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ABSTRACT
The primary aim of the cooling water in the direct-cool PVT collector is to reduce the module’s temperature. However, this objective
may oppose raising the thermal output if the cooling water’s appropriate size is not determined. A numerical analysis of the impact
of the scale of the hot water demand on a grid-integrated hybrid energy system’s overall performance is investigated using TRNSYS
software in this study. It was found that the size of the hot water demand significantly determines the temperature of the module
and the energy it produces. The low-emittance collector is about 200% more susceptible to changes in the hot water demand scale
than the high-emittance collector. Although the high-emittance collector produces higher power than the low-emissivity collector,
its thermal energy production is about 38% lower. Overall, the low emissivity collector produces more energy than the high emissivity
collector, and this difference in performance becomes more pronounced as the overall demand for thermal energy grows. Therefore,
for building applications where the goal is to meet power and a high amount of hot water demand, the low emissivity collector is
recommended. On the other hand, if the goal is to improve the power production solely, the high emissivity collector is the most
appropriate.
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1. Introduction
Today, most PV modules have solar radiation conversion efficiency below 30%. As a result, a
significant portion of the incident solar energy is trapped in the collector, resulting in elevated
temperature in the collector [1]. Increase temperature beyond the module’s operating temperature
has significant consequences of power loss and faster module degradation. The PVT technology is,
therefore, a technology to cool the PV module. For most building applications, the water-cooled PVT
is commonly adopted [2-4] since water has higher thermal energy content than air [5]. Several studies
have proposed different PVT cooling techniques that improve both its electrical and thermal output
for building application. These attempts include using different structures and fluids with different
*
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physical and chemical properties to design the PVT hybrid system. Moreover, most cooling
techniques are mainly focused on keeping the PV module's temperature as low as possible to achieve
higher electrical efficiency [6,7]. On the other hand, keeping the PV module’s temperature very low
may lead to the collector’s lower thermal output. Consequently, in building application where the
goal is to meet building thermal demand, the system’s thermal capacity in meeting thermal demand
may be compromised [2].
Several concepts and designs of the direct water-cooled PVT aimed to increase the available
energy within the water-cooled PVT energy system have been published. Ibrahim et al., [8] have
proposed using a stainless rectangular steel tube constructed in a spiral pattern as both the heat
absorber and the flow channels to improve the PVT energy system’s electrical efficiency. Under an
outdoor test condition, their test results show that the maximum module temperature rise was
limited to 54oC. Akbarzadeh and Wadowski [9] found that the power efficiency of a solar trough
concentrator PVT collector was increased by about 50% when water circulated based on a
thermosyphon method was used to maintain the PVT collector temperature below 46 oC for about 4
hours
Preet [10] submitted in a review paper that the impact of cooling on the PV collector’s energy
production, using the gravity force to direct river water over the PV collector surface at 1 litre/min
significantly lowered the operative temperature of the photovoltaic collector from 62°C to 30°C and
increased its power by about 12%. Chow et al., [11] experimentally investigated the electrical and
thermal characteristics of a water-type building-integrated hybrid PVT energy system under a water
draw and no-water draw conditions from the storage tank. Other studies on the experimental
evaluation of the water-cooled PVT energy system include the study conducted by Chow et al., [12]
on the role of box-structure absorber design on PVT's overall performance. Similarly, Bahaidarah et
al., [13] validated through numerical simulation the effect of cooling the back of a PV module under
the weather of Dhanhan, Saudi Arabia, using a heat box-type heat exchanger at the back of the
module.
Wai Zhe [14] used computational fluid dynamics (CFD) to simulate the water spraying technique’s
effectiveness in cooling the PV module. In that study, a range of cooling water inlet temperature
starting from 20°C to 45°C was sprayed over the PV module’s front surface at a fixed volume flow
rate of 350 L/h. The result showed that the average PV module temperature is reduced by about
15.63oC when the water temperature of the cooling water is kept at 20.0oC. The outcome showed
that the lower the inlet water temperature, the more effective it is in removing the heat from the PV
module.
An inherent feature of the direct water-cooled sheet and tube PVT energy system is the
circulation of the cooling fluid in a closed-loop cycle. One drawback of the PVT collector’s closed-loop
cooling is that the water used for cooling may be recirculated at a higher temperature due to
insufficient flow control. Consequently, the capacity for heat removal by the cooling water is
potentially impaired. Notwithstanding, it is practically almost impossible to keep cooling the PV
without the cooling fluid temperature increasing in a closed-loop, even with the best flow control.
Shan et al., [15] concluded in their study that a higher flow rate and low inlet temperature is
recommended for cooling the PVT to enhance power production in PVT collector. On the contrary,
cooling the PV module to near its operating temperature will lower its thermal performance.
For instance, a PVT collector primarily sized for a smaller power demand may not be suitable to meet
both electrical and hot water demand of a building with higher hot water demand effectively. In this
case, the circulating cooling water cools the PV module without an appreciable increase in the cooling
water temperature. Even though the power production may be significantly improved, the thermal
demand is poorly met since the collector size does not match the thermal load for hot water. On the

