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Abstract The main objectives of the present paper are to describe a pilot cogenerative PV/T plant 8 

and discuss its preliminary electrical and thermal experimental data. The PV/T plant is installed in 9 

the campus of the University of Catania, (Catania, Italy) on the eastern coast of Sicily, right in the 10 

centre of the Mediterranean area. The operative conditions of the experimental PV/T plant can be 11 

modified to implement parallel and series electrical and hydronic connections to the PV/T modules. 12 

The electrical and thermal load supplied by the PV/T plant can also be managed in order to simulate 13 

different energy demand scenarios. This study reports the main thermal and electrical operating 14 

parameters of the PV/T plant on the basis of experimental measurements, with the PV/T modules 15 

connected in series. A good level of correspondence was found between the measurements and the 16 

simulations obtained from a model of the system, particularly as regards electrical features. 17 

 18 

Keywords: solar energy; photovoltaic/thermal system; modelling; experimental tests. 19 

 20 

1. Introduction 21 

In the few last years, the development of solar power systems has been led by the Photovoltaic (PV) 22 

technology, which is experiencing rapid, solid growth. Indeed, in 2016 global installed PV capacity 23 

reached a peak of over than 300 GW, corresponding to annual energy output of 365-TWh. At 24 

present, PV technology is used worldwide: in 2016, 24 countries exceeded the 1-GW power level, 25 

six countries reached more than 10 GW of total capacity, four attained more than 40 GW (Japan 26 

42.8 GW, Germany 41.2 GW, USA 40.3 GW) and China alone reached 78 GW [1]. The Si-wafer 27 

based PV technology accounted for about 93% of total output in 2015. Multi-crystalline technology 28 

now generates about 68% of total output. In the last 10 years, the average efficiency of commercial 29 

wafer-based silicon modules has increased from about 12% to 17%. At the same time, CdTe 30 

module efficiency has increased from 9% to 16% [2]. This means that only less than 20% of solar 31 

energy can be converted into electricity, while more than 50% of incident solar radiation is 32 

dissipated as heat. Moreover, the main source of energy losses for a PV plant is the high operating 33 

temperature of PV cells (shading losses are not considered as they are almost exclusively dependent 34 

on array design and the presence of obstacles [3]). 35 

Obviously, module electrical efficiency can be improved by removing the excess heat using active 36 

or passive cooling systems [4]. This latter consideration, together with the reduction in the number 37 

of useful surfaces available for installation of solar thermal systems due to the widespread adoption 38 

of small and medium size PV plants on the roofs of buildings (), has renewed interest in hybrid 39 

Photovoltaic/Thermal (PV/T) collectors. Recent review papers [5,6] have provided a systematic 40 

analysis of the historical and recent trend in PV/T technology, highlighting the performance and 41 

economic feasibility of PV/T systems using different heat transfer fluids and designs and for 42 

different application areas.  43 

A large number of theoretical and experimental studies on PV/T collectors and systems have also 44 

been reported in the literature. The first study on a PV/T system was presented by Wolf in 1976 [7]. 45 
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In 2001, Kalogirou [8] simulated a hybrid photovoltaic–thermal plant installed in Cyprus using 46 

TRNSYS. The results demonstrated that the hybrid system can increase the mean annual efficiency 47 

of the PV solar system from 2.8% to 7.7%. In addition, the PV/T plant can cover up to 49% of a 48 

house's hot water needs, thus increasing the system's mean annual efficiency to 31.7%.  49 

In 2005, M. Bakker et al. [9] simulated PV/T collectors and a ground coupled heat pump in 50 

TRNSYS 25-m2. The results showed that their system was able to meet 100% of the total heat 51 

demand for a typical newly-built one-family dwelling, while covering nearly all its electric energy 52 

demand and keeping the long-term average ground temperature constant. 53 

In meantime, Notton et al. [10] have developed a finite-differences simulation model. This model 54 

was validated using experimental data and let to estimate the cell temperature with a root mean 55 

square error of 1.3 °C. The work was proposed as an alternative to TRNSYS in order to model new 56 

hybrid PV/T collectors and estimate their thermal and electrical performances. 57 

In 2008, Dubey and Tiwari [11] designed one of the first integrated photovoltaic (glass-to-glass) 58 

thermal solar water heater systems and tested it in outdoor conditions in India. They also came up 59 

with an analytical expression for the characteristic equation of PV/T collectors, experimentally 60 

validated for evaluating system performance for various configurations. 61 

Similarly, Erdil et al. [12] have designed and tested a hybrid PV/T system for energy collection in 62 

Cyprus, with water used as the cooling fluid. They reported that 2.8 kWh of thermal energy could 63 

be stored as pre-heated water for domestic utilization with 11.5% electrical energy loss. 64 

In 2010, Corbin and Zhai [13] suggested a new application for PV/T systems. They proposed 65 

integrating PV/T systems into the building façade. These collectors were capable of providing hot 66 

water for domestic use or hydronic space heating with total efficiency of 34.9% and no additional 67 

roof space requirements. 68 

In 2012, Huang et al [14] carried out an experimental study on a PV/T system composed of a 240-69 

W poly-crystalline silicon collector, a 120-L storage tank and a pump. The results showed system 70 

thermal efficiency and photovoltaic conversion efficiency as high as 35.33% and 12.77%, 71 

respectively.  72 

In meantime, Ozgoren et al. [15] studied a system made up of a 190-W PV module and a190-W 73 

