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Abstract - Photovoltaic modules and solar collectors are 
used together in hybrid photovoltaic-thermal solar collec-
tors (PV/T) for simultaneous provision of electrical and 
thermal energy. This paper proposes design of a simulation 
model for testing of efficiency of photovoltaic-thermal solar 
collectors. The model is used for testing of dependence of 
thermal and electrical efficiency of the systems on a series of 
factors; material of the photovoltaic module, type of cooling 
medium, flow of cooling medium, collector design, exposure 
to sunlight, speed of wind and environment temperature. 
Values measured within the system were recorded and the 
measuring equipment and methods for the measuring sys-
tem were proposed. 

Keywords: hybrid PV/T system, photovoltaic, solar col-
lector, absorber collector, thermal efficiency, electrical 
efficiency. 

I. INTRODUCTION 
Over the last few years, problems related to shortage 

of energy, climactic changes and preservation of the 
environment brought the renewable sources of energy 
into the professional and scientific focus. The most sig-
nificant renewable sources are the wind and the sun. The 
wind is mainly used for production of electrical energy, 
while the sun is used as a source of both thermal and 
electrical energy. In solar thermal collectors a fluid or a 
gas are heated and they are then used to heat water or 
spaces in households or industrial buildings [1-4]. Photo-
voltaic modules, which are made of solar cells, are used 
for direct conversion of the solar into the electrical ener-
gy. However, solar cells use only a smaller part of the 
radiated solar energy for production of electricity (be-
tween 4 and 17 % [2]), and the rest is irretrievably lost as 
heat that additionally heats the cells, Figure 1. [4].  

 

 
Figure 1. Diagram of the partition of the sunlight converted to 

electricity or to heat, as a function of the wavelength 

Nowadays, solar cells are mainly made of silicon 
which is a good absorber and conductor of the heat. By 
heating in the sun, the temperature of the photovoltaic 
modules rises significantly, and with the temperature rise, 
electrical efficiency of the module is reduced [5, 6]. 

One of the methods to increase the electrical efficien-
cy is forced or natural cooling of the module. The re-
placement method is use of hybrid photovoltaic-thermal 
collectors (so called PV/T collectors). These are systems 
where photovoltaic modules and solar collectors are con-
nected together and where they simultaneously produce 
electrical and thermal energy. The solar collector has a 
double function in the PV/T systems. It cools the photo-
voltaic module, and simultaneously collects the thermal 
energy in the form of heated liquid or heated air. During 
this process electrical efficiency of the solar cells i.e. the 
photovoltaic modules is improved. 

The PV/T system accumulates the thermal energy in 
the heat tank. The electrical energy produced by the PV/T 
systems can be transmitted into a local network or the 
system acts autonomously, powering own DC or AC 
loads. The connection to the network or own loads is 
achieved by an electronic power converter – DC/DC 
converter or inverter [7]. 

II. EFFICIENCY OF PV/T SYSTEM 

A. Efficiency of solar collector (thermal efficiency) 
The thermal efficiency of PV/T system, ηth is deter-

mined based on thermal properties of the photovoltaic 
module and the solar collector. The thermal efficiency is 
mainly determined by design performance of the system 
and the properties of the cooling media, and is usually 
calculated by using the Hottel and Whillier equation [5]. 
One of the expressions for calculation of the thermal 
efficiency is: ߟ௧௛ ൌ ௠ሶ ஼೛୼்஺೛ீ೅ · 100%  (1) 

 
Where: 
 ሶ݉  mass flow rate (kg/sec) ܥ௣ specific heat of the collector cooling medium 

(J/kg °C) ∆ܶ   differences between fluid or air outlet tempera-
ture (To) and fluid or air inlet temperature (Ti) ܣ௣        area covered by absorber collector (m2) ்ܩ        solar radiation at NOCT1 (irradiation level 800 
W/m2, wind velocity 1 m/sec, ambient tempera-
ture at 20°C) 

                                                           
1 NOCT - nominal operating temperature, determined on the 
basis of International Standard EN-61215 for modules without 
load. 
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The fluid mass flow rates can be calculated using the 
equation below: ሶ݉ ൌ  ௔௩   (2)ݒܣߩ
where: 
 
A         tube cross section area (m2) ߩ         density of the fluid or air drain input area (kg/m3) ݒ௔௩        fluid or air velocity (m/sec) 
 

