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Description and performance analysis
of a flexible Photovoltaic/Thermal (PV/T) solar 3

Antonio Gaglian8 Giuseppe M. Tirfa, Francesco NocetaAlfio Dario Grassd Stefano Anefi

2University of Catania, Electric, Electronics andn@mter Engineering Department, V.le A.Doria n.5126 Catania, Italy

Abstract The main objectives of the present paper are sorthee a pilot cogenerative PV/T plant
and discuss its preliminary electrical and thersglerimental data. The PV/T plant is installed in
the campus of the University of Catania, (Catahédy) on the eastern coast of Sicily, right in the
centre of the Mediterranean area. The operativeitons of the experimental PV/T plant can be
modified to implement parallel and series electrazal hydronic connections to the PV/T modules.
The electrical and thermal load supplied by theTPMant can also be managed in order to simulate
different energy demand scenarios. This study tepiie main thermal and electrical operating
parameters of the PV/T plant on the basis of erpantal measurements, with the PV/T modules
connected in series. A good level of correspondevee found between the measurements and the
simulations obtained from a model of the systemtjqdarly as regards electrical features.

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

1. Introduction

In the few last years, the development of solargrosystems has been led by the Photovoltaic (PV)
technology, which is experiencing rapid, solid gtlewindeed, in 2016 global installed PV capacity
reached a peak of over than 300 GW, correspondingnhual energy output of 365-TWh. At
present, PV technology is used worldwide: in 20246 countries exceeded the 1-GW power level,
six countries reached more than 10 GW of total ciégpafour attained more than 40 GW (Japan
42.8 GW, Germany 41.2 GW, USA 40.3 GW) and Chimmalreached 78 GW [1]. The Si-wafer
based PV technology accounted for about 93% of ¢taiiput in 2015. Multi-crystalline technology
now generates about 68% of total output. In thel@syears, the average efficiency of commercial
wafer-based silicon modules has increased from tab@% to 17%. At the same time, CdTe
module efficiency has increased from 9% to 16% J2jis means that only less than 20% of solar
energy can be converted into electricity, while endhan 50% of incident solar radiation is
dissipated as heat. Moreover, the main source efggriosses for a PV plant is the high operating
temperature of PV cells (shading losses are natidered as they are almost exclusively dependent
on array design and the presence of obstacles [3]).

Obviously, module electrical efficiency can be imyEd by removing the excess heat using active
or passive cooling systems [4]. This latter consitien, together with the reduction in the number
of useful surfaces available for installation olasdhermal systems due to the widespread adoption
of small and medium size PV plants on the roof®wfdings (), has renewed interest in hybrid
Photovoltaic/Thermal (PV/T) collectors. Recent esvipapers [5,6] have provided a systematic
analysis of the historical and recent trend in P¥&&hnology, highlighting the performance and
economic feasibility of PV/T systems using diffardreat transfer fluids and designs and for
different application areas.

A large number of theoretical and experimental iss@dn PV/T collectors and systems have also
been reported in the literature. The first studyadPV/T system was presented by Wolf in 1976 [7].
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In 2001, Kalogirou [8] simulated a hybrid photowitt-thermal plant installed in Cyprus using
TRNSYS. The results demonstrated that the hybrstlesy can increase the mean annual efficiency
of the PV solar system from 2.8% to 7.7%. In additithe PV/T plant can cover up to 49% of a
house's hot water needs, thus increasing the sgste@an annual efficiency to 31.7%.

In 2005, M. Bakker et al. [9] simulated PV/T colieis and a ground coupled heat pump in
TRNSYS 25-m2. The results showed that their systeas able to meet 100% of the total heat
demand for a typical newly-built one-family dwellinwhile covering nearly all its electric energy
demand and keeping the long-term average grounpeieture constant.

In meantime, Notton et al. [10] have developednéédidifferences simulation model. This model
was validated using experimental data and let tonase the cell temperature with a root mean
square error of 1.3 °C. The work was proposed adtamative to TRNSYS in order to model new
hybrid PV/T collectors and estimate their thermad alectrical performances.