PV/T commercial water collector linked to a 175-L storage tank. They experimentally measured a 74 

PV/T collector thermal efficiency of 51% and maximum electrical efficiency of 13.6% for a mass 75 

flow rate of 0.03 kg/s. The electrical efficiency fell to 8% when the PV module temperature was 65 76 

°C. They also observed that for each 100-W/m2 increase in solar radiation value the cell 77 

temperature increased about 1.2 °C for the PV/T system and 5.4 °C for the PV system, respectively.  78 

In 2014, Dupeyrat et al. [16] built a new prototype of a PV/T system that was tested under the same 79 

conditions and requirements for certification tests of thermal collectors. The parameters extracted 80 

from their tests were used in TRNSYS simulations. The results showed that a PV/T system on a 81 

limited roof area provides not only higher total PV and energy output but also higher primary 82 

energy saving than side-by-side installations with conventional ST and PV components. The 83 

increase in electrical output for the equivalent roof area for the PV/T/PV combination was around 84 

12.7% in Paris, 12.6% in Lyon and 10.7% in Nice. 85 

The research of Herrando et al. [17] tried to maximize the supply of both electricity and hot water in 86 

the scenario of an average 3-bedroom terraced house in London, UK, while also maximizing the 87 

total CO2 emission savings. They found out that with a completely covered collector and a flow-88 

rate of 20 L/h, 51% of the total electricity demand and 36% of the total hot water demand over a 89 
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year could be covered by a hybrid PV/T system with a saving of up to 16.0 tons of CO2. In 90 

addition, the electricity demand coverage was slightly higher than the PV-only system equivalent 91 

(49%).  92 

In 2015, Huang and Hsu [18] investigated the performance of a PV/T system made up of six 240-W 93 

PV modules with copper pipes circulating water on the back of a 500-L water tank. Electrical 94 

efficiency was 13.26% and thermal efficiency 17.34% in the zero-reduction condition. The average 95 

performance ratio of the PV/T system was 86%.  96 

Aste et al [19] developed a PV/T system simulation model and evaluated its accuracy by means of 97 

an experimental monitoring campaign on a prototype. The collector was installed at the Politecnico 98 

di Milano, Italy, experimental station, with tilt angle of 30° and azimuth equal to 0°. The 125-W 99 

unglazed PV/T collector was connected to an insulated 200-L storage tank. They measured thermal 100 

and electrical performance in December. They found a daily mean PV/T electrical efficiency of 101 

6.0% and thermal energy efficiency of 25%. 102 

Allan J et al. [20] developed a new methodology to characterize the performance of PV/T collectors 103 

using an indoor solar simulator. In particular, they studied different PV/T system configurations 104 

and, in agreement with other studies, they found that serpentine collectors have the highest 105 

combined efficiency in comparison with other configurations. 106 

In 2017, Bianchini et al [21] started to monitor the potential of a commercial PV/T solar collector 107 

for supplying electricity and thermal energy for domestic hot water (DHW) production in central 108 

Italy (or central-southern Europe in general).  109 

Ramos et al [22] started to assess the technical potential and basic economic implications of 110 

integrating PV/T systems in the domestic sector, specifically regarding the provision of combined 111 

heating, cooling and electricity. They proposed different solutions for 4–5 person households, with 112 

a 100 m2 floor area and 50 m2 rooftop area available for installation of solar collectors, in ten 113 

selected European locations with distinct climatic conditions, using annualized data of varying 114 

temporal resolution. They found out that the most efficient system configuration involves the 115 

coupling of PV/T to water-to-water heat pumps. In addition, TRNSYS analyses indicated that PV/T 116 

systems were capable of covering 60% of the combined heating demands and almost 100% of the 117 

cooling demands of the households examined in middle and low European latitude regions. 118 

The studies reported in the literature have therefore shown that PVT/T systems offer some 119 

advantages as compared with PV or solar thermal systems alone. 120 

However, the literature survey revealed that, although many studies have investigated the PV/T 121 

system, there are relatively few works based on experimental research [10, 12, 13, 14, 15, 19, 21, 122 

22, 23, 24, 25]. In particular, only two of these studies [14, 24] refer to unglazed PV/T systems.   123 

The present study investigates the performance of a pilot plant constructed using unglazed PV/T 124 

panels installed in the campus of the University of Catania (Catania, Italy).   125 

Therefore, since the existing experimental studies [14] and [19] were performed in Taiwan and 126 

Milan respectively, one of the novelties of this research is the study of an unglazed PV/T system in 127 

a typical Mediterranean climate.  Moreover, the PV/T modules used are not thermally insulated. 128 

This characteristic should allow the achievement of a good compromise between the thermal and 129 

electrical performances of PV/T panels in a mild climate. This means accepting higher heat losses 130 

in winter and lower PV cell temperatures in summer. 131 

Therefore, we believe that this study could help to increase knowledge of the performances of 132 

unglazed, uninsulated PV/T plants in the Mediterranean area. 133 
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With the aim of enriching the state of the art of PV/T systems, this paper reports the 134 

implementation, simulation and preliminary experimental validation of a pilot water-cooled PV/T 135 

plant. The system is described from a hardware point of view, providing details on both the 136 

hydronic and the electrical sections. The software adopted to monitor and control the plant is also 137 

described. The system was modelled using TRNSYS and simulation results were compared with the 138 

experimental data collected during a one-week period.  139 

The preliminary results indicate that the model developed in TRNSYS is quite reliable for 140 

