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Abstract 

In this paper a comparison between numerical model and experimental work results for a fixed Photovoltaic/ Thermal (PV/T) hybrid 
system is presented. The simulation in this work is based on a numerical model in solving the equations and determining the 
Photovoltaic (PV) cells thermal characteristics using both MATLAB and COMSOL Multiphysics. COMSOL is simulating the 
electromagnetic waves produced by the Sun through solving Maxwell's equations in three dimensions using Finite Elements Methods 
(FEM) and the sun irradiance is assumed to be Gaussian distribution across the twelve mourning hours. Beside that an experimental 
work is presented depending on the results conjured from the theoretical experience used in Comsol Multiphysics. A Pulse Width 
Modulator (PWM) is used to control the solenoid valve operation. In addition to the above a thermal analysis for the fixed PV 
modules and the piping water is presented where the output water temperatures, rate of heat transfer, overall heat transfer coefficient 
and thermal efficiency are calculated. As a result, a significant enhancement in the total thermal efficiency is observed with 
acceptable increase in the output water temperature. 
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1. INTRODUCTION 

Solar energy is becoming one of the primary sources of energy 
replacing fossil fuels due to its abundance. Its versatility, 
abundance and environmental friendly have made it one of the 
most promising renewable sources of energy. The goal of 
achieving high photovoltaic conversion efficiency not only 
attributes as a scientific achievement and aids specialized 
application, but can also reduce the cost of large scale solar 
electrical generators.  
 
Bakker et al. [1] analyzed a PV/T panel array where heat was 
extracted from the panels and stored underground in a heat 
exchanger. In winter, the heat could be extracted from the 
ground via a heat pump and used to heat potable water and 
support a floor heating system while increasing the electrical 
efficiency of the solar panel. 
 
Chen et al. [2] developed a hybrid PV/T pump system using 
refrigerant fluid R134a as the heat carrying fluid. The 
coefficient of performance (COP) of the heat pump and 
electrical efficiency of the PV panel was measured at different 
condensing fluid flow rates and temperatures.  
 
The largest PV/T solar panel installation in the United States 
was brought online in February 2012 in Rhode Island at 
Brown University’s Katherine Moran Coleman Aquatics 
Center. In this application, 168-patented PV/T panels were 
installed on the center’s roof, which under full sun exposure 

can provide enough electricity to light the building and heat 
the one million gallon swimming pool inside of it [3].  
 
Yang et al. [4] developed a functionally graded material 
(FGM) is a PV layer, copper water pipes cast into plastic 
lumber that was bonded with thermal paste to the backside of 
a PV/T panel. Cooling water was pumped at various flow rates 
through the cast copper pipes to decrease the PV/T panel 
temperature thus increasing PV/T panel electrical efficiency 
by up to 2%. This study also analyzed the thermal efficiency 
of the closed system design, and reported that a combined 
thermal and electrical efficiency of 71% could be achieved, 
compared to 53-68% total efficiency of other PV/T concepts. 
Herein, a simulation model for a hybrid PV/T open system is 
presented. A backside water pipe is heated by the influence of 
the photovoltaic modules results an enhancement in the total 
conversion efficiency of the solar system with increasing the 
output water temperature. 
 
2. HYBRID SYSTEM MODELLING 

A fixed PV module made of a polycrystalline Si Shown in 
figure (1) is simulated using an analytical solution of passion 
equation where carrier transport is assumed in one direction. 
This hybrid system is consists of four connected 
polycrystalline PV modules of total dimensions 1.0396 m2 
area where the cell edge is taken to be 0.04 m. The incident 
angle is set to be 30ofor winter season because the irradiance 
of the sun has a best angle on PV modules.  
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The PV modules supported on a connected rod 0.9 m with 
base 0.98 m2 and AM 1.5G is assumed. The effect of cooling 
for the system by passing water in the backside Copper pipe of 
0.012 m, 0.013 m for inner and outer diameters and 11.6 m 
length is embedded in the aluminum plate. 
 
