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The growing demand for sustainable and efficient energy has led to the emergence of
Photovoltaic Thermal (PV/T) systems as a promising approach to enhance solar energy
utilization. These hybrid systems simultaneously convert solar energy into electrical and
thermal energy, offering advantages over standalone Photovoltaic (PV) and solar thermal
systems. However, high operating temperature is a major barrier that limits the efficiency
of PV/T systems, particularly in tropical regions. This paper proposes a novel chilled
water-based PV/T system that integrates a highly efficient cooling system with a PV
system. The outdoor experiments investigated a 100 W PV/T system integrated with a
chilled water circulation loop, which was conducted at the University of Kuala Lumpur
(UniKL, MFI) under solar irradiance ranging from 400 to 1,200 W/m? and flow rates of
2.5, 3.0, and 3.5 LPM. Results drawn prove that the optimal 3.0 LPM flow rate eftectively
reduced PV module surface temperature by 10°C to 20°C compared to a single PV module,
with the system achieving peak electrical, thermal, and overall efficiencies of 19.32%,
57.22%, and 76.54%, respectively. A further break-even analysis revealed that a single
module of a 1 HP chiller resulted in negative net efficiency. In contrast, larger arrays (N =

5-10) achieved net efficiencies above 50%, approaching the gross efficiency (~76.5%).

1. INTRODUCTION

Since the 1970s, Photovoltaic Thermal (PV/T) systems have
evolved to combine electrical and thermal energy generation,
improving overall energy utilization and space efficiency [1-
3]. In particular, PV efficiency decreases by ~0.5% for every
1°C rise in cell temperature, making temperature control
crucial for PV collector performance [4] and proportionally
increases in solar irradiance intensity [5]. Furthermore,
Photovoltaic (PV) collectors utilize only 15% to 20% of the
incoming solar energy into electricity [6], with the rest being
converted into heat [7]. Correspondingly, power efficiency can
be improved by a medium that effectively absorbs the heat
energy from the PV collector, ranging from 12% to 13% and
thermal efficiencies up to 65% under specific conditions [7, §].

Despite numerous cooling techniques, Phase Change
Materials (PCMs) and active methods such as water
circulation and spraying water on both sides of the panel can
increase electrical efficiency to 16.3% by lowering the cell
temperature from 54°C to 24°C [3, 9]. Accordingly, a thermal
collector can be installed beneath the PV collector to dissipate
heat energy to flowing water [10, 11] and absorb thermal
energy [3] to produce hot water [12], thereby being fully
utilized for domestic applications [5]. The various types of
PV/T systems with cooling water are displayed in Figure 1 [13,
14].
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Some studies emphasize the benefits of nanofluids and
PCMs, while others highlight limitations such as PCM leakage,
increased pumping power requirements [4, 15], and evaluated
the performance of PV/T water [6, 12, 16-19]. For example,
Bashir et al. [17] found that the temperature of c-Si modules
with cooling was 13.6 % lower, and that of p-Si modules 7.2 %
lower, than those without cooling [4, 15].

According to Abdullah et al. [18], the PV panel's efficiency
increased by 3% for 300 I/h flow rates compared to the panel
without water-cooling. Meanwhile, Sornek et al. [19]
developed a water-cooling system effectively, with a
temperature rise leading to a decrease in PV panel
performance by approximately 12.0%. In line with this,
Shahsavar et al. [12] proved that the exergy efficiency of 4%
of water-based PV/T units varies depending on design and
operating conditions, and the PV panel's temperature should
be below 47°C [20]. A summary of these observations is
tabulated in Table 1.

Previous studies have highlighted that water-based cooling
systems enhance electrical efficiency and recover excess heat
for domestic or industrial use [21, 22]. This makes it efficient,
reliable, and sustainable solar energy solutions. However, a
limited number of studies have explored the use of chilled
water for effective thermal management in PV/T by active
cooling [18, 23]. This is particularly evident in terms of its
influence on heat extraction rates and overall system
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efficiency in hot climates. On the other hand, its major
disadvantages are corrosion, maintenance, and pumping
power consumption.