simulating the behaviour of a PV/T system in the climatic conditions and with the design solutions 141 

used in this study. 142 

 143 

2. PV/T solar plant description 144 

 145 

One of the distinctive features of the proposed PV/T system is its high degree of flexibility, 146 

allowing simultaneous management of both the electrical and the thermal load to emulate different 147 

energy demand scenarios. Moreover, it is possible to switch the collectors' electrical and hydronic 148 

connections in order modify the plant's operative conditions from parallel to series connection of 149 

the PV/T modules in terms of both subsystems.  150 

In a PV/T plant, the hybrid modules constitute the connection point between the electrical and the 151 

hydronic subsystems.  152 

The PV/T solar plant consists of two Dualsun™ (France) modules. Table 1 contains the main 153 

geometric, electric and thermal characteristics of the modules defined according to EN 12975-154 

1:2006 test methods. 155 

Table 1: technical characteristics of the PV/T module 156 

 157 

 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

General data Electrical data   
Length 1667 mm Number of cells 60 

Width 990 mm Cell type (dimensions) 
Monocrystalline 

(156mm x 156mm) 

Frame thickness 40 mm Nominal power, PMPP 250 Wp 
Weight 
whenempty/filled 

30/31.7 Kg Module efficiency,  15.4 % 

Thermal data Power tolerance ±3 % 
Gross area 1.66 m2 Rated voltage, VMPP 30.7 V 
Aperture area 1.6 m2 Rated current, IMPP 8.15 A 
Heat transfer liquid vol. 1.7 l Open circuit voltage, Voc 38.5 V 
Heat transfer liquid water Short circuit current, Isc 8.55 A 

Maximum temp. 74.7 °C Maximum system voltage 1000 V 

Max. operating pressure 1.2 Bar Reverse current load 15 A 
Pressure loss per module 6000 Pa at 200 l/h NOCT 49 °C 

Water inlet/outlet 15/21 mm Connectors MC4PLUS 

Thermal efficiency Application class Class A 

Optical efficiency a0 55 % Thermal coeff. Voc -0.32 %/K 

heat loss coefficient a1 15.76 W/K/m2 Thermal coeff. Isc 0.048 %/K 
heat loss coefficient a2 0 W/K2/m2 Efficiency loss with temperature -0.44 %/°C 
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Thermal energy is transferred to the fluid by means of a rigid ultra-thin heat exchanger, completely 175 

integrated into the collector, which governs the heat transfer between the PV/T module front side 176 

and the fluid circulating on the back side. 177 

The modules are installed on the roof of building 13 of the University Campus of Catania (Lat. 178 

37.5256 N, Long. 15.0746 E), with a tilt angle β = 25° and azimuth angle γ=0° (South-facing). The 179 

tilt angle can be changed manually from 15° to 60°, with an angle step, ∆β, equal to 5°. Fig.1 shows 180 

the deployed PV/T array and a detail of the structure allowing to modification of the tilt angle.  181 

 182 

 183 
Fig. 1. Mounting structure: a) PV/T modules – b) Tilt angle setting structure, β. 184 

 185 

The outline of the thermal section of the PV/T solar plant is shown in Fig. 2. The main components 186 

of the hydronic circuit are: two PV/T modules; one solar thermal tank with two heat exchangers; 187 

one water pump; ten temperature sensors; four flow meters (although in case of series connection 188 

only two are used); one data acquisition system; safety components; water shut-off valves; three-189 

way valves; one dry cooler. The function of the dry cooler loop, or secondary circuit, is to emulate 190 

the energy demand for domestic hot water production.  191 

The PV/T hydronic system designed allows series or parallel connection of the two modules, which 192 

can be selected by means of flow divider valves. The capability for modifying the configuration of 193 

the PV/T plant has a dual purpose: to test the operation of the two modules subjected to different 194 

conditions of shading (parallel connection) and to evaluate the variation of the electrical efficiency 195 

due to non-uniform temperature between the modules (series connection).  196 

Three-way valves manage the flow rates circulating in the two modules with the aim of controlling 197 

their operating temperatures in accordance with weather conditions (irradiance, ambient 198 

temperature, wind speed) and thermal energy demand. 199 

The hydronic circuit variables measured are: inlet and outlet temperatures of the operative fluid 200 

(water) at the inlet and outlet of each module, namely TMi,in and TMi,out, at the inlet and outlet of the 201 

thermal solar tank, TST,in and TST,out, at the bottom and in the top of the solar tank, TST,up and TST,dw , 202 

as well as the fluid volumetric flowrate, ms. The temperatures, TCout and TCin, and cooling 203 
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volumetric flowrate, mc, are also measured in the cooling circuit. The temperatures in the back of 204 

the modules (TM1,b and TM2,b) are measured as well.  205 

 206 

 207 

Fig. 2. Diagram of the hydronic section of the PV/T plant with the measured variables. 208 

 209 

Table 2 contains the main characteristics of the hydronic circuit. Fig. 3 shows the installed hydronic 210 

section of the PV/T plant. 211 

 212 

Table 2 – main characteristics of the hydronic circuit. 213 

Pump Solar Thermal tank Cooling device  Pipes 
Maximum 
flow rate 

Power water tank 
Water thermal 

capacity 
Nominal power 

 
Pipe length 

Pipe 
diameter 

55 l/min 3-45 W 0.185 m3 4.174 (kJ/kg.K) 5000 W 40 m 16 mm 
 214 

 215 

 216 

Fig. 3. View of the hydronic section of the PV/T plant. 217 

 218 
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Fig. 4 shows a close-up of the power and measurement boxes. The switchboard contains the main 219 

switches which supply power to the solenoid valve, the cooling circuit, the pump and all the 220 

components for control of the whole system. A remote-controlled relay card is used to manage the 221 

three-way valves. The data acquisition units (DAQ) are installed in the box on the right and acquire 222 

the analogic and digital signals measured on the PV/T plant and send them to a PC with a 223 