33

Journal of Advanced Research in Numerical Heat Transfer
Volume 4, Issue 1 (2021) 32-43

other hand, if the size of the building’s hot water load is significantly smaller compared to the
electrical demand, the module will not be cooled by the circulating water. In this circumstance, the
module temperature may increase resulting to a decrease in power produced by the module.
For example, the experimental assessment of a PVT collector’s energy performance conducted by
Kalogirou [3] it was found that the average power production of the PVT collector was reduced by
about 38% compared to the normal Pv module. In this study, the daily average hot water demand
was 160 litres/day. The relatively lower electrical output of the PVT energy system in this case is
attributed to the inadequate cooling water capacity to effectively remove heat from the PV module.
In another study, Guarracino et al., [16] discovered that the thermal efficiency of the PVT collector is
increased with the addition of more glazings. In contrast, the electrical performance of the system is
reduced with an increase in collector glazing. Therefore, the use of a hybrid PVT energy system to
simulteneously meet thermal and electric energy demands is complicated and requires a creative
approach.
Overall, in many studies employing the direct water-cooling method, the focused is to increase the
power output. Even though the overall performance of the PVT energy system is substantially
influenced by the thermal demand, little or no study has studied the link between hot water demand
volume and system performance. Hence, there are still gaps in understanding the influence of the
thermal load’s magnitude on the PVT hybrid energy system’s overall performance. Therefore, this
study investigates, through simulation using TRNSYS, the influence of the hot water demand volume
on the overall system behaviour and performance. The aim is to establish the appropriate hot water
volume for a given size of the collector required to maximise the system’s solar fraction in meeting
the building’s electrical and thermal demand at the minimum temperature possible.
2. Materials and Method
2.1 Description of System
In this research, the commercially available unglazed photovoltaic-thermal solar collector called
the TESZEUS PVT collector is coupled to an inefficient grid power source to meet a health facility
power demand of 33.44 kWh/day. In the health centre, it is also required to meet a hot water
requirement of 120 litres per bed at 60𝑜 𝐶 for a 23-bed. The hybrid PVT energy system is made up
of 31 in number of 220 watts peak TESZEUS PVT collectors to a 2.76𝑚3 constant volume hot water
storage tank as shown in Figure 1. The water in the storage tank is conveyed and circulated through
the collector via connecting pipes in a closed loop using the constant speed solar water pump. Figure
2 is a schematic of the studied system. The design parameters and the specification of the TESZEUS
PVT collector is shown in Table 1.
Table1
Specification of TESZEUS PV-T collector and storage tank
Design parameter/Specification
Collector dimension
Number in series
Thermal Conductivity of the
Absorber
Peak power
Open circuit voltage
Short circuit current
Maximum power voltage
Maximum power current
Panel reference efficiency

Value
1650x995x50
31
400

Unit
mm
W/m2.K

240
37
8.54
30.20
7.95
14.6

Watts
V
A
V
A
%

Remark
LxWxH
Thermal conductivity of
copper.
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Power loss factor
Reference irradiance
Reference temperature
Number of tubes per collector
Tube diameter
Tank volume

0.04
1000
25
15
20
2.76

%
Watts
o
C
-

mm
m3

Fig. 1. Schematic of the studied system

2.2 System Modelling and Parametric Analysis
The numerical system architecture, as described in Figure 1 is formulated using the TRNSYS 18
software to predict the system’s thermal and electrical efficiency. The model schematic and process
flow diagram is illustrated in Figure 3. The formulated model was used to simulate the system’s
annual performance under Jos’ weather condition and based on the power and hot water demand
profile, as shown in Figure 2.