This model built in Solid work and transferred the design to 
the Comsol MULTIPHYSICS by the link live. 
 

 
 
Fig (1) Polycrystalline PV/T hybrid system used in COMSOL. 
 
In this study, forced convection does not only occur on the top 
surface of the PV panel, but also through the pipe mounted to 
the backside of the panel. Therefore, the total convective heat 
transfer is a combination of the heat transfer at the surface of 
the panel and the heat transfer from the flowing water in the 
pipe. The finite element analysis software being used in this 
study, COMSOL MULTIPHYSICS contains an open system 
laminar flow and conjugate heat transfer physics package, 
which is being used to model the convective heat transfer in 
the water pipe on the backside of the PV panel. This package 
is appropriate for this study, because of the inhomogeneous 
temperature field that is created as water flows from the inlet 
to the outlet of the pipe. COMSOL numerically solves the 
fully compressible continuity and momentum equations, 
which are the governing equations for the fluid flow, and are 
shown below in equations (1 and 2), shown in [7]. 
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The heat equation is also solved, which is shown in equation 
(3). 

ρC�u	. �	T � �	. �	K	�	T	�                (3) 
 
The long wave radiation heat loss can be calculated from 
equation (4). 
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A numerical model based on COMSOL Multiphysics 
simulation tool [8] for a hybrid PV/T is introduced as shown 
in figure (2). The silicon PV modules are heated by the 
electromagnetic waves produces by the sun through radiation 
heat transfer. This heated body (PV modules) transfers its heat 
to the aluminum plate and the copper pipe surface (outer and 
inner) by conduction. Finally the cooling liquid (water) is 
heated by convection. 
 
The overall heat transfer coefficient is given by equation (5, 6 
and 7) and the rate of heat transfer calculated by equation (8) 
for an open thermodynamic system [9].  
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Fig (2) front and back view for a PV/T system used in 
COMSOL. 

 
The thermal model modeled and analyzed in this study is 
identical to that modeled by Jones and Underwood [10], 
although the amount of energy applied to the PV cell that is 
converted to heat energy is calculated using the same method 
Kerzmann and Schaefer [11] utilize. The heat energy going 
into the PV cell is a function of the PV cell efficiency, M!", as 
shown below in equation (10) Using this calculated value for 
the PV cell efficiency, the amount of solar irradiance, �N$� 
that is converted to heat energy, Q>O@*isthen calculated at each 
time step from equation (9). The steady state solution is 
finallyreached as the COMSOL solver converges. 
 

Q>O@* � qQ@R	�	1 � η�T�        (9) 
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The PV cell electrical output efficiency can also be expressed 
as a function of PV cell power output, solar irradiance, and the 
PV cell surface area as shown in equation (10). 
 

ηUV �	
VW;XW;
Y3AZ)

      (10) 

 
Post processing of the data recorded in the simulations is 
required to calculate the thermal efficiency,M�[, of the PV/T 
panel [9]. First, the total amount of energy (solar irradiance) 
into the cell must be calculated, which is given by equation 
(11).      
 

E]2 �	qQ@R	A   (11) 
 
Next, the thermal energy of the extracted by the water per 
second must be calculated from equation (12). 
 

E^@*OQ �	m^@*OQC�^@*OQ�T̀ a* � T]2�          (12) 
 
The mass of the water passing through the reservoir per 
second can be calculated from the density and flow rate of the 
water, assuming unit depth of the reservoir. The thermal 
efficiency is simply given by equation (13).   
 

η*> �	
b?A7<3
b.4

         (13) 

 
3. PV/T EXPERIMENTAL SETUP 

Figure (3) shows the experimental set-up was designed to 
investigate how the temperature affects the efficiency and 
power output of PV panel during operation and takes 
advantage of these heat losses.  
 