Supervisory Control and Data Acquisition (SCADA) system, as detailed in Section 5.   224 

 225 

 226 

Fig. 4. PV/T plant power and measurement boxes. 227 
 228 

The Hydronic circuit is managed using the strategy commonly adopted to control conventional solar 229 

thermal systems, based on monitoring of the temperature in the solar thermal tank. The primary 230 

circuit pump is turned on when TM1out is 5-°C higher than the temperature in the lower part of the 231 

solar thermal tank, and is switched off when TST,dw-TM1out is lower than 2°C. Finally, when the 232 

temperature inside the solar thermal tank reaches a given set-up value, the dry cooler is turned on.  233 

Environmental data, such as global and diffuse solar radiation, wind speed and direction, ambient 234 

temperature, humidity and air pressure, are measured by a weather station placed close to the PV/T 235 

modules. All the sensors are connected to the control unit, placed in an external box, which 236 

transfers the sensor data to the PC through Ethernet [26]. Data from the PV/T solar plant and local 237 

weather station are stored in a dedicated SCADA with 1 min. acquisition rate. A web page was 238 

created to allow the users to remotely monitor or set the parameters governing the PV/T plant, as 239 

detailed in Section 5. 240 

Therefore, the plant described is an effective research tool, allowing the study of PV/T systems with 241 

different configurations and different application scenarios. 242 

 243 

3. Hardware and software setup for electrical performance analysis 244 

 245 

The main electrical characteristics of the PV/T modules, measured by the manufacturer in Standard 246 

Test Conditions (STC) and of the string, with modules series or parallel connected, are contained in 247 

Table 3. 248 

 249 

DAQ units 

RELAY CARD 
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Table 3 – Module electrical values (measured at STC conditions) in series and parallel configuration. 250 

 Isc (A) Voc(V) Impp (A) Vmmp (V) Pp (W) 
module M1 8.664 38.645 8.089 31.376 253.813 
module M2 8.654 38.607 8.103 31.545 255.597 

Series 8.55 77 8.15 61.4 500 
Parallel 17.1 38.5 16.3 30.7 500 

 251 

As already mentioned, the PV/T modules can be connected both in series and in parallel. Fig. 5 252 

shows the wiring diagram of the PV/T electrical circuit in series configuration. The connectors of 253 

the PV/T string, or of just one module, and the sensor cable, are connected to two separate sections 254 

of the switchboard installed on the roof (QBTP). Then the cables leaving QBTP are connected to 255 

another switchboard (QBTS), containing the electrical switching and power distribution gear. The 256 

two connectors of the PV/T string are coupled to an Agilent N3300A programmable electronic load 257 

(EL). 258 

The EL is connected by means of a GPIB cable/card to a Personal Computer (PC). The PC is 259 

programmed with a tool developed in Labview® environment allowing the EL to be controlled in a 260 

way that sets a specific operating point for the photovoltaic string. Three different electrical 261 

operating modes can be selected: 1) open circuit, 2) I-V curve and 3) Maximum Power Point 262 

Tracking (MPPT). This program also controls the electrical output of the modules. 263 

Moreover, the measured irradiance on the plane of the PV/T modules, G, and the two back side 264 

temperatures, TM1,b and TM2,b are conveyed to the NI cDAQ 9188, so these data are also shown in 265 

real time by means of the Labview® program developed.    266 

 267 

 268 

Fig. 5. PV/T system wiring diagram. 269 

 270 

Selection of one of the different operating modes available allows the performance of experimental 271 

tests to evaluate the impact of the electrical operating point on the module working temperatures. 272 

For standard PV modules, it was evaluated that PV module temperatures can vary by up to 5°C in 273 

response to the switch from the no-load to the maximum power condition [27, 28]. PV module 274 

temperature is therefore a crucial parameter for optimal management of the PV/T system. 275 

 276 
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 277 

4. Model of the PV/T system in TRNSYS 278 

 279 

A numerical study was developed using the TRNSYS 17 software in order to evaluate the thermal 280 

and electrical energy, the relative efficiencies and the transient behaviour of the PV/T plant.  281 

As shown in fig. 6, the system consists of two main circuits: 282 

a) solar loop (PV/T systems with a hot water storage tank) 283 

b) cooling circuit (including storage and energy demand). 284 

The TRNSYS user interface allows the connection of single components (called types) available in 285 

the program library, e.g. solar collector, pump, controller, heat exchanger. The model developed in 286 

TRNSYS mainly consist of the type shown in Table 4. TRNSYS solves the set of algebraic or 287 

differential equations that govern the different components with a user-selectable time step.  288 

 289 

 290 

Fig. 6. Model of the PV/T plant 291 

 292 

Table 4: Type used for the PV/T modelling 293 

Type 109 1b 94a 3d 60d 2b 92 24 

Name 
Weather 

data 
Solar 

collector 
PV 

module  
Pump Storage 

Tank 
Controller Cooling 

circuit 
Integral 
operator 

 294 

The mathematical description of each type can be found in the TRNSYS manuals.  295 