Fig. 2. Hourly, domestic hot water (DHW) and power demand for the medical centre
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The block mathematical model of each component of the system called “Type” as found in the
simulation studio library is selected, and the components are linked in a manner that portrays the
interaction of components as the system operates in real-time. Through the links, the parameters of
connecting components are linked in the direction of the arrow. Furthermore, the “Equation blocks”,
represented by the broken line blocks are tools useful for developing system control and
performance evaluation equations. In this case, the “Equation block 1” is modelled to effectively
manage and coordinate the photovoltaic and grid sources in order to meet the power and hot water
demand. The control ensures that the grid power is only used as a backup power source when the
solar system could not satisfy demand.
Similarly, the “Equation block 6” models the solar pump’s control operation where the pump is
only operated at a constant flow rate of 0.02kg/s.m2 only in periods with solar radiation. This control
is to ensure that the power requirement of the pump is provided for by the photovoltaic. To evaluate
the system performance, the “Equation block 2” calculates the system electrical solar fraction.
Similarly, “Equation block 4” and “Equation block 5” evaluates the system thermal efficiency and
thermal solar fraction, respectively. Type 14 and 24 and 25 are utility components. For example, Type
24 called the quantity integrator helps analyse the average hourly, daily, monthly and annual solar
system performance depending on the user period of interest.
Since this study aims to evaluate the influence of the magnitude of the load demand to establish
the link between the size of the hot water load and the system performance, the “Equation block 3”
is used to parameterise the hot water volume demand. Notably, the size of the storage and the load
profile is not changed. Consequently, the system’s annual performance is simulated and evaluated
based on different scales (volumes) of hot water prepared in the parametric table using the TRNEDIT
of TRNSYS 18.

Fig. 3. System components model and flow diagram formulated in TRNSYS simulation studio
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3. Results and Discussion
3.1 PV Module Mean Temperature and Efficiencies
In this study, the water pump control operation is set to circulate the cooling water at a constant
flow rate of 0.02kg/sm2 only when the solar radiation is available. Figure 4 shows the influence of the
size of the thermal demand (in this case represented in term of the volume) for a low (0.15) and high
(0.95) emissivity collector’s absorber plate. Figure 4 shows that the module’s temperature decreases
with the increase in hot water demand volume for both low and high emissivity collector. Notably,
the high emissivity collector’s temperature is observed to be lower than that of the low emissivity
collector. Consequently, the collector’s electrical efficiency for a higher emissivity absorber plate is
higher, as seen in Figure 5. Though the low emissivity collector has a comparatively higher
temperature, the cooling response shows a temperature decrease of about 0.013 oC per increase in
hot water demand volume. In comparison, a temperature decrease of about 0.0043oC per increase
in hot water demand volume is observed with the high emissivity collector. In other words, the low
emissivity collector is about 200% more sensitive to changes in the volume of hot water demand and
cools faster. The high sensitivity to the size of the hot water demand demonstrated by the low
emissivity collector implies that its performance can easily be destroyed if the appropriate size of the
hot water is not determined. Nonetheless, it is observed that for both low and high plate emissivity,
the efficiency increases as the size of the thermal load increases.

Fig. 4. Average PV module temperature response to the change in hot water demand volume

Notably, the electrical efficiency increases from 6.17% to 10.6% representing 72.8% improvement
of the module performance for a low emissivity plate as the hot water volume changes from 500 to
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3600 litres. In comparison, the PV module’s electrical efficiency with a high emissivity absorber plate
is only improved by about 13.9% as the volume of hot water increased. Although the module’s
electrical efficiency with the low-emissivity absorber plate is lower, the collector’s electrical
efficiency’s substantial improvement with an increased water volume is apparent. Therefore, it is the
right option to meet thermal and electrical loads for a large scale of hot water demand.

Fig. 5. Average PV electrical efficiency response to change in hot water demand volume

Similarly, the PVT collector’s thermal efficiency equally improved with an increase in the hot
water demand volume for both low and high emissivity absorber plate collectors. On the other hand,
PVT collectors’ thermal efficiency with low emissivity is higher with the increase in hot water volume
than the high emissivity absorber plate collector. An important deduction from Figures 5 and 6 means
that the high emissivity PVT collector is comparatively more appropriate for low-sized hot water
demand. For instance, at the minimum volume of 200 litres, both collectors’ thermal efficiency does
not significantly differ. However, electrical efficiency is observed to differ significantly.

Fig. 6. Average collector efficiency response to change in hot water demand volume for low and high
absorber plate emissivity
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3.2 System Solar Fraction
Figure 7 shows the energy system’s responsiveness in meeting the building’s electrical and
thermal demand based on different sizes of the hot water demand. As seen from Figure 7, the system
capacity to meet the electric demand from solar energy is on the average about 4% higher for the
high emissivity collector. However, as the volume of hot water demand increases, the low emissivity
collector’s electrical performance is also improved. In contrast, the high emissivity collector’s
electrical performance does not significantly improve as the volume of hot water increases.
Therefore, this behaviour indicates that PVT collector designs with high emissivity absorber plates
are less susceptible to thermal load variations and will not be proper for building application with
high hot water demand. For application where, the primary goal is to increase the output power, the
high emissivity will be most appropriate as it do not need much cooling. Even though the electrical
solar fraction met based on the low emissivity collector is lower at low volume of hot water, its
thermal solar fraction is about 38% higher. This behavior indicates that the low emissivity collector
absorbed a significant portion of the solar radiation incident on it surface and therefore, the cooling
water extracts a good portion of the traped heat to rise it temperature. Nevertheless, for both low
and high emissivity collectors, it is observed that the increase in the volume of hot water demand
beyond 1700 litres starts to decrease the thermal solar fraction. Therefore, it is essential that the
appropriate volume of hot water is determined since the thermal solar fraction does not improve
with every hot water volume increase.