This research presents the design and experimental
performance evaluation of a water-cooled PV/T collector

integrated with chilled water maintained at approximately 7°C.
Moreover, the use of low-temperature fluid optimizes thermal
regulation, reduces PV module temperature, and enhances
overall energy conversion efficiency, with only a minor impact
from auxiliary power consumption.

Table 1. The impact of varying cooling methods

No. Cooling Method Temp. Reduction Efficiency Gain Key Note Ref.
1 Split-flow water cooling <45°C N > 57% Impact of flow [14]
2 Water cooling with an absorber collector 150.76°C-46.2°C 13.01% - 13.81% Absorber type effect [17]
3 Back surface water cooling 13.6% (c-Si), 7.2% (p-Si) 13% (c-Si), 6.2% (p-Si) Cooling reduces temp. [18]
4 Finned air PV/T 114.9°C +0.42% el Performance assessed [6]
5 Back-panel copper pipe 44°C (cooled), 60°C (uncooled) +3% Flow effect [19]
6 Underground water 111.7°C +27.62% vs uncooled  Subsurface cooling  [4]
7 Forced/natural circulation Maintained 40°C +10.3% Circulation type [16]
8 Nanofluids (helical channel) Non stated 19.4%-22.6% Exergy varies [13]
9 Direct water cooling 124K +1.2% - 13% Temp rise effect [20]
10 Copper fin (cylindrical & rectangular) <47°C MNexergy 64% Geometry effect [21]

Figure 1. The various types of PV/T systems (a) PV/T
cooling with split flow absorber design [13]; (b) Water
cooling by sprinkling on the PV plate; (¢) Effect of water-
cooling using copper pipe [14]

2. METHODS AND EXPERIMENT

The experimental setup is primarily composed of two
identical PV modules: A PV/T module attached to the chilled
water-cooling system, and a conventional PV module without
a cooling system. Particularly, the chilled water created with
the cooling process flows via a closed-loop cooling system and
cools the PV modules directly. A 100 W PV/T panel (Model:
SF100-18V, E-Ten), with dimensions of 770 mm x 671 mm X
25 mm and a surface area of 0.52 m?,

This PVT system features an insulation sheet to minimize
heat loss between the thermal collector and the PV panels,
thereby enhancing overall system efficiency. Meanwhile, the
cooling system consists of one spiral copper flow tube to
distribute the flow evenly and provide uniform cooling to the
PV module [22, 24, 25], as illustrated in Figures 2 and 3.

An outdoor Air Conditioning (AC) unit (1 HP) functions as
a chiller with a cooling capacity of 60 W, operating on the
refrigeration cycle to absorb heat from circulating water [26-
28], which then releases absorbed heat to the external
environment. Subsequently, this cooled water is circulated
back to the PV/T panel by a water pump, with a thermostat
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regulating the water temperature to maintain the setpoint. In
Figure 4, the system begins by harnessing solar irradiance,
which is absorbed by the PV panel heat absorber.
Simultaneously, a solar module analyzer monitors the
electrical performance of the PV system. The heat generated
by the PV panel is dissipated through a chilled water tank,
which is cooled using an outdoor AC unit.

Figure 2. PV/T systems with a copper tube at the back of the
absorber
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Figure 3. Technical illustration of 3D PV/T

Figure 5 presents the cooling mechanism, centered around
a thermal collector, circulating water through its channels. A
pump regulates water flow, and a liquid flowmeter (SHLLIJ-
LZM-40G) to ensure optimal flow, with a measuring range of
0~5 LPM. This flowmeter features an acrylic body,
Acrylonitrile Butadiene Styrene (ABS) fittings, and a



stainless-steel float, operating at < 1 MPa pressure with a
temperature range of 0~65°C with + 4% accuracy,
customizable specifications, and is ideal for precise liquid flow
measurement in various applications. Accordingly, heated
water is directed to a chilled water tank, where the cooling
process is controlled by a thermostat and supported by the
outdoor AC unit. The system operates based on specific
temperature thresholds, indicating that if the chilled tank water
drops below 6°C, the AC unit cuts off, and oppositely, if it
exceeds 7°C, the AC unit reactivates.
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TT7=Ambient Temp,
Té= Solar Irradiance
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Flowmeter
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)
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Water Coaling Coil Thermostat Outdoor AC Unit
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-