One peculiarity of this PV/T model is the approach used for defining the features of the PV/T 296 

module. 297 

The type available in the TRNSYS library (type 50), needs values of  τ, α, UL and F ' as input data to 298 

characterize the thermal performance the PV/T module.  299 

Currently,  some PV/T modules, such as Dualsun modules, are tested in accordance with  UNI EN 300 

12975, which provides values of η0,  a1 and a2.  This hitch could be overcome converting data 301 

based on one standard (η0,  a1 and a2) with another (based on τ, α, UL and F ') [solar collecting 302 

testing], or by fitting available experimental data. 303 
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However, even if such a procedure is feasible it could be subject to some inaccuracies compared to 304 

data obtained from laboratory tests. 305 

Therefore, the PV/T module was defined using two distinct systems: one consisting of a solar 306 

thermal collector and the other of a photovoltaic module, operating in parallel. The performances of 307 

the thermal and photovoltaic modules were then evaluated, taking the mutual interference between 308 

the two systems into account. 309 

This approach also allows use of the output of the photovoltaic type, i.e. current and voltage, for 310 

testing the plant's electrical performance. 311 

It has to be pointed out that the approximation involved in the ways in which this study models two 312 

different components might lead to deviations between the experimental and the theoretical results.  313 

 314 

As far as the photovoltaic system is concerned, the efficiency was calculated using the data 315 

provided by the producer and the temperature dependence of the photovoltaic cells, which in turn is 316 

coupled with the temperature of the thermal fluid (see eq. 7). 317 

The efficiency of the thermal system was calculated with the aid of a simplified model using the 318 

modified solar radiation GT [28]. GT is calculated from the solar radiation “G” by subtracting the 319 

amount of solar energy converted by the photovoltaic effect (see eq. 3). 320 

Weather data 321 

The study was carried out using the weather data measured by the wheather station mentioned in 322 

Section 2, from 3 to 9 May, 2017. The data, originally collected in a Microsoft Office Excel® file, 323 

was converted into text format using a Matlab® script and then implemented within Type 109. 324 

Solar collector (Type 1b) 325 

The thermal efficiency of the solar thermal collector, ηth, was calculated through eq. 1 in steady-326 

state conditions, while the thermal power is given in (2).  327 

 328 

( )2

210
++ ∆⋅⋅−∆⋅−= mTmth TGaTaaη           (1) 329 

 330 

 331 

thTSTth GAP η⋅−=
 

                (2) 332 

 333 

where 334 

 a0=0.55, a1 =15.76   W⁄(m2 K),a2 =0 W⁄(m2 K2) and �T+m is the true mean fluid temperature 335 

difference [29]. GT is the modified solar radiation calculated by subtracting from the solar radiation, 336 

G, the amount of solar energy converted by the photovoltaic effect, thus expressed by eq. 3,  337 

 338 

( )elT GG η−⋅= 1          (3) 339 

 340 

Assessment of the thermal efficiency in quasi-dynamic conditions also takes into account the wind 341 

effect and the thermal inertia of the PV/T solar system (ISO 9806:2013). However, for wind 342 

velocity lower than 4 m/s, the quasi-dynamic and steady-state models give comparable results for 343 

most collector designs. 344 

In addition, the thermal power, Pth, produced by the PV/T solar plant in fig. 2 can be expressed as a 345 

function of the temperature difference between the water inlet and the outlet as  346 
 347 
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( )inMoutMth TTCmP ,2,1 −⋅⋅=
 

        (4) 348 

 349 

where ms is the mass flowrate and C is the fluid specific heat. 350 

 351 

PV module 352 

In table 3 the electrical values of the PV modules are referred to STC (GSTC= 1000 W/m2 of 353 

global solar radiation PV module temperature of 25 °C). However, as we are all aware PV modules 354 

do not usually work at STC, and the electrical features provided in table 3 vary when they operate 355 

under different environmental conditions. Consequently, the actual DC power, Pel, differs from the 356 

nominal one, Pnom, due to variations in the module temperature, TPV, and/or solar radiation, G. 357 

Therefore, the efficiency, ηel, is defined as the ratio between measured Pel and the product of the 358 

solar radiation G and the surface area of modules APV: 359 

 360 

GA

P

PV

el
el ⋅

=η            (5) 361 

 362 

In the model designed, an external operator is introduced with the aim of calculating electrical 363 

efficiency as a function of module cell temperature, TPV (see eq. 6). 364 

Module cell temperature is in turn defined as a function of the average of the inlet and outlet 365 

temperatures of the thermal fluid in the solar collector. The electrical efficiency is then calculated 366 

by 367 

 368 

( )[ ]250044.01154.0 −⋅−⋅= PVel Tη        (6) 369 

 370 

where TPV is calculated as  371 

 372 

( )