B. Efficiency of photovoltaic module (electrical efficien-
cy) 
When fill factor (FF) is introduced and defined for the 

characteristic of solar cell/module as: ܨܨ ൌ ௉೘ೌೣூೄ಴·௎బ಴   (3) 

electrical efficiency, ηel can be written as: ߟ௘௟ ൌ ூ೘௎೘஺೛ீ೅ · 100% ൌ ܨܨ · ூೄ಴·௎ೀ಴஺೛ீ೅   (4) 

where: 
 
Pmax  maximum generated power (W) 
Isc   short circuit current (A) 
Uoc   open cell voltage (V) 
Im        maximum current (A) 
Um      maximum voltage (V) 

 

The electrical efficiency of the photovoltaic module is 
reduced with the temperature rise due to the lower mo-
bility of carriers, diffusion length, as well as lifetime of 
minority carriers and saturation current, Figure 2. [6].  

 
Figure 2. The photovoltaic efficiency of the silicon solar 

cells/module in the function of temperature. 

The electrical efficiency µel of the crystalline silicon 
(c-Si) solar cells/modules is given as a function of tem-
perature: ߟ௘௟ ൌ ଴ሾ1ߟ ൅ ሺߚ ௖ܶ௘௟௟ െ  ሻሿ  (5)ܭ298

Where: 
-silicon efficiency temperature coefficient, usual   ߚ ଴    efficiency of the module at temperature 298 Kߟ 

ly for c-Si: ߚ ൎ െ5 · 10ିଷିܭଵ [6], 
 a-Si: ߚ ൎ െ2,5 · 10ିଷିܭଵ[8] ௖ܶ௘௟௟    cell/module temperature 

 

Often power loses are equal to 0.5 %/K.  

C. Total efficiency of PV/T system 
 
Performance of the hybrid PV/T collector can be best 

described by the combined efficiency of the collector. 
This consists of thermal efficiency ηth and electrical effi-
ciency ηel and amounts to: ߟ௢ ൌ ௧௛ߟ ൅ ௘௟ߟ    (6) 

A total efficiency of about 60 % can be achieved in this 
manner, as shown in Figure 3. 
 

 
Figure 3. Combined PV/T efficiency versus mass flow rates  

III. EXISTING SOLUTIONS 

A. Flat plate PV/T collector classification 
PV/T systems can be divided into the systems cooled 

by air, water or a combination of water and air, Figure 4. 
[7]. The systems cooled by water have channels of differ-
ent shapes through which the water circulates cooling the 
photovoltaic module. For the systems that use combina-
tion of air and water as the cooling media, the absorbers 
are in the form of channels or the air is in direct contact 
with the photovoltaic module. The air type PV/T collec-
tors can be distinguished according to the air flow confi-
guration such as air above, below or on both sides of the 
absorber collector. They can be either single or double 
pass. 

The collectors are normally designed with pump and 
can be either with forced or natural circulation. The Fig-
ure 5. shows examples of typical design solutions of the 
PV/T systems [1]. 

 

B. Different types of photovoltaic materials 
For the type of cooling medium and the method of collec-
tion of the thermal energy, properties of the PV/T system 
are essentially determined by the type of material the 
solar cells are made of. More than 80 % of solar cells and 
modules manufactured all over the world are based on the 
mono-crystal (c-Si) and poly-crystal silicone (pc-Si). 
Only 13.23 % of manufactured solar cells are made of the 
amorphous silicon (a-Si), 0.39 % of cadmium-telluride
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Figure 4. Flat plate PV/T collector classifications 

 

 
 

Figure 5 Cross-sectional view of PV/T system; a) basic PV/T collector, b) liquid flowing on top of the PV module, c) channel PV/T 
concept with liquid flow beneath the PV cells, d) two-absorber PV/T model 

 
(CdTe) and 0.18 % of copper-indium diselenide (CIS). 
Solar cells made of crystalline silicon have better effi-
ciency but are more expensive than the amorphous cells 
since the technological process of production is con-
ducted under high temperatures (above 1000 o C). 

The manufacturing technology for solar cells made of 
developed thin films a-Si uses less materials and offers a 
possibility to manufacture cells on larger surfaces of 
various substrates (silicon, glass), [1]. 

C. Shortcomings of the existing solutions 
Between all types of PV/T systems, the best known 

lately are the systems that use air as the cooling medium; 
although this type of collector, in comparison to the col-
lector that uses the water, is used more seldom. 

The PV/T systems that use water as the cooling me-
dium are more efficient than those that use air, due to 
high thermal conductivity, high specific temperature, and 
high density, thus permitting transfer of larger volumes of 
heat [2]. Use of water requires more complex design of 
the collector and primarily water-proofing and protection 
of the module against corrosion must be achieved. 

