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Abstract: The application of residential rooftop PV systems increased significantly in the last 10 years
in many countries and became a major source of clean energy in dwellings besides traditional solar
hot water technology. To optimise the performance of these green energy systems, the incorporation
of PV/thermal hybrid systems is a future option for sustainable residential building designs. In this
work, a novel design of PV/Thermal (PVT) hybrid panels, using heat pipe technology, is proposed
with the aim of fulfilling the hot water and electricity demand of a house in Sydney. The heat pipe
system is integrated into a traditional PV panel to transfer the heat stored within the PV panel
material to a header that is connected to the household hot water cycle. A preliminary analysis of
the test results for the proposed PVT system design under different weather conditions in Sydney is
conducted, where the transient variation of the output water temperature as well as power production
is investigated. The results show that the hot water temperature at the header outlet reaches around
a maximum of 50 °C on a typical summer day and a minimum of 30 °C on a typical winter day. The
daily heat delivered to the hot water tank is found to be in the range of 3.7-5.2 MJ per m? of the PVT
panel surface area. The results show that the energy efficiency of the adopted PVT panel design could
reach more than 4 times higher than the traditional PV panel.

Keywords: PV thermal; heat pipe; PV rooftop; performance assessment

1. Introduction

The photovoltaic thermal (PVT) panel is a hybrid system that produces heat and
electricity from the solar energy intercepted by the traditional PV panel. This type of panel
design not only saves space but also reduces its surface temperature hence increasing
the system’s overall performance. Research on this kind of renewable energy system
becomes significant, especially after the rapid increase in rooftop PV system applications
which has the potential to achieve zero-energy cities as outlined by Odeh and Nguyen [1].
Extensive research has been conducted on the feasibility of the different types of PVT
systems. Chow et al. [2] conducted research on the residential application of the hybrid
photovoltaic-thermosyphon systems in areas of China where there are hot summers and
cold winters. The model used in this research is an “aluminum-alloy flat-box type PVT
collector” where PV panels are used to generate electricity and a flat box absorber is used
to generate thermal energy. The daily average thermal and electrical efficiency on a typical
winter day was found to be 10.3% and 37.6%, respectively and on a typical summer day
was found to be 12.3% and 48.2%, respectively. Gang et al. [3] utilized a heat pipe PVT
system to test its performance under extreme environmental conditions in areas of China.
The daily electrical and thermal efficiency was found to be 9.4% and 41.9%, respectively,
and the average electrical and heat gain was found to be 62.3 W/ m? and 276.9 W/m?,
respectively. Wu et al. [4] developed a PVT model consisting of an array of heat pipes placed
underneath the PV panel to absorb excessive heat from the PV panel in buildings. The
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parametric investigation of the system was performed by using the first and second laws
of thermodynamics. The theoretical result has shown an overall electrical, thermal and
exergy efficiency of 8.45%, 63.65% and 10.26%, respectively. Another study conducted
by Huang et al. [5] on the performance of a flat plate PVT system found that its thermal
and electrical efficiency is about 35.3% and 12.8% respectively. Modelling of the PVT
system was also performed by Herrando et al. [6] to study the feasibility of the system for
household application in areas of Zaragoza (Spain) and London (UK). The model showed
that the PVT system is capable of covering 77% of thermal demand and 145% of electricity
demand in Zaragoza; and 55% of thermal demand and 153% of electricity demand in
London over the seasons. A similar study was also conducted under London’s weather
conditions by Herrando et al. [7] to compare PVT system performance with the traditional
PV panel system. The study showed that PVT systems can cover 51% and 36% of the
annual electricity and hot water demand compared to the traditional PV system which
generates only 49% of annual electricity demands. The application of the PVT system in
domestic applications could reduce 36% of CO; emissions over its lifetime compared to the
PV panel system. The annual performance of a building-integrated PVT system was tested
by Hui et al. [8] under typical weather conditions in Hong Kong. The annual thermal and
electrical efficiency was found to be 35% and 10%, respectively. Diallo et al. [9] performed a
numerical analysis on a novel loop heat pipe PVT system. The result obtained from the
parametric analysis showed that the overall efficiency of the system is 67.8%, which is 28%
higher than the conventional system. Abdul-Ganiyu et al. [10] assessed the performance of
PVT and PV panel systems under the weather condition of Ghana. The testing rig used
a water-based mono-crystalline silicon panel and an ordinary mono-crystalline silicon
PV panel. The highest overall efficiency (electrical/thermal) of the PVT was found to be
56.1% compared to 12.7% of the traditional PV panel. Sheshpoli et al. [11] investigated the
performance of a hybrid PVT system that consists of a PV panel for electricity generation
and a serpentine tube for the thermal collector. The panel was tested under extreme
weather conditions (cold and heavy snowfall in winter, hot and dry in summer). They
found that this configuration of the PVT panel increases the electrical efficiency by 7.3%
and the thermal efficiency by 48.4% compared to the traditional PV panel and solar thermal
collector system. Modelling of a standalone PVT System for domestic application was
conducted using TRNSYS simulation to explore the amount of electric and thermal energy
production in European warm sites [12]. The study showed that the panel temperature
was reduced by 20% and the electrical power output increased by 12%. A recent study
conducted by Xie et al. [13] presented a comparative study between tank PVT systems and
heat pipe PVT systems. Both systems were tested under cold weather conditions over a
10-day period. The result showed that the tank PVT system has an electrical, thermal and
overall efficiency of 15.6%, 43.8% and 58.1%, respectively, whereas the heat pipe PVT system
has an electrical, thermal and overall efficiency of 12.2%, 41.2% and 53.4%, respectively.
From this result, it was concluded that the tank PVT system has better performance than
the heat pipe PVT system. The effect of the filling ratio of the working fluid within the
heat pipe on the performance of the PVT system was studied by Eshghi et al. [14]. The
PVT panel design consists of a single circular heat pipe integrated into the back of the PV
panel by an aluminium plate. The optimum performance of the panel was obtained at a
45% filling ratio of the working fluid. Compared to the conventional PV panel the single
circular heat pipe PVT system was able to produce 3.2% more electricity.