Figure 4. The schematic diagram for the experiment

Figure 5. The PV/T water-cooling setup

The flowchart in Figure 6 illustrates the operational process
of a PV/T system integrated with a chilled water-cooling
mechanism and an outdoor AC unit.
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A water pump circulates the water between the tank and the
system components, maintaining efficient heat transfer and
thermal regulation [29]. Note that the maximum power
consumption of the pump is 60 W, providing a flow rate of 1
m?/h. Correspondingly, the data was collected using a module
analyzer and a data logger, as displayed in Figure 7.

The electrical characteristics of the PV module and PV/T
cooling module, along with the rear surface temperatures, are
studied for two days. At the same time, the inlet and outlet
temperatures of the PV/T are measured to analyze the thermal
characteristics of the proposed PV/T module. The readings of
voltage, current, inlet, and outlet temperatures are recorded
from 8 AM to 5 PM with 6~15 min intervals. The same
procedure is repeated the next day, and the data collected is
used to conduct performance analysis.
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Figure 7. A module analyzer and a data logger for data
collection

2.1 Auxiliary power consumption

The auxiliary power consumption of the cooling system was
included in this study. In particular, the auxiliary energy
demand of the system consisted of a 60 W water pump (= 0.3
kWh/day) and a 1 HP AC unit rated at 800 W (= 4.0 kWh/day
for 5-hour operation). Similar to previous studies, the power
required for pumps or chillers can significantly influence the
net balance of low-capacity PV systems [15, 19, 30]. These
additional loads must be considered to determine net
efficiency by deducting auxiliary power consumption from the



gross electrical and thermal outputs, providing a more realistic
measure of system performance [27].

3. PERFORMANCE ANALYSIS

The methodology included comprehensive data analysis to
evaluate the energy output and efficiency of both the PV/T
chilled water systems and conventional [1, 31] PV panels
under similar environmental conditions. The study evaluates
both electrical and thermal efficiencies of the PV/T and PV
systems. The electrical efficiency, nelec, is calculated using the
temperature-corrected reference method [32]:

Netec = TIr(l = B(Tpy — TSTC))' (1)
where, 71, is reference efficiency under Standard Test
Conditions (STC), g for temperature coefficient at 0.004°C of
efficiency around 0.4% and Tgr as reference temperature at
25°C. Meanwhile, the collector efficiency factor, 1. is

determined from the following formula wusing these
components in the solar thermal collector:
&
— €L
Ne = 7 PEY (2)
eL[Do+F(S)] Dy

where, €, is the overall heat loss in W/m?K, D,, D; is the tube
outer and inner tube diameter, F is the fin efficiency factor,
and hy is the fluid heat transfer coefficient. Thermal efficiency
(nm) is assessed using the heat gain equation:

Ue(T; = T.)
——;—% ®)

Nen = Fr {(T ) —

In this equation, #, represents the ratio of useful thermal

energy gained to the total incident solar energy. F denotes the

heat removal factor. Moreover, the product T « represents the

transmittance absorptance product, indicating the fraction of

solar radiation that successfully reaches and is absorbed by the
collector plate.

(Ti_Ta)

U
The second term — o> fepresents the thermal losses to

the ambient environment, where U, is the top loss coefficient,
T; is the inlet fluid temperature, T, is the ambient temperature,
and G is the solar irradiance.