In 2008, Dubey and Tiwari [11] designed one of fingt integrated photovoltaic (glass-to-glass)
thermal solar water heater systems and testedatiicioor conditions in India. They also came up
with an analytical expression for the charactarigiquation of PV/T collectors, experimentally
validated for evaluating system performance forowe configurations.

Similarly, Erdil et al. [12] have designed and éeksa hybrid PV/T system for energy collection in
Cyprus, with water used as the cooling fluid. Thegorted that 2.8 kwh of thermal energy could
be stored as pre-heated water for domestic uitizatith 11.5% electrical energy loss.

In 2010, Corbin and Zhai [13] suggested a new appbtin for PV/T systems. They proposed
integrating PV/T systems into the building facafleese collectors were capable of providing hot
water for domestic use or hydronic space heatirtg total efficiency of 34.9% and no additional
roof space requirements.

In 2012, Huang et al [14] carried out an experirakstudy on a PV/T system composed of a 240-
W poly-crystalline silicon collector, a 120-L stgetank and a pump. The results showed system
thermal efficiency and photovoltaic conversion @fincy as high as 35.33% and 12.77%,
respectively.

In meantime, Ozgoren et al. [15] studied a systemlerup of a 190-W PV module and a190-W
PV/T commercial water collector linked to a 175tbrage tank. They experimentally measured a
PVIT collector thermal efficiency of 51% and maximelectrical efficiency of 13.6% for a mass
flow rate of 0.03 kg/s. The electrical efficien@flfto 8% when the PV module temperature was 65
°C. They also observed that for each 100-W/m2 ms@ein solar radiation value the cell
temperature increased about 1.2 °C for the PV/Tesysind 5.4 °C for the PV system, respectively.
In 2014, Dupeyrat et al. [16] built a new prototygfea PV/T system that was tested under the same
conditions and requirements for certification testshermal collectors. The parameters extracted
from their tests were used in TRNSYS simulationse Tesults showed that a PV/T system on a
limited roof area provides not only higher total Rvid energy output but also higher primary
energy saving than side-by-side installations witnmventional ST and PV components. The
increase in electrical output for the equivalerdfrarea for the PV/T/PV combination was around
12.7% in Paris, 12.6% in Lyon and 10.7% in Nice.

The research of Herrando et al. [17] tried to mazénthe supply of both electricity and hot water in
the scenario of an average 3-bedroom terraced hausendon, UK, while also maximizing the
total CO2 emission savings. They found out thahwitcompletely covered collector and a flow-
rate of 20 L/h, 51% of the total electricity demaanal 36% of the total hot water demand over a
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year could be covered by a hybrid PV/T system watBaving of up to 16.0 tons of CO2. In
addition, the electricity demand coverage was 8iyghigher than the PV-only system equivalent
(49%).

In 2015, Huang and Hsu [18] investigated the pentorce of a PV/T system made up of six 240-W
PV modules with copper pipes circulating water ba back of a 500-L water tank. Electrical
efficiency was 13.26% and thermal efficiency 17.3#%the zero-reduction condition. The average
performance ratio of the PV/T system was 86%.

Aste et al [19] developed a PV/T system simulatitodel and evaluated its accuracy by means of
an experimental monitoring campaign on a prototyifie collector was installed at the Politecnico
di Milano, Italy, experimental station, with tilhgle of 30° and azimuth equal to 0°. The 125-W
unglazed PV/T collector was connected to an inedl200-L storage tank. They measured thermal
and electrical performance in December. They foandaily mean PV/T electricalfficiency of
6.0% and thermal energyfieiency of 25%.

Allan J et al. [20] developed a new methodologgliaracterize the performance of PV/T collectors
using an indoor solar simulator. In particular,ytletudied different PV/T system configurations
and, in agreement with other studies, they fourat @erpentine collectors have the highest
combined efficiency in comparison with other coofigtions.