In addition to that, researchers make great efforts to 
solve two large problems that appear when PV/T collec-
tors are manufactured: (i) imperfect connection of the 

photovoltaic module and the absorber, and (ii) imperfect 
connection between the absorber and the metal pipes for 
flow of the cooling medium, i.e. the water [9].  

 
IV. PROPOSED EXPERIMENTAL SETUP 

A. The model structure 
To test possible improvements of the observed short-

comings in the water-cooled PV/T systems, a simulation 
model is proposed to test the system under external con-
ditions. The block scheme of the system is shown in 
Figure 6. 

The basic parts of the model are: photovoltaic module 
and solar collector, connected together, cooling medium 
flow system, electronic power convertor (exchanger) and 
the measuring system.    

 
On the back side of the photovoltaic module of the 

PV/T system, a system of water pipes is mounted as the 
cooling medium. The heated water circulates between the 
photovoltaic module and the heat tank to which it trans-
fers the thermal energy. To research the impact of flow of 
the cooling medium on the efficiency of the PT/V system, 
it will be necessary to change the flow of the mass, using 
a pump and a regulating electric valve. 
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Figure 6. Schem
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B. Goals of the experiment 
The proposed simulation model of PV/T system tests 

dependence of the electrical and thermal efficiency of the 
system in relation to: 

• material of the photovoltaic module 
 (c-Si, pc-Si, a-Si) 

• type of the cooling medium 
• flow of the cooling medium  
• design of the channels for the cooling medium 
• wind strength and speed of the air flow 
• thermal resistance between the photovoltaic module 

and the collector 
 
The purpose of the experiment is to test the properties 
of PV/T system for insolation expected in the territory 
of the City of Zagreb to define optimal design of PV/T 
system according to the criteria of maximum electrical 
and thermal efficiency.  
 

V. INSTRUMENTATION AND MEASURING 
METHODS 

A. Measured values 
To achieve the experiment goals with the proposed 

simulation model of PV/T system, it is necessary to 
measure the following values during the experiment (Fig-
ure 6.): 

• inlet water temperature (Ti) 
• outlet water temperature (To) 
• ambient temperature (Tamb) 
• thermal storage temperature (Ts) 
• solar cell temperature 

o front side (Tcf) 
o back side (Tb1, Tb2, Tb3) 

• wind velocity (vwi) 
• solar intensity (G) 
• water velocity (vwo) or water flow 
• load current (IL) and load voltage (VL) 
• short circuit current (Isc) and open circuit voltage 

(Voc) 
 

B. Measuring equipment 
Several devices are going to be used to take mea-

surements and characterize the performance of PV/T 
system, including seven digital thermo probes, anemome-
ter, a pyranometer and a device for measuring the flow. 
For measuring of the voltage and current the facilities 
provided by the Renewable Energy Developer’s Kit de-
velopment circuit board are used. To measure the surface 
temperature of the photovoltaic panel a thermal camera 
will also be used. 

 
In order to characterize the thermal performance of 

PV/T system, temperature measurements have to be taken 
at various locations throughout the assembly. For measur-
ing the temperature digital thermo probes DS18B20 of 
accuracy ± 0.5 °C are selected. 

One digital thermo probe will be mounted on the out-
side surface (away from PV/T module) to measure am-
bient temperature (Tamb). One thermo probe will be used 
to measure solar cell temperature (Tcf). Three thermo 
probes will be embedded between the PV panel and the 
solar absorber measured interior panel temperature or 
back side cell temperature (Tb1, Tb2, Tb3). With three digi-
tal thermo probes the temperatures of the cooling medium 
at entry into the solar collector (Ti), at exit from the col-
lector (To) and temperature of the cooling medium in the 
heat tank (Ts) are measured. 

For calculation of the thermal efficiency (1) and elec-
trical efficiency (4) it is necessary, in addition to the 
temperature, to measure the mass flow of the cooling 
medium and irradiation. The coolant flow rate through 
the solar collector (0.01 – 0.03 kg/s per square meter of 
collector) will be measured with ultrasonic flow and heat  
meter. The insolation measurements will be taken by a 
pyranometer (Kipp&Zonnen - CM21) mounted in the 
same plane as the panel. 

Forming the remainder of the data collection suite is 
anemometer. It is important to collect wind speed and 
direction measurements to determine how wind will in-
fluence the efficiency of the panel. An anemometer (P-
670-M) with two mini probes will be mounted on the 
exterior of the assembly, to measure the wind speed. 

