside (a) the humidifier and
(b) the dehumidifier of the PVT-HDH system.

whereas air cooling is represented by a reduction in the dry bulb
temperature. It is evident that both the dry bulb temperature
and specific humidity of the air increased steadily until midday
and then decreased until sunset. Moreover, the psychometric
properties of the air through the humidifier and the dehumidifier
are consistent with the results of Ghazy & Alrowais (2022).
The hourly and total water distillate of the humidification-
dehumidification cycle is illustrated in Fig 6. Following the
pattern of solar energy input, the hourly water distillate
increased form morning to midday and then declined thereafter.
The total water distillate of the PVT-HDH system was about 3.8
liters for a PV module surface area of 1.48 m x 0.68 m. These
outcomes are considerably greater that the outcomes of the
numerical simulation developed by Giwa et al. (2016), however,
this can be attributed to the higher solar intensity measured in
this study as compared to the solar intensity range considered
in the simulation of Giwa et al. (2016). The distillate productivity
of the current PVT-HDH system are compared to the
productivity of other PVT-HDH systems in Table 3.

3.2 Electrical Performance

Fig 7(a) holds a comparison between the hourly current-
voltage curves of the PV module in the PVT-HDH system and a
conventional PV module with identical characteristics. It is
observed that, for both PV modules, the short-circuit current

etal (2016).

Subsequently, Fig 7(b) compares the hourly voltage-power
characteristics of the PVT-HDH with those of the conventional
PV module. The output power of both modules increased with
the increase in solar irradiation from sunrise to noon, and then
decreased until sunset. In addition, the output power of the
PVT-HDH system was generally greater than that of the
conventional PV module. These results agree well with the
results of Zainal et al. (2016) and Jazayeri et al. (2013).

The maximum power outputs of both the PV module in
the PVT-HDH and the conventional PV module is illustrated in
Fig 8(a). The maximum power outputs of both modules
constantly increased from morning to noon, and then decreased
until sunset. In addition, the maximum power output of the
PVT-HDH was always greater than that of the conventional PV.
For instance, the maximum output power of the PVT-HDH
system at midday was about 10 kW (20%) greater than that of
the conventional PV module. These results agree well with the
results of Jazayeri et al. (2013).

The short circuit currents of the PVT-HDH system and the
conventional PV are illustrated in Fig 8(b). During the day,
except for early morning and late afternoon, the PVT-HDH
short circuit current is greater than that of the conventional PV.
In addition, the short circuit current of both modules increased
as solar irradiance increased form morning to midday and
decreased as solar irradiance decreased thereafter.

Fig 8(c) shows the open circuit voltage of the PVT-HDH
system and the conventional PV. The open circuit voltage of
both modules constantly decreased throughout the day. In
addition, the open circuit voltage of the PVT-HDH was always
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greater than that of the conventional PV, with a range of 0.42 to
1 volt between the two open circuit voltages.

Finally, Fig 9 compares the electrical, thermal, and overall
efficiencies of the PVT-HDH to the electrical efficiency of the
conventional PV module. The efficiencies of the PVT-HDH
system and conventional PV module decreased from morning
to mid day due to the increase in thermal losses and the
decrease in output electrical power with the increase in the
temperature, and then remained constant for the rest of the day.

In addition, the electrical efficiency of the PVT-HDH system
was slightly greater than that of the conventional PV module.
These results are in agreement with the measured data by Joshi
et al. (2009). Moreover, the thermal efficiency of the PVT-HDH
system was approximately 400% of its electrical efficiency,
which significantly contributed to the overall efficiency of the
PVT-HDH system in comparison to the conventional PV
module.
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Fig 9. The efficiency of the PVT-HDH system as compared to
conventional PV.

5. Conclusions

A hybrid PVT-air collector was constructed and combined with
a closed air-heated HDH cycle. Air was circulated in the PVT
collector to cool the PV module, then heated air was humidified
by the spray of saline water, and finally, humid air was cooled
and dehumidified inside a dehumidifier cooled by brine water
to harvest potable water. To conserve condensation energy, the
cooling water from the dehumidifier was used to humidify the
air in the humidifier. The thermal and electrical performances of
the PVT-HDH system were evaluated under the climate
conditions of Sakaka (29.9° N, 39.3° E), Saudi Arabia, and
compared to that of an identical PV module. The results showed
a remarkable decrease in the temperature of the PV module in
the PVT-HDH system as compared to that of the conventional
PV module. This led to an increase of about 20% in the
maximum output power of the PVT-HDH compared to the
conventional PV module. In addition, the daily water distillate
of the PVT-HDH system was about 3.8 liter for a PV module
surface area of 1.48 m X 0.68 m resulting in a thermal efficiency
of about 38% for the PVT-HDH system.
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