The overall total efficiency of PV/T (¢0:q1) 1s calculated as
the sum of thermal efficiency (1), and electrical efficiency
(Meiec) of a PV panel. The equation is expressed as follows:

Neot = Nen + Netec- 4

Multiple experiments were performed at different flow rates
of 2.5 LPM, 3.0 LPM, and 3.5 LPM, with 3.0 LPM proving to
be an optimal result. Building on this, results were analyzed
for electrical performance in terms of voltage, current, and
power despite a temperature differential, and total system
efficiency.

The net efficiency analysis is expressed with auxiliary
electricity used by the cooling system (water pump and
outdoor AC unit), which is defined as:

Eusefull - Eaux
Nnet = E ) Q)
solar
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where, Eyserui = NgrossEsoiar 18 the total useful energy of
thermal and electrical, E,,,, is the auxiliary energy drawn by
the pump and the outdoor AC unit, and E,;,, is the incident
solar energy on the collector area, A.

4. RESULTS AND DISCUSSION

The experimental analysis of the PV/T collector integrated
with a chilled water-cooling system was conducted under
Malaysian climate at the University of Kuala Lumpur (UniKL)
MFI, Bangi (2.9702° N, 101.7562° E). The performance
evaluation was conducted under variable solar irradiance
ranging between 400 and 1,200 W/m?, with a fixed water flow
rate of 2.5 LPM, 3.0 LPM, and 3.5 LPM (liters per minute).
Consistent with this, the inlet temperature of the chilled water
was maintained at approximately 7°C, using a thermostat-
controlled chiller system, as displayed in Figure 8.

L]

- 4
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N eeerasers
\ \
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Figure 8. Thermostat-controlled chiller system to fix the inlet
temperature

The results of the laboratory tests indicated that the PV/T
system power was able to increase 10% of power efficiency
with an inlet volumetric flow rate of 3.0 LPM and a
temperature reduction of 10°C. Upon achieving satisfactory
results from the laboratory tests, an outdoor test rig is prepared
to analyze the electrical and thermal performance of the novel
PV/T module outdoors.

The PVT system with chilled water cooling significantly
outperformed the standard PV in thermal regulation and
electrical performance module, as displayed in Figures 9(a)
and 9(b). Remarkably, the use of active chilled water as a
coolant significantly enhanced heat extraction due to a higher
temperature gradient between the PV surface and the coolant,
which facilitated effective convective heat transfer. This
cooling mechanism is consistent with the findings of Bashir et
al. [17], who reported a 13.6% reduction in module
temperature using water-cooled systems. Notably, our system
achieved this with a lower flow rate of 3.0 LPM compared to
the study by Abdullah et al. [18], which only demonstrated a
3% improvement at a much higher flow rate of 3.0 LPM. This
underscores the efficiency of chilled water in thermal
regulation.

Figure 10 compares the module temperatures for a standard
PV panel and PV/T systems at 2.5 LPM, 3.0 LPM, and 3.5
LPM. At an optimal flow rate of 3.0 LPM, the module



temperature was consistently reduced by 10°C to 20°C,
thereby enhancing the power output by approximately 10%.
The results indicate that PV/T cooling achieves a lower
temperature and outperforms a standard PV module.

Figure 9. The PV/T and PV systems: (a) PV/T cooling with
spiral flow absorber design, (b) Standard PV module

PVIT and PV performance under different flow rates of cooling
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Figure 10. PV/T and PV performance under different flow
rates of cooling

The rationale behind varying the water flow rate of 2.5 LPM,
3.0 LPM, and 3.5 LPM lies in optimizing the trade-off between
cooling effectiveness and pumping energy consumption [18].
While increased flow rates enhance heat removal through
greater fluid contact and turbulence, they also raise energy
demands for active pumping, potentially diminishing overall
system efficiency. Therefore, 3.0 LPM was identified as the
optimal point offering significant temperature reduction and
electrical gains with minimal additional energy burden.

4.1 PV surface temperature reduction

The cooling system effectively reduced the surface
temperature of the PV module, where a PV/T temperature
reduction by 10°C to 20°C was consistently observed
throughout the day. Compared to the uncooled PV module,
which converts only 15% to 20% of power into electricity, the
excessive heat causes a temperature increase [7].