In this research work, a novel design of a PVT panel patent developed by Odeh
and Habbouchi [15] is tested under the Australian weather conditions to evaluate its
effectiveness in residential applications for heat and electrical power generation. The test
is conducted over different seasons to estimate the solar energy contribution, number of
PVT panels required for a specified hot water demand, and long-term performance and
financial assessment of the proposed system.
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2. Materials and Methods
2.1. System and Test Rig Design

The PVT panel model used in the test of this study is adapted from the novel PVT
system design proposed by Odeh and Habbouchi [15]. The PVT panel consists of a conven-
tional PV panel (1.47 m?), a heat pipe array (six pipes) attached to the back of the panel
and connected at the top of the panel to a water header to collect the absorbed heat by
the heat pipes. Figure 1 depicts the layout of the test rig which comprises a water flow
circuit to heat the water tank, a DC electric circuit to charge the battery and run the water
pump, and a weather data station. Three wireless temperature sensors (of typical accuracy
£0.3 °C) are used to register every minute to the cloud, the temperature of the PV panel
surface (Tsace), the inlet water temperature (tank temperature) to the PVT header (Tj,),
and the exit water temperature from the PVT header (T,y:). The weather data station is
installed close to the rig to register to the cloud every minute the ambient temperature,
wind speed, and solar irradiation which was calibrated with data derived from Solcast [16]
for the specified site in Sydney. The electric circuit uses a battery charge controller to charge
a2 x 12 volts battery that provides power to the 12 volts DC water pump. The maximum
water pump input power was found to be about 9% of the PVT panel capacity. Further
details and specifications of the different test rig components are presented in Table 1. The
PVT panel which is tested under Sydney weather conditions is located at latitude 33.8° and
mounted on a house roof that faces north and is tilted 22° (see Figure 2).

Charge
Controller . .
. & Circuit

Weather Station

Figure 1. PVT system layout.

E

Figure 2. PVT panel mounted on the roof.
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Table 1. PVT system test rig major components.