2

2
,,









+

+

=
a

outMinM

PV

T
TT

T         (7) 373 

 374 

Equation 7 was derived by modifying the models available in the literature [30], which adopt the 375 

mean temperature of the cooling fluid, in accordance with results obtained from our experimental 376 

survey on this PV/T plant. 377 

 378 

In order to evaluate the performance of the PV plant over time, IEC standard 61724:1998 introduces 379 

the array yield, YA, and the reference yield, YR. YA is defined as the ratio between the electrical 380 

energy produced in a defined time interval, Eel, and the nominal electrical power, Pnom. The array 381 

yield represents the number of hours in which the PV modules work at their peak value in the 382 

defined time interval: 383 

 384 

nom

el
A P

E
Y =           (8) 385 
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YR is defined as the ratio between the solar radiation energy per surface unit, H, evaluated in the 386 

considered time interval and GSTC:  387 

 388 

STC
R G

H
Y =           (9) 389 

 390 

Finally, the performance ratio, PR, is defined as the ratio between the array yield YA and the 391 

reference yield YR:  392 

 393 

PR = YA/YR           (10)  394 

 395 

Therefore, PR provides the ratio between the nominal and actual efficiency of the PV plant. 396 

Solar Storage Tank (Type 60d) 397 

Type 60d allows modelling of a stratified cylindrical vertical storage tank with an inlet and an outlet 398 

flow rate and two internal heat exchangers (inlet 1 and 2). The heat exchanger, in the lower part of 399 

the solar storage tank, is connected with the solar collector circuit, while the heat exchanger, in the 400 

upper part of the storage tank, is connected with the auxiliary device. The inputs required are the 401 

flow rates at inlets 1 and 2 and the tank volume, which is 0.189 m3. The average temperature of the 402 

tank is used as input for the ON/OFF controller that operates the pump. The type was set without 403 

considering thermal stratification. 404 

 405 

Auxiliary cooling device (Type 92) 406 

In this study, the auxiliary cooling device simulates DHW energy demand. The operating principle 407 

requires the cooling device to remove energy from the solar tank until a given temperature value 408 

(e.g., 40°C) is reached inside the solar tank. The thermal energy extracted by the solar tank is the 409 

useful thermal energy produced by the PV/T plant at the selected thermal level. 410 

Integral Operator (Type 24) 411 

The thermal energy transferred to the thermal storage Eth and the electricity produced,during the 412 

time period t1-t2, Eel are calculated by means of the integral operator,  413 

 414 

dtTCmE
t

t

th ⋅∆⋅⋅= ∫
2

1

&           (11) 415 

where: 416 

          m& = water flow rate    417 

          
Kkg

kJ
C

⋅
= 186.4  418 

         ( )outSTinST TTT __ −=∆    419 

 420 

dtAGE elPV

t

t

el ⋅⋅⋅= ∫ η
2

1

         (12) 421 

 422 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

5. Experimental results  423 

 424 

The PV/T plant is monitored in real time by means of a dedicated SCADA system. The SCADA 425 

adopts low-cost commercial off-the-shelf sensors and components. The data acquisition board is the 426 

ICPDAS ET-7017 (20 analog single-ended channels with programmable input range). The 427 

information provided by the data acquisition board is acquired by a web-based application. The 428 

system can be interfaced to any device through the standard MODBUS TCP/IP protocol. The 429 

adoption of the TCP/IP version of MODBUS protocol allows the connection of a virtually 430 

unlimited number of masters and slaves over local networks and/or the World Wide Web. Among 431 

the main features, the software is capable of storing data from the individual sensors on a database; 432 

plotting stored data; viewing the captured data in real time; carrying out operations on aggregate 433 

data; generating periodic graphical and/or text file reports and sending them via e-mail; generating 434 

e-mail alerts and alarms and allowing remote access to the database via a web browser.  435 

Fig. 7 shows a screenshot of the web page of the PV/T plant (accessible at 436 

http://moses.pvt.dieei.unict.it:8081), where the current configuration and the value of the operative 437 

variables (thermal, electrical and environmental) are reported in real time (inside the red boxes). 438 
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0,0l/min0,0l/min

0,0l/min
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V2: 29,70V

C: 1,01A

 439 

Fig. 7 Graphical view of the SCADA system 440 

 441 

The architecture of the PV/T plant allows the temperature inside the storage tank to be managed by 442 

defining the temperature set-point that switches on the cooling device. Different scenarios of daily 443 

heat demand curves may be simulated by choosing the set points of the temperature inside the hot 444 
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water storage tank [31]. Consequently, the global efficiency (thermal plus electrical efficiency) of 445 

the PV/T modules can be evaluated as a function of the different enthalpic level of the water in the 446 

solar tank. In fact, the global efficiency of a PV/T plant strongly depends on the operating 447 

temperatures. In other words, when the thermal level of the user demand is low, the PV module 448 

works at its maximum power point; in contrast, when the requested thermal level is high, electricity 449 

production is reduced due to the increase in PV cell temperature. 450 

Below, the preliminary results obtained during a week of operation of the system in a single 451 

scenario are reported and discussed. The PV/T plant was set with the two modules connected in 452 

series, and the set-point temperature of 45°C in the upper part of the hot water storage tank (TST_up) 453 

had to be exceeded to switch on the cooling device. 454 

Fig. 8 shows the plots of a week of measurements, from 3 to 9 May, 2017, of the following 455 

variables: irradiance on the plane of the modules (G); ambient temperature (Tair); temperature of the 456 

lower part of the storage tanks (TST,dw); and temperature at the outlet of module 1 (TM1,out). In the 457 

period over 7-8 May there is an interruption in the recorded data due to a malfunction of a couple of 458 

thermal sensors. 459 

 460 

 461 

Fig. 8.  Solar radiation (G), air temperature (Tair), M1 outlet temperature (TM1,out), solar tank temperature (TST_dw),  462 