The relationship between solar irradiance (G), ambient
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temperature (Ta), PV temperature (Tyv), and PV/T temperature
(Tpw) is illustrated in Figure 11 (morning), Figure 12 (noon),
and Figure 13 (full day). During the morning time (0830 to
1230), the T,y module temperature demonstrates a
proportional increase up to 50°C, while Ty exceeded 55°C
due to heat accumulation within the integrated thermal
collector for irradiance ~200 W/m? to ~1,000 W/mZ.
Furthermore, the ambient temperature (T,) increased gradually
(23°C to 32°C), reflecting a slower atmospheric thermal
response. In addition, the significant temperature rise from the
average 28°C reflects direct radiative heating and limited
thermal dissipation without active cooling [33].

PVIT temperature and irradiance variations (morning session)
60

1000 |-
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200

15
12:30

Time (0830-1230)

Figure 11. PV/T temperature and irradiance variations
(morning session)

PVIT Temperature and Irradiance Variations (noon session)
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Figure 12. PV/T temperature and irradiance variations (noon
session)

At noon (1200-1330), as illustrated in Figure 12, irradiance
peaked at ~1,200 W/m? with temperatures of T,y and Tpy,
reaching up to 56°C and 62°C, respectively, due to cloud cover.
Conversely, ambient temperature (T,) remains stable between
31°C and 34°C, indicating limited atmospheric response
compared to the rapid surface heating of modules.

From the irradiance and temperature for the evening session
(1430-1630), as displayed in Figure 13, the irradiance declined
below 140 W/m?, resulting in reduced thermal activity. The
Tpv module stabilized at ~28°C to 30°C and Ty at ~29°C to
31°C. However, Ty remained slightly higher, indicating
persistent heat retention and weakness of solar irradiance.
Surprisingly, these trends confirm that PV/T modules respond



to active cooling with chilled water, effectively managing
excess heat and supporting both electrical and thermal
performance across varying irradiance conditions.

PVIT temperature and irradiance variations (evening session)
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Figure 13. PV/T temperature and irradiance variations
(evening session)

Temperature and Electrical Efficiency Profiles of PV and PV/T
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Figure 14. Temperature difference and electrical efficiency
of PV and PV/T

The temperature and electrical efficiency profiles of PV and
PV/T systems are presented in Figure 14. The PV temperature
(Tpy) increases from ~20°C to 55°C in the morning, while the
PV/T temperature (T,w) remains at a lower temperature
(~35°C). This confirms findings by Chaichan et al. [4] and
Farhan et al. [20], that cooling techniques can reduce PV
surface temperature by 10°C to 20°C. Meanwhile, the thermal
and electrical efficiency behavior illustrates that T,y exceeded
55°C. This, in turn, leads to a steady decline in electrical
efficiency from 18.5% to 16.5% due to the elevated PV cell
temperature in the afternoon, which increases internal
electrical resistance and decreases open-circuit voltage (Voc),
reducing power conversion efficiency. In contrast, the Tpw
remains between 30°C and 40°C, resulting in an electrical
efficiency decreasing from 19.2% to 18.5%. This, ultimately,
highlights the effectiveness of PV/T cooling in dissipating
thermal losses and sustaining better electrical performance
during the afternoon period compared to the conventional PV
system.

4.2 Water temperature and heat transfer

Figure 15 illustrates the relationship between PV/T inlet
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temperature and thermal efficiency range 0800 to 1400, with
an inlet temperature maintained around the average of 6.9°C
to enhance the temperature gradient between the Tpy surface
and the fluid. Notably, the highest thermal efficiency is
observed in the afternoon when the inlet temperature exceeds
7°C. At the same time, the evening exhibits the lowest
performance, resulting in cooler fluid in the inlet temperature
that impacts the thermal absorption.