Component Specification

Rated Maximum Power (Pmax) = 200 W
Voltage at Pmax (Vmp) = 26.26 V

Current at Pmax (Imp) =7.63 A

Open-circuit Voltage (Voc) =33.6 V
Short-circuit current (Isc) = 8.11 A

Number of cells = 54 polycrystalline cells
Cell Technology: Ploy Si

PV panel weight = 17 kg

PVT panel weight = 25 kg

PV panel dimension (mm) = 1488 x 990 x 35

PVT panel

Dimension (mm) =56 x 19
Weight=21g

Temperature sensor Temperature range = —40 °C to 100 °C
Wireless range = 50 m
Typical temperature accuracy = +0.3 °C

Voltage = DC-12 V

Working current = 920 mAh + 15%
Water Pump Input power = 18 W

Flow =800 L/H £ 15%

Pump dimensions (mm) = 80 x 77 x 49

Temperature range = —40 °C to 100 °C
Wind speed range = 0 to 50 m/s
irradiation = 0 to 1600 W/m2

UV index =1 to 15+

Battery Voltage =2 x 12V, 9 Ah, deep cycle

Weather station

Water tank Capacity =20 L

2.2. Performance Analysis of PVT Panel

The energy consumed by a traditional hot water tank can be estimated by considering
the conventional energy equation and the average hot water tank temperature permis-
sible for residential use which is (a minimum of 60 °C) set by the Australian standard
AS/NZS 3500.4. Therefore, the energy consumed by a residential hot water tank can be
determined by

Quw =M -cy - (60 —T;) () 1)

where M—mass of the tank water (kg), T;—initial temperature of the water in the tank (°C),
and C,—Specific heat of water (J/kg °C)
The transient heat gain by the PVT system can be estimated following this equation

guws = m - cy - (Tip1 — Ti) W) ()

where m is the water flow rate (kg/s) and T;,; and T; tank water temperature (°C) between
two-time steps.

The daily energy provided by a single PVT panel can be found by integrating the
transient heat gain between the start time of the PVT water pump operation (initial hour #,;)
and the time when the maximum temperature reached in the tank (final hour h,f)

hr
Quws = /hr.f qawsdhr () 3)

Equation (3) can be solved using Simpson’s rule between the initial time of water
pump operation and the time when the maximum temperature is reached in the tank. Thus

Qnws ~ %m<9(h7i) +4q(hriy1) +2q(hrizo) + - -+4(hrf)> ) (4)
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If the required tank temperature is not met by the PVT system, then an energy booster
is used to increase the temperature up to (60 °C). The energy supplied by the booster can
be calculated by the following equation.

Qp=M-cyp- (60 - Tmax) (]) (5)

where T,y is the maximum temperature that the PVT panel can produce on a typical day

Considering the maximum temperature (Ty) that can be reached by the PVT panel,

the total energy (Quws)T in kJ provided by the PVT system per day for a specified hot
water mass M (tank size) is found by

(QHWS)T =M-cy- (Tmax - Ti) (J) 6)
Also,
(Quws)r = Quws - Npvr () @)
where Npyr is the required number of PVT panels.
By solving Equations (6) and (7) the number of PVT panels can be found for each hot
water tank size
Npyp = (Quws)r ®)
Quws

Heat gained (Q,) per m? of PVT panel is

Qe =25 (j/m?) ©
Additionally, solar energy contribution in the hot water system is found by
Solar energy contribution = (Qrws)r (10)
Qaw

To estimate the overall thermal/electrical efficiency of the PVT system the transient
power (P) generated by the PV panel is estimated in (W)e by [17],

p= (Isc(op) x Voc(op)) xRp  (W)e 11)

where I, () is the transient short-circuit current of the PV panel and it is proportional

to the global solar irradiation on the surface (Gr) which varies throughout the day. The

Ise(op) can be calculated by multiplying the short-circuit current Is. ) at standard condition

(1000 W /m?) by the transient solar irradiation Gy (W/m?) [17]

Isc(st) x Gr

Isc(op) = 1000 (A) (12)
The transient open-circuit voltage V(op) which depends on the PV panel surface

temperature is evaluated from [17]

Voc(op) = Vae(st) — 00023 x 1 (TC - TC(St)) (V) (13)

oc(op)
where V. is the open-circuit voltage at standard temperature condition T, and n, is
the number of PV cells in the PVT panel.