Fig. 7. Variation of the solar thermal and electrical solar fraction with change in the size of the hot water

A fundamental performance matrix for the hybrid PVT system designed for meeting the building’s
thermal and electrical demand is the total system capacity called the overall system solar fraction.
The overall system solar fraction measures the system capacity to meet the building’s total energy
demand employing solar energy technology. Figure 9 shows the system’s overall solar fraction as the
hot water demand is increased for both low and high emissivity PVT collectors. It shows that if the
target is to satisfy both electrical and hot water demand in applications, the PVT collector with a low
absorber plate emissivity is preferred over the high emissivity collector. For high emissivity collector
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arrays, a significant part of the absorbed spectrum of solar energy is lost through the top surface. As
a result, only a small portion of the absorbed thermal energy is extracted by the cooling water.
Consequently, the thermal energy of the cooling water is lower. That also explains why the high
emissivity absorber collector temperature is lower, as seen in Figure 4.
On the other side, a low emissivity absorber plate has low radiative losses; therefore, a large
portion of the absorbed thermal energy is absorbed by the cooling water. As a result, cooling water
thermal energy is increased significantly. That also explains why the thermal solar fraction and the
module’s temperature is higher for low emissivity collector.

Fig. 8. Comparison of the system overall solar fraction response to hot water demand volume for low and
high absorber plate emissivity

Figure 8 shows that for a given size of the hot water and electrical power demand, the low
emissivity collector shows better capacity in meeting the energy demand. It also implies that for the
high emissivity collector, the solar energy is poorly absorbed by the absorber plate. That explains the
drop in solar fraction as the volume of the hot water increases. On the other hand, the solar fraction
for the low emissivity collector is increased with increase in hot water volume reaching a maximum
solar fraction of 80% at water volume of 2400litres. Further increase in the volume beyond 2400
litres is observed to decrease the overall solar fraction. This trend then means, for low emissivity
collector, there exist a size of the hot water load that is required to cool it that leads to maximum
overall efficiency. Notwithstanding, the one advantage of the high emissivity collector over the low
emissivity collector is its higher power production at low volume of hot water as seen in Figure 9.
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Fig.9. Average daily power production based on the size of hot water demand

In this study, an energy management strategy that meets the power and hot water auxiliary
energy demand using the grid power is implemented on the hybrid energy system model. Figure 10
is the grid power purchased to meet auxiliary energy demand based on varying hot water demand’
size. This result shows that the high emissivity collector system has lower total useful energy.
Therefore, a higher power is purchased from the grid to meet shortfalls in the system’s energy supply.

Fig.10. Average daily grid power purchased to meet auxiliary energy demand

4. Conclusion
In this study, a numerical approach using TRNSYS was used to investigate the effect of the size of
the hot water demand on a grid-integrated hybrid energy system’s overall performance in meeting
power and hot water demand. It was discovered that the size of the hot water demand has a
significant impact on the temperature of the module and the amount of energy it produces. However,
when the volume of hot water demand changes, the temperature of a PVT collector constructed with
a high emittance absorber plate does not change significantly. The solar fraction for the low emissivity
collector, on the other hand, increases with hot water volume, reaching a maximum solar fraction of
80% at a water volume of 2400 litres. Any increase in volume above 2400 litres is observed to reduce
the overall solar fraction. This trend implies that for low emissivity collectors, there is a size of hot
water load required to cool them that results in maximum overall efficiency. Although the highemittance collector produces more power than the low-emittance collector, it produces
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approximately 38% less thermal energy. Overall, the low emissivity collector produces more energy
than the high emissivity collector, and this performance difference becomes more pronounced as the
demand for thermal energy grows. Furthermore, the low emissivity collector has a higher
temperature; the cooling response shows a faster cooling rate than the high emissivity collector as
the load size increases. As a result, the low emissivity collector is recommended for building
applications where the goal is to meet both power and a high amount of hot water demand. On the
other hand, if the goal is solely to improve power production, the high emissivity collector is the most
appropriate.
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