A tracking PV/T system designed as two axial active tracking 
[13]. During the operation, a mechanical tracking system was 
used to modulate the power output from solar panel by 
regulate the Position of the photovoltaic module facing the 
sun. In other words this mechanical system makes the zenith 
angle [14] approaches to zero from sun rise to sun set to 
ensure that the maximum electrical power is extracted depends 
on solar irradiance as arrange from 400 W/c9to 980 W/c9.A 
hybrid system combined between PV tracking and cooling 
systems was designed to cool the tracking module. 
 
The experiment was conducted from 6:00 am to 6:00 pm. A 
Solar power meter was used to capture the daily global solar 
irradiation. Temperature measurements are important in these 
experiments and therefore calibrated K-type thermocouples 
were utilized. In the experiments, PV current, PV voltage 
temperature of panel and solar irradiation were collected. All 

the experimental test rig components that used have been 
calibrated. All readings are collected in June 2013. 
 

 
 

Fig (3): General view of the experimental system used. 
 
In order to maximize the water temperature, a solenoid valve 
is used to control the water flow using a 5 volt thermistor. The 
temperature sensor signal is then acquired to the Lab view 
through a NI DAQ to be calibrated (see appendix A). Pulse 
width modulation (PWM) is token place to control the opening 
duration of the valve by varying the duty cycle of a square 
wave generated by Lab view. The frequency of the PWM is 
chosen to be 50 Hz as required by the solenoid valve. The 
block diagram and the front panel of the Lab view is shown in 
figures (4) and (5) respectively.       
 
4. THE RESULTS  

Figure (6) shows the variation of the rate of heat transfers 
d.versus the input water temperature. A copper piping 
material is chosen due to the higher thermal conductivity and 
the rate of heat transfer increased by passes water cooling 
 
Figure (7) shows the variation of time with the out 
temperature where the x-axis indicate the time across the 12 
hours of morning. The peak output temperature is observed at 
the point at which the Sun irradiance is maximum where the 
difference in temperature calculated at this point is 40 0C. 
Figure represents the variation of time with the heat transfer 
rate per unit area where the same conclusion could be 
achieved at reference conditions �N$� =1000W/c9. 
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Fig (4) block diagram for PWM used in Lab view. 
 

 

 
 

Fig (5) Labview controller for PWM 
 

 
 

Fig (3) the rate of heat transfers vs. input water temperature. 
 
5. DISCUSSION 

Without cooling system the efficiency ηis 20%, the fill factor 
FF = 0.73, the open circuit voltage V= 21.6 V, and the short 
circuit current ISC =2.9 A. While in with cooling system η		is 
30 %, the FF= 0.85, VOC = 21.6 V, and ISC = 3.8 A. 
 
The input temperatures of water in a copper pipe are ranged 
from 17 to 35 0C, the output water temperatures achieved from 
17 to 60 0C during the sunset in hours. That achieved the 

thermal efficiency 22 % and the rate of heat transfer achieved 
40%. 
 
Adding both electrical and thermal efficiency, the total 
conversion efficiency reaches 52%. To conclude all the above, 
the suggested hybrid system results an increase of 32% over 
that of single PV system as  an 10% increase in PV electrical 
efficiency is detected and a new 22% thermal efficiency is 
obtained by making use of the wasted heat from the backside 
of the PV panels. 
 
6. CONCLUSIONS 

The present work introduces a PV/Thermal hybrid system 
where the efficiency of the PV modules is calculated with and 
without the cooling water system. A 10% increase in 
efficiency is recorded due to passing the water in the backside 
pipes. This increase reflects on the maximum power which 
reach 60 watt.  On the other hand the water output temperature 
is almost 30 0C higher than the input temperatures which 
make this system able to work as water heating system. 
Finally the total system efficiency was calculated by adding 
both the thermal and the PV efficiency and it was found to be 
more than 50%. The hardware Implementation and the 
experimental testing are considered as a future work. 
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