The power ratio of the panel (Ry) is constant throughout the operation as it is the
property of the PV panel. It is directly proportional to the standard maximum power (Pj.y)
of the PV panel and inversely proportional to the standard open-circuit voltage (V () and
the standard short-circuit current (Iy(s)) [17].

Prax
. S— (14)
s Voc (st) X Ly (st)
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The total transient energy gained by the PVT panel is the summation of the transient
electrical power (P) generated by the PV panel and the transient heat gained by water
(9aws) in (W), through the heat pipe system; therefore:

Piota) = P — Pryp + 111 - Cop - (Tour — Tiy) (W) (15)

Tout & T}y, are the outlet and inlet water temperature (°C) of the PVT panel header (see
Figure 2), and Py is the water pump input power.
Then, the overall thermal/electrical efficiency of the PVT panel is found by

Ptotal
= Ctoral 16
1 Gt X ApyT (16)

where Apyr is the PVT panel aperture area in (m?).

3. Results and Discussions
3.1. Analysis of Test Results

The developed PVT panel system was tested in different seasons under Sydney
weather conditions during the year 2021-2022. The major tests data collected during
that period were: the temperature of the PV panel surface (T ), inlet water temperature
to the PVT header (Tj,), the exit water temperature from the PVT header (T,,;), ambient
temperature, wind speed, and solar irradiation. A typical day was selected to run the test
by turning on the water pump to circulate the water between the PVT panel header at the
house roof and the hot water tank which is about 5 m away from the panel.

The data were collected over a small-time step (10 min) to examine the effect of instant
change of the weather conditions (such as irradiation and wind speed) on PVT panel
output. Figure 3 presents the PVT panel temperature measurements in small time intervals
of a cloudy summer day of intermittent irradiation and variable wind speed. It can be
observed during this short period of time interval that although the PV panel surface
temperature (T, ace) varies with the irradiation level, the rate of temperature rise of Tj,
and T,y is almost constant due to the thermal storage capacity of the PVT panel header.
Additionally, it can be noticed from Figure 3 that the transient PVT surface temperature
(Tsurface) is inversely proportional to the wind speed (m/s).

During the year 2021-2022, the weather conditions in Sydney underwent severe
changes from the registered record which made the selection of a typical days to test the
PVT system a challenging task. However, the small-time step test results of Figure 3 showed
that selecting days of small period of intermittent change in weather conditions does not
affect much the PVT panel output. Therefore, the system was operated on selected days
in each season (summer, autumn, winter, and spring) where it was possible to have clear
sky or partially clear sky condition. The data of four typical days (15 December, 11 April,
2 August, and 25 September) were chosen to conduct preliminary investigation of the
weather conditions effect on system performance and develop PVT energy model and
thermal efficiency equation that could estimate the PVT panel area required for a specified
residential demand of hot water. The energy model and thermal efficiency equation is
then used to run long term assessment of the proposed residential PVT system using
the RETScreen expert software [18]. The test started by turning on the circulating water
pump at 9:00 am when the PVT header temperature exceeded the water tank temperature.
However, it was noted that the thermal stability of the different points of the system could
not be reached before one hour from the start of the water pump operation. Therefore,
all measured data were analysed and plotted from the time when the PVT panel reaches
thermal stability (around 10 am). The test results of the PVT system on the four typical
days in different seasons are presented in Figure 4. The major findings of these tests can be
summarised as follows:
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Figure 3. The transient change of the PVT panel intel and exit water temperatures with different
weather conditions.

o  The PVT panel exit water temperature (T,,;) is always between (10-15 °C) below the
panel surface temperature Tswface.

o  The increase in water temperature (T,+—T},) within the PVT header is almost constant
and found between (2—4 °C) in all seasons. This rise of water temperature depends on
water flow rate through the 1 m length of PVT header tube. Although this increase
looks small for the first moment, the accumulated heat during the sunshine hours of
the specified days is significant as the maximum water tank temperature could reach
25-30 °C above its initial temperature. This water temperature increase within the PVT
panel was found not far from other studies such as the one presented by [19] which is
in the range 2.9-8 °C, and the study presented by [4] which is in the range 2-3 °C.