 463 

During the monitored period, the temperature in the upper part of the hot water storage tank (TST_up) 464 

never exceeded 45°C, the temperature set point that activated the cooling device, so thermal energy 465 

was not extracted from the solar tank.  466 

Regarding the electrical configuration, the two series-connected modules are operated at the 467 

maximum power point. The monitoring system acquires both the voltage and the current of each 468 

PV/T module, so the performances of the two modules are available separately.  469 

Figs. 9 and 10 show the weekly variation of the electrical power (Pel,Mi) and the module back side 470 

temperature (TMi,b) of PV/T modules M2 and M1, respectively.  471 
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 472 

Fig. 9. Photovoltaic temperature and electrical power of PV/T module M2 473 

 474 

Fig 10. Photovoltaic temperature and electrical power of PV/T module M1 475 

 476 

It can be seen that M2 has lower back side temperature than M1. This result is in agreement with 477 

the series-connection of the modules, which implies that the circulating fluid first enters M2 and 478 

then flows to M1. The maximum difference in the back temperatures is 3.0-4.0 °C, so the impact on 479 

the amount of electricity generated is quite low. Indeed, considering that the thermal power 480 

coefficient of the PV modules is -0.44%/°C (see Table 1), the increase in the electrical power 481 

generated is almost 1.5 %. 482 

 483 

6. Comparison with simulation results 484 

 485 

In this section the experimental data are compared with the results of the simulation performed 486 

using TRNSYS. This makes it possible to evaluate the accuracy of the model of the PV/T plant 487 

simulated in TRNSYS environment.  488 

The percentage error between experimental and simulation data for some representative variables 489 

was calculated. The parameters considered were the thermal (∆Eth) and electrical (∆Eef) energy 490 

produced by the PV/T plant, the outlet temperature (∆TM1,out ) and the voltage (∆VM1) of module 1. 491 

Table 5 shows the percentage error between simulated and experimental data. 492 
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Table 5: Percentage error between simulated and experimental data 493 

 Min (%) Mean (%) Max (%) 
∆TM1,out 0.009 6.53 27.58 
∆VM1  0.03 4.35 23.49 
∆Eth 2.22 12.04 28.31 
∆Eel 4.23 5.29 8.02 

 494 

It can be seen that there is a wide range of variation in the percentage errors, with minimum values 495 

that are rather small, while the maximum values are rather high. Reflecting the complexity of the 496 

two sub-systems, the errors of the electrical parameters are lower than the errors observed for the 497 

thermal parameters. However, the mean errors may be acceptable considering the approximation 498 

affecting both the experimental and the simulation data.  499 

The following figures depict the daily comparisons between the measured and simulated data. Fig. 500 

11 compares the simulated and measured voltage of module M1. Module voltage is well known to 501 

be significantly affected by cell temperature, so this comparison allows assessment of the accuracy 502 

of the equation used for calculating TPV (eq. 7). The two sets of data are in good agreement, 503 

especially during the central part of the day. However, the experimental values are significantly 504 

higher than the simulated ones in the early hours of the day, when the solar radiation is feeble. 505 

These discrepancies may be ascribed to inaccuracy of the MPPT algorithm at low solar radiation 506 

values. In these conditions, the module voltage tends to reach the open circuit voltage value (Voc). 507 

 508 

 509 

Fig. 11. Comparisons between simulated and measured voltage of PV/T module M1 510 

Figs. 12 and 13 show the comparisons between electrical power (Pel) and electrical efficiency (η,el). 511 

The modelled efficiency fits the experimental data quite well, whereas greater differences emerge 512 

between the two sets of electrical power values. This may be due to simplified model adopted for 513 

describing the electrical part of the PV/T module, since only thermal losses were considered, 514 

leaving aside other losses such as shading, soiling, optical losses, joule losses and MPPT losses. 515 

 516 
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 517 

Fig. 12.  Comparisons between experimental and simulated electric power (Pel) 518 

 519 

 520 

Fig. 13.  Comparisons between experimental and simulated electric efficiency (ηel) 521 

As regards the thermal features, figure 14 displays the comparison between the measured 522 

temperature at the outlet of the PV/T module, TM1out_exp, and the simulated value, TM1out_sim, which 523 

are the highest hydronic circuit fluid temperatures. 524 

 525 
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 526 

Fig. 14. Comparisons between experimental and simulated temperatures at the outlet of PV/T module M1 527 

The trend of the two temperature sets is fairly comparable, with some significant differences during 528 

the second part of the day (after midday), when the increase in the temperature inside the solar tank 529 

causes the pump to stop. After this, it takes some time for the PV/T system to restart the pump, due 530 

to its inertia. In contrast, in the simulation, the modular outlet temperature rises rapidly and the 531 

pump restarts quickly. Obviously, it will be necessary to define a different control strategy to 532 

realign the model with the experimental plant.  533 

Fig. 15 shows the comparison between the mean temperature measured inside the solar thermal 534 

tank, TST_exp, and the simulated value, TST_sim, where TST_exp is calculated by  535 

( )
2

__
exp_

dwSTupST
ST

TT
T

+
=         (13) 536 

 537 

Fig. 15.  Comparisons between experimental and simulated temperatures in the solar tank TST 538 

Once again, the trends of the two temperature sets are fairly comparable. However, on some days 539 

obvious differences emerge between the experimental and simulated data, which may be partially 540 

attributed to the discrepancies in the module outlet temperature already highlighted. Moreover, 541 
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temperature sensor measurement errors may play an important role. On 7 May, the experimental 542 

values of TST are not reported due to a fault in the temperature sensors. 543 

Finally, the energy production of the PV/T plant is reported. Figure 16 displays the comparison of 544 

the daily thermal energies exchanged between the PV/T modules and the solar storage tank.  545 