PVIT thermal efficiency with PV/T inlet and
PV temperatures analysis

60 H—=— n(pv/t)

—a— Tin
Tpvit

—o— Tpv
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14:00
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Figure 15. PV/T thermal efficiencies and inlet temperature
analysis
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Figure 16. Temperature and efficiency profiles of PV and
PV/T systems

Figure 16 presents a PV/T system that demonstrates a higher
overall efficiency result compared to the PV module
throughout the observation period. This improvement
evidences the lower operating temperature maintained in the
PVT system. Notably, the thermal management in PV/T
systems effectively mitigates heat accumulation on the panel
surface, thereby reducing thermal losses and enhancing
electrical performance. Consequently, the PV/T configuration
improves instantaneous electrical output and contributes to
prolonging the long-term operational stability of the module.

4.3 System efficiency

The PV/T system's overall efficiency varies throughout the
day due to environmental and operational factors. In the
afternoon, the system efficiency reached 75.5%. However, it
presented a steady decline over time. Conversely, in the



morning, the efficiency improved due to favorable starting
conditions. Nevertheless, it declined sharply after 90 minutes,
possibly due to thermal buildup and system fatigue. In the
evening periods, efficiency declines are attributed to cooler
temperatures and low irradiance. Nonetheless, a slight
recovery later indicates system adaptation. Thus, to improve
this performance, a strategy such as thermal load balancing,
real-time control adjustments, and energy storage integration
should be considered to maintain optimal efficiency
throughout the day. The overall efficiency profile is portrayed
in Figure 17.

PVIT overall efficiency profile (%)
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Figure 17. PV/T overall efficiency profile
4.4 Net efficiency analysis

A net efficiency analysis was conducted for the auxiliary
electricity employed by the cooling system for a 60 W water
pump (= 0.3 kWh/day) and a 1 HP AC unit rated at 800 W (=
4.0 kWh/day for 5-hour operation), offering a total load of 4.3
kWh/day.

Table 2. Performance metrics of various photovoltaic
thermal (PV/T) system designs

demand of a 1 HP chiller.

Furthermore, when the chiller load is distributed across
multiple panels, the system achieves a positive net efficiency
exceeding 50% [34]. Additionally, a break-even analysis was
performed by varying the number of PV/T modules (N)
sharing the same auxiliary load. Table 3 presents that the
break-even point was reached at N = 2-3 modules, where the
useful output is equal. Accordingly, systems with larger arrays
(N = 5-10) achieved positive net efficiencies exceeding 50%,
and for very large systems (N > 50), the net efficiency
approached the gross value (~76.5%).

These findings indicate that net system performance is
strongly dependen0t on scale and auxiliary power
management, particularly when integrating larger collector
arrays into the cooling system.

4.5 Previous studies comparison

It is observed that the present experiment achieved a
significant improvement in overall efficiency, reaching
76.54%. This is compared to 62.96%, as reported by Jin et al.
[13], representing an enhancement of more than 13%. The
overall comparative results of the present study and previous
works are summarized in Table 4.

Table 4. Performance metrics of various photovoltaic
thermal (PV/T) system designs

Electrical Thermal Overall

Author Project

Eff% Eff.% Eff.%
v
This PV/T Chill Water System  19.32 5722  76.54
study
PV/T Water Collector
[13] Experiment Study 5.96 57 62.96
PV/T Water System
[15] Cooling Techniques 10.25 ) )
PV/T with Back Surface
(171 Water Cooling 13 30 43
PV/T System Collector
[35]  Area Fully Covered with 10 45 55
PV Cells

Gavg Esolar n Eaux

(W. /mz) (KkWh) gross (kWh) Nnet
800 2.067 0.7654 4.30 -131.5%
1000 2.583 0.7654 4.30 -89.9%
1200 3.100 0.7654 4.30 —62.2%

Table 3. Net efficiency of PV/T system for different numbers
of modules (N)

Nnet Nnet Nnet
N (modules) o0 Wim?) (1000 W/m?) (1200 W/m?)
1 131.5% -89.9% 62.2%
5 34.9% 43.3% 48.8%
10 55.7% 59.9% 62.7%%
50 72.4% 73.2% 73.8%

*Note: Break-even occurs at N =~ 2—-3 modules depending on irradiance.