o  The test shows that the PVT system can provide warm water at a temperature greater
than the ambient temperature by almost 10-15 °C.

e  The heat gain and exit water temperature keep rising 2 h after noon time despite the
drop in irradiation level and PVT surface temperature due to the effect of the PVT
panel thermal capacity.

e  The maximum temperature of the PVT surface varies between 40 °C on a typical winter
day to 60 °C on a typical summer day. This PVT surface temperature measurement
was compared with similar research [19] and was found to be around 55 °C on typical

day in Autumn. Other research [4] shows that PVT surface temperature is in the range
46-53 °C.
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The water inlet temperature (water tank temperature) that can be reached on a typical
cold winter day is 30 °C and on a typical summer day is 50 °C. Almost similar rise in
water temperature (from 28-47 °C) was reported by [20] on a typical day of maximum
solar irradiation equals to 800 W/ m?2.
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Figure 4. PVT test results: (a) winter day, (b) spring day, (c) summer day, (d) autumn day.

Referring to Equations (1)—(8), the number of PVT panels required to provide thermal
heat per 100 L of hot water tank was estimated on each day described in Figure 4. The
result of the calculation which is summarized in Table 2 shows that the number of panels
required to provide thermal heat per 100 L of hot water tank is between 1.4-1.9 panels.
This difference in the number of panels is due to the variation in the total energy (Quws)T
which is affected by different weather conditions (irradiation, ambient temperature, and
wind speed) on each test day. Table 2 shows that solar energy contribution in heating the
hot water tank ranges between 22-64% on the selected test days. It can be concluded from
Table 2 that the area of PVT panel of residential application required to cover the hot water
load in different seasons is around 3 m? per 100 L of hot water tank capacity.

Table 2. Number of PVT panels and delivered energy per 100 litter hot water tank.

Month

PVT Heat

(Qwns) kJ/m? (Qp) KkJ Per

100 L Tank

Booster Energy

HW Tank Energy

(Quw) KJ Per
100 L Tank

PVT System

Energy (Quws)T
kJ Per 100 L Tank

Number of PVT
Panels kJ Per
100 L Tank

Solar Energy
Contribution

Winter
Spring
Summer
Autumn

3024
1220
3984
4146

11,604
10,471
5622
8807

20,173
13,393
15,696
17,339

8569
2922
10,074
8531

1.9
1.6
1.7
1.4

0.42
0.22
0.64
0.49
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The overall efficiency of the PVT panel which is the ratio of thermal energy and
electricity production to the global irradiation intercepted by the PVT panel is calculated
by referring to Equations (11)—(16) and its maximum and minimum values for each typical
day are illustrated in Table 3. The maximum value of the overall efficiency during the
four seasons ranges between 45-65% and its minimum value ranges between 26-29%. The
maximum values of the overall efficiency of the PVT panel found by other studies [20] was
around 51.5%.

Table 3. PVT panel overall efficiency.

Season Maximum Efficiency Minimum Efficiency
Autumn 49% 28%
Summer 65% 31%

Winter 45% 26%

Spring 58% 29%

3.2. PVT Thermal Efficiency Equation

The thermal efficiency of the PVT panel heat pipe system can be estimated by ap-
plying the ASHRAE 93-2003 standard flat plate collector test as presented by Duffie and
Beckman [21]. Noontime data from different months were selected for this purpose to

estimate the PVT panel efficiency equation by plotting the instantaneous thermal efficiency

Ta)

1, against the value of (TI% where:

m- Cw * (Tout - Tin)

17
Gt X ApyT 17)

Min =

Additionally, Gr is solar irradiation normal to the PVT panel surface (W/m?)
The relationship between the instantaneous values of 7, and % is shown in

Figure 5 and given by the following straight-line equation:

T, — T,
i = 0.523 — 18.94M (18)
Gr

0.8

0.7 A
= 06 +
< T. — T

n =0.453—10.15M (others)

> G
c 0.5 - Gr
o
Q
& 0.4 A
G . N o
cl T —— T
£ 02 . * /' .