 546 

 547 

Fig. 16. Comparison of daily thermal energies: simulated (Eth,sim) and experimental (Eth,exp) 548 

Overall, the matching between experimental and simulated data is good. On 6 May, the 549 

performance of the PV/T plant was poorer than on the other days. This is because the temperatures 550 

inside the solar tank are higher than the solar collector outlet temperatures. This condition turns off 551 

the pump and prevents the supply of energy to the solar tank.  552 

Fig. 17 shows the daily values of the array yield, YA, reference yield, YR, and performance ratio, 553 

PR, of the two modules.  554 

 555 

Fig. 17. Daily value of the array yield, YA, reference yield, YR and performance ratio (PR) of the two modules 556 

PR is calculated as a function of both YA and YR by eq. 9-10. During the first two days, the hottest 557 

module M1 performed better, but this is due to a shading problem, since the difference in power is 558 
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not justified by the difference in the TPV temperatures, whereas for the last five days the 559 

performances of the two modules are in accordance with the thermal analysis. It is worth noting that 560 

the PV/T modules always have a PR value higher than 88%, this means that the effective efficiency 561 

of the module is about 10% less than the nominal one. This result is comparable with that observed 562 

by [21]. 563 

7.  Conclusions  564 

This paper describes a pilot cogenerative PV/T plant installed in the campus of the University of 565 

Catania (Catania, Italy).  566 

The energy demand may be varied through management of the cooler device and the electronic load 567 

(controlled and monitored by a specially developed software). This feature makes the system 568 

flexible in determining the electrical and thermal operating points of the PV/T modules. Although 569 

the PV/T plant is able to operate in both series and parallel configuration, this study only reports on 570 

preliminary tests conducted with the modules connected in series. The experimental survey 571 

provides useful data on the system’s behavior and energy performances.  572 

A TRNSYS model of the PV/T plant was also produced and the results of the simulations are 573 

reported. The comparison between the numerical data and the measurements is also presented. 574 

From this point of view, it was observed that the two sets of data are fairly comparable, with 575 

average errors of 12.04% and 5.29% respectively for the thermal and electrical energy produced by 576 

the system. Although the reported results are limited to a very short period, they provide some 577 

useful indications on the performances of a PV/T plant installed in the Mediterranean area. 578 

The further development of this study is in the direction of extending the monitored period to one 579 

year, to obtain a complete analysis of the system also during the winter, and also to check the 580 

precision of the TRNSYS model in different weather conditions. 581 

 582 
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 656 
Nomenclature 657 

APV =  area of the PV modules (m2) 658 

AST =  area of the solar thermal absorber (m2) 659 

a0 = ratio between the thermal power produced and a given solar radiation when there are  not heat losses  660 

a1 = linear coefficient of thermal dispersion,  661 

a2 = quadratic coefficient of thermal dispersion ,  662 

C =  specific heat      (kJ/kg°C) 663 

Eel = electrical energy (kWh) 664 

Eth = thermal energy      (kWh) 665 

G= solar irradiation  (W/m2) 666 

GSTC= solar irradiation at STC (W/m2) 667 

GT = modified solar radiation (W/m2) 668 

H =  Solar Radiation (kWh/m2) 669 

kθ = Incident Angle Modifier (IAM)  670 

 = mass flow rate of cooler circuit (kg/s) 671 

 = mass flow rate of solar circuit (kg/s) 672 

Pnom = nominal electrical power (kW) 673 

PPV  =  electrical power (kW) 674 

Pth  = thermal power  (kW) 675 

Tair = outdoor temperature (°C) 676 

Tc,in = water temperature at the inlet of  cooling circuit  (°C) 677 

Tc,out = water temperature at the outlet of  cooling circuit  (°C) 678 

TMi,in = water temperature at the inlet of  PV/T module “i” (°C) 679 

TMi,out = water temperature at the outlet of  PV/T module “i” (°C) 680 

TMi,b = temperature measured at the back  PV/T module “i” (°C) 681 

TPV = temperature of PV cells (°) 682 

TST = average temperature in the storage solar tank   683 

TST,in = water temperature at the inlet of  storage solar tank  (°C) 684 

TST,out = water temperature at the outlet of  storage solar tank  (°C) 685 

TST,dw= water temperature in the lower part of  storage solar tank  (°C) 686 

TST,up = water temperature in the upper part of  storage solar tank  (°C) 687 

YA = array yield  (Wh/W) 688 

YR = reference yield (Wh/W) 689 

 690 

 691 

Greek symbols 692 

β = tilt angle of the PV/T module (°) 693 

γ = azimuth angle  (°) 694 

�T+m =  true mean fluid temperature difference (°C) 695 

η = efficiency 696 

 697 

Subscript  698 

c=cooling 699 

el = electrical 700 

exp= experimental 701 

i= index of PV/T modules [1, 2] 702 

s=solar 703 

sim = simulated 704 

ST = solar tank 705 

therm = thermal 706 

 707 

Acronyms 708 
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DHW=domestic hot water 709 

EL  = electronic load 710 

PR = Performance Ratio 711 

QBTP=primary panel at low voltage 712 

QBTS=secondary panel board at low voltage electrical board 713 

SCADA =  Supervisory Control and Data Acquisition 714 

STC = Standard Test Condition 715 