In addition, with average solar irradiance of 800, 1,000, and
1200 W/m? over 5 hours, the total solar irradiance ranged
between 2.1 and 3.1 kWh, resulting in a gross efficiency of
76.54%. Meanwhile, the useful energy gain was 1.6 to 2.4

kWh after the auxiliary consumption of 4.3 kWh was deducted.

In line with this, the net efficiency for a single module was
reported to be negative, as summarized in Table 2, as the
energy yield of one PV/T panel is insufficient to offset the
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The electrical efficiency of 19.32% is integrated higher than
the 6% to 13% range typically reported for conventional
water-cooled PV/T systems [17, 18]. This improvement of
chilled water maintained at ~7°C enhanced the temperature
gradient and effective heat extraction from the panel compared
to ambient water application. Furthermore, this present work
also evaluated the negative impact on net efficiency due to the
excessive load of a 1 HP chiller relative to the collector area.
This auxiliary power consumption provides a more realistic
assessment of PV/T system feasibility under the Malaysian
climate with high solar potential.

Nevertheless, several limitations and challenges were
identified during the experimental investigation in tropical
climates when employing chilled-water loops. Potential issues
include surface condensation on the panel or piping due to
high humidity and frequent rainfall, copper corrosion
accelerated by warm, humid, and wet conditions, and bio-
fouling within the water loop if microbial growth is not
controlled. Note that these factors could affect system
durability and long-term performance. Hence, mitigation
strategies such as insulation, protective coatings, or corrosion
inhibitors, and periodic biocidal treatment should be
incorporated in future designs.



5. CONCLUSIONS

This study experimentally investigated the thermal and
electrical performance of a PV/T system with active chilled-
water cooling, maintaining the inlet temperature at 7°C under
typical Malaysian weather conditions. The results reveal a PV
surface temperature reduced by 10°C to 20°C, electrical,
thermal, and overall efficiencies of 19.32%, 57.22%, and
76.54%, respectively. Moreover, the performance parameters
are achieved by regulating the inlet temperature of the cooling
system with a chiller.

The novelty of chilled water cooling (~7°C) and the interior
design of the cooling system avoid fast-changing thermal
gradients compared to a non-cooled PV module in Malaysian
climates. Additionally, the auxiliary power consumption effect
was relatively minor compared to the cooling benefit, though
optimization remains necessary for practical applications.

Additionally, the net efficiency analysis revealed that a
single PV/T module could not offset the auxiliary demand of
a 1| HP chiller, resulting in negative net efficiency.
Furthermore, the cooling load distributed across multiple
modules was break-even for two to three modules, and larger
arrays (N = 5-10) achieved positive net efficiencies exceeding
50%, approaching the gross efficiency (~76.5%). These
findings highlight that system scalability and integration with
larger arrays or existing Heating, Ventilation, and Air
Conditioning (HVAC) infrastructure are essential for practical
feasibility.

Potential operational challenges were identified, including
condensation on panel surfaces, copper corrosion in warm and
humid conditions, and bio-fouling within the water loop. Thus,
addressing these issues through proper insulation, protective
coatings, and water treatment will be crucial for ensuring long-
term system reliability.

In line with this, further research into this study is
recommended due to significant improvements in thermal and
electrical efficiency. Future work can involve Computational
Fluid Dynamics (CFD) based simulations to optimize heat
transfer and fluid flow, as well as exploring alternative cooling
techniques such as heat pipes, PCMs, and bi-fluid cooling.
Additionally, conducting long-term durability testing in
tropical climates will be necessary. On a similar note, a
payback period and economic feasibility analysis are
recommended to evaluate the stability, cost-effectiveness, and
real-world potential of chilled-water PV/T systems.
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