014 4 — 0523 — 18947 = T2 (vhis paper work)

GT
0 T T T T
0.011 0.012 0.013 0.014 0.015 0.016
(Tin - Ta) )/GT

Figure 5. PVT panel efficiency equation test of this paper compared with others [22] work.
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The constants of Equation (18), the intercept of the straight line with the 7, axis (0.523)
and the slope of the line (—18.94) are mapped to the parameters Fr(ta) and —FrUy, of the
thermal model of flat plat collector given by [21]; therefore:

(Tin — Ta)

Gr (19)

i = Fr(ta) — FRUL
where Fr-heat removal factor:

Ta—transmissivity and absorptivity of the PVT surface;

U —heat transfer coefficient (W/m? °C).

These two parameters (Fr(ta) = 0.523 and FrU}, = 18.94) describe how energy is
absorbed and lost in the PVT panel.

The selected data of the outdoor test depicted in Figure 5 were measured at noon
time on the respective days. Unlike the indoor laboratory test, these data points are not
aligned with the trend line due to the difference in weather conditions such as: wind speed,
ambient temperature and irradiation between these days. In Figure 5, The trend line of the
outdoor test of this study was compared with the study of [22], which has different design
of unglazed PVT panel using copper sheet. It is clearly shown that the efficiency equation
of both designs, this study and [22] have very close trends as both of them are unglazed.

3.3. Feasibility Test of the PVT System

Long-term performance analysis and feasibility study of the tested PVT system were
conducted by using the Clean Energy Management Software RETScreen expert [18]. A typ-
ical 200 m? floor area house in Sydney at latitude —33.9 which has roof of 22° slop oriented
toward the north was chosen for this study. The house which has a conventional household
appliance, and an average occupancy of four people consumes 17,435 kWh/year of elec-
tricity and requires 300 L/day of electric boosted hot water tank at a temperature of 60 °C.
A standard-size of rooftop PV system of 5 kW capacity, 26 panels of 200 W each identical
to the panel used in the test, is proposed for this house. The number of PVT panels to be
integrated into the proposed PV system to supply thermal energy to the hot water tank is 6
out of 26 panels based on Table 2.

The annual performance of the rooftop PVT system can be identified by the monthly
generation of electricity and thermal energy as depicted in Figure 6. The results show that
the average deviation in monthly thermal energy production is 10%, while the average
deviation of monthly electricity production is around 16%. The monthly energy generation
follows the trend of average daily irradiation on PVT surface, yet some differences occur
during spring and Autumn months because of the effect of other weather conditions and
solar angles. Considering the PVT panel area given in Table 1, it can be concluded from
Figure 6 that the monthly heat delivered to the 300 L hot water tank ranges between (31 to
45) kWh/ m? of PVT panel area.



Energies 2023, 16, 121

11 0f 14

800 7
. Heat delivered (kWh)

mmm Electricity production (kwWh) 6

—G

Energy (kWh)
=Y
Irradiation (kW/m?2/day)

Jan Feb March April May June July Aug  Sept  Oct Nov Dec

Month

Figure 6. Monthly generation of electricity and heat delivered of the rooftop PVT system.

The greenhouse gas emissions analysis by RETScreen expert [18] shows that adopting
the proposed model of the PVT panel could reduce 70% of the annual GHG associated with
the hot water and electricity consumption of the case study house. This was calculated
based on GHG emission factor equal to 0.709 kgCO,/kWh of energy consumed. The
GHG emission reduction by adopting the 5 kW capacity PV/Thermal system was found
equivalent to excluding 1.7 vehicles/year from the street.

The commutative cash flow presented in Figure 7 was estimated by RETScreen Ex-
pert [18] to find the payback period of the PVT system for the proposed house. In the
cumulative cash flow calculations, two periodic costs were considered: changing the DC
water pump every 5 years and changing the DC/AC inverter every 10 years. Table 4 shows
some major financial information related to the PVT system used in the analysis. The
payback period of the (6 PVT + 20 PV) system of the proposed house is between 5-6 years.
Figure 7 shows that the drop in the commutative cash flow occurs every 10 years due to
the expected lifetime of the inverter.