Mass flow of the cooling medium, irradiation and 
wind speed change slowly. Neither the voltage nor the 
current have to be sampled very frequently, so a cheaper 
acquisition system can be used, that should have at least 
16 bit A/D conversion, for accuracy. 

 
For capture of digital data from the thermal probes 

and analogue values from the anemometer, piranometer 
and devices for measuring the flow, a special measuring 
system was developed, Figure 9., [10]. The temperature 
signals and signals of other physical values are converted 
into the digital ones, which are sent to the computer in 
packages, via wireless communication.  The measuring 
system is intended as a universal dislocated platform for 
which the operational principle and the operating algo-
rithm can be remotely changed.  

 
 

 
 

Figure 9. Measuring system block diagram 
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The measuring system consists of several parts:  

 
• Bluetooth communication module 
• microcontroller 
• 14-bit ADC 
• Li-ion battery 

 
For wireless communications media BluetoothTM is 

selected for its simplicity of use, high data transfer speed, 
low power consumption, and for safety of the data flow 
(additional safeguards to protect the correctness of the 
packages are not required).  

The heart of the measurement system is PIC18F460 
microcontroller which routes data from the sensors to the 
Bluetooth interface. Each thermo sensor DS18B20 has a 
unique 64-bit serial code, which allows multiple 
DS18B20 to function on the same 1-wire bus. Routines 
for searching, addressing and reading 1-wire temperature 
sensors are integrated in the embedded code of the micro-
controller. 

The measuring system uses 14 bit 8-channel analo-
gue-digital converter connected to the microcontroller via 
a synchronous serial SPI (Serial Peripheral Interface) 
interface. The analogue-digital converter has the input 
voltage range of +/-10 V and the maximal sampling rate 
of 200,000 samples per second. Anemometer, pyranome-
ter and cooling medium flow meter are connected to the 
analogue-digital converter.  

3 DC/DC convertors are built into the measuring sys-
tem since several powering voltages are needed (3.3 V, 
5V, 15V, -15V). The 3.3 V converter is permanently 
switched on and powers only the BluetoothTM module, 
while the other converters are switched on when the suc-
cessful BluetoothTM connection is established. When 
other converters are switched on, the microcontroller is 
also switched on and the system is then ready for work.  

Bluetooth module F2M03GLA is connected to the 
microcontroller via a USART interface, so the system 
acts as a virtual serial port on the host computer. A proto-
col for communication between the PC host and the mea-
surement system was also developed. 

The values of voltage and current of the photovoltaic 
collector, as well as the values of voltage and current on 
the exit of the inverter obtained by a Texas Instruments 
development circuit board are connected to the host com-
puter via Ethernet.  

The data from all of the sensors have to be monitored 
and logged on to the host computer. The application for 
the graphical user interface was developed in the National 
Instruments programming language LABView. The GUI 
application sends commands to the measurement system 
over the Bluetooth virtual serial port and waits for its 
response. The time base of the measurement is generated 
by the host system. The application searches for sensors 
and monitors the temperature and other measured values. 
Monitored values of each sensor together with time base 
are logged in a textual file which is used for further anal-
ysis. Minimum sampling period is limited with the reso-
lution of sensors.  

VI. EXPECTED RESULTS 
The proposed simulation model of the hybrid photo-

voltaic-thermal solar collector tests the dependence of 
electrical and thermal efficiency of a PV/T system on a 
number of factors. The models that can be found in the 
literature are primarily models used within closed spaces, 
with artificial light source. The proposed model is for use 
under real conditions. A research is planned of the model 
behaviour on the area of the City Zagreb, over a longer 
timescale. Also, impact of properties of the model itself 
on its efficiency will be researched. The aim is to deter-
mine the electrical and thermal efficiency depending on 
the type of silicone, type of the cooling medium (air, 
water) and flow of the cooling medium and design of the 
solar collector. It is expected the research will provide 
evaluation of the behavioural efficiency of commercially 
available photovoltaic modules in the PV/T system and 
that it will propose solutions for some of the discovered 
shortcomings of the existing PV/T systems. 

VII. CONCLUSION 
This paper described the model for hybrid photovoltaic 

-thermal solar collector for testing efficiency of the sys-
tem under real life operating conditions. A structure of 
the measuring system was proposed that will be used to 
collect the values required for controlling the flow of the 
cooling medium, and for assessment of electrical and 
thermal efficiency of the photovoltaic module and ther-
mal collector.  
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