30,000
25,000

20,000

15,000 Inverter periodic cost

\

10,000
Simple payback
5,000

0 -
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Cummulative cash flows ($)

=000 Year

-10,000

-15,000

Figure 7. Cumulative cash flow and payback period.
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Table 4. PV and PVT financial information.
PV Panels PV System PV Panel Feed-In Rooftop PVT System  Hot Water Tank Project Life Inflation
Area Capacity Cost Tariff PVT Area Extra Cost Capacity ) Ratio
(m?) kW AUS$/KkW UA$/kWh (m?) USD/m? L/day Year %
317 5 1000 0.15 8.8 500 300 20 2

4. Conclusions

Many researchers have studied the performance of the hybrid PV /thermal panel and
have proven that it is an efficient method for combined heat and power generation. How-
ever, there is no research on this type of panel that shows its real-life design requirements
and its feasibility for residential applications. In this paper, a residential PV thermal hybrid
system was proposed and tested under the Australian climatic conditions. The PVT panel
which consists of a heat pipe unit integrated into a traditional PV panel is mounted on a
north-side house roof located at latitude —33.9°. Performance analysis was carried out by
evaluating the thermal and electrical energy output on typical days in different seasons.
These tests showed that the maximum temperature of the PVT surface varies between
40 °C on a typical winter day and 60 °C on a typical summer day. The maximum water
tank temperature that can be reached on a typical cold winter day is 30 °C and on a typical
summer day is 50 °C. The PVT area required to cover the residential load of hot water is
3 m?/100 L of hot water tank capacity. The results depicted that the overall efficiency of
the PVT panel depends on the amount of heat gained by water and varies between 26-65%
which reaches more than 4 times the maximum efficiency (15% at laboratory conditions) of
the considered PV panel in this research. The solar energy contribution of the proposed
system for the residential hot water heating depends on the season and it ranges between
22-64%. Efficiency equation of the PVT panel was developed and used in long-term per-
formance analysis of the proposed system. The commutative cash flow showed that the
payback period of the system is between 5-6 years. The method of analysis presented in this
paper verified the viability of the PVT technology for residential applications and showed
that it could be easily integrated into the traditional rooftop PV panel array arrangement.
The high overall efficiency and reasonable payback period make the proposed system
convenient for green building and zero energy house designs.
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Abbreviations
A PVT panel area, m?2
Apyt PVT panel aperture area, m?
Cuw Specific heat of water, ] /kg.°C
Fr heat removal factor
G Solar irradiation, W/m?2
Gr Solar global irradiation on titled surface, W/ m?
Lip Current at Py, A
Isc Short-circuit current, A

M Mass of tank water, kg
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m Water flow rate, kg/s

ne Number of PV cell in PV panel

N, PVT Number of PVT

P Transient power generated by PV panel, W
Pax Rated maximum power, W

Piotar Total transient energy gained by PVT panel, W
Pup Water pump input power, W

Qp Energy provided by booster, |

Qg Heat gained by m? of PVT panel, J

Quw Energy required by HW tank/day, J
Quws Heat gained by one PVT, ]

(Quws)T Total heat required by the PVT system, ]
GHWS Transient heat gain by PVT system, W

Ry Power ratio

T, Ambient temperature, °C

T, PV cell temperature, °C

T; Tank temperature at current time step, °C
Tis1 Tank temperature at next time step, °C
Tin Temperature at inlet, °C

Tinax Maximum tank temperature, °C

Tout Temperature at outlet, °C

Tsurface PVT panel surface temperature, °C

u, Heat transfer coefficient, W/m? °C

Vinp Voltage at Py, V

Voc Open-circuit voltage, V

1 Overall thermal/electrical efficiency

Nth Instantaneous thermal efficiency

T™ Transmissivity and absorptivity of the PVT surface
Subscript

h,i First hour

h,f Last hour

op Operational condition

st Standard condition

th Thermal

e Electric
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