In 2017, Bianchini et al [21] started to monitoe thotential of a commercial PV/T solar collector
for supplying electricity and thermal energy fomuestic hot water (DHW) production in central
Italy (or central-southern Europe in general).

Ramos et al [22] started to assess the technid&npal and basic economic implications of
integrating PV/T systems in the domestic sectoecigally regarding the provision of combined
heating, cooling and electricity. They proposededént solutions for 4-5 person households, with
a 100 m2 floor area and 50 m2 rooftop area avail&i installation of solar collectors, in ten
selected European locations with distinct climatanditions, using annualized data of varying
temporal resolution. They found out that the md$tient system configuration involves the
coupling of PV/T to water-to-water heat pumps. didition, TRNSYS analyses indicated that PV/T
systems were capable of covering 60% of the condbireating demands and almost 100% of the
cooling demands of the households examined in middt low European latitude regions.

The studies reported in the literature have theeefshown that PVT/T systems offer some
advantages as compared with PV or solar thermé&mgsalone.

However, the literature survey revealed that, allomany studies have investigated the PV/T
system, there are relatively few works based oreemxental research [10, 12, 13, 14, 15, 19, 21,
22, 23, 24, 25]. In particular, only two of thesedses [14, 24] refer to unglazed PV/T systems.

The present study investigates the performance mfoa plant constructed using unglazed PV/T
panels installed in the campus of the Universit€afania (Catania, Italy).

Therefore, since the existing experimental stuflield and [19] were performed in Taiwan and
Milan respectively, one of the novelties of thisgarch is the study of an unglazed PV/T system in
a typical Mediterranean climate. Moreover, the PWodules used are not thermally insulated.
This characteristic should allow the achievemena @ood compromise between the thermal and
electrical performances of PV/T panels in a mildhete. This means accepting higher heat losses
in winter and lower PV cell temperatures in summer.

Therefore, we believe that this study could helgnicrease knowledge of the performances of
unglazed, uninsulated PV/T plants in the Meditezeanarea.
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With the aim of enriching the state of the art o¥//P systems, this paper reports the
implementation, simulation and preliminary expenmag validation of a pilot water-cooled PV/T
plant. The system is described from a hardwaretpoinview, providing details on both the
hydronic and the electrical sections. The softwadepted to monitor and control the plant is also
described. The system was modelled using TRNSY Samalation results were compared with the
experimental data collected during a one-week gerio

The preliminary results indicate that the model eleped in TRNSYS is quite reliable for
simulating the behaviour of a PV/T system in thenatic conditions and with the design solutions
used in this study.

2. PVIT solar plant description

One of the distinctive features of the proposedTP¥ystem is its high degree of flexibility,
allowing simultaneous management of both the etadtand the thermal load to emulate different
energy demand scenarios. Moreover, it is possthknitch the collectors' electrical and hydronic
connections in order modify the plant's operativaditions from parallel to series connection of
the PV/T modules in terms of both subsystems.

In a PV/T plant, the hybrid modules constitute to@nection point between the electrical and the
hydronic subsystems.

The PV/T solar plant consists of two Dualsun™ (Egnmodules. Table 1 contains the main
geometric, electric and thermal characteristicgshaf modules defined according to EN 12975-

1:2006 test methods.
Table 1: technical characteristics of the PV/T nmiedu

General data Electrical data
Length 1667 mm | Number of cells 60
Width 990 mm | Cell type (dimensions) (1l\ggnmorﬁr)3:sltgllgrr:1em
Frame thickness 40 mm| Nominal powepeP 250 Wp
var?é%r;tmpty/filled 30/31.7 Kg | Module efficiency, 15.4 %

Thermal data Power tolerance +3 %
Gross area 1.66 m |Rated voltage, Mer 30.7 \Y
Aperture area 1.6 m |Rated currentyep 8.15 A
Heat transfer liquid vol, 1.7 I Open circuit voleg g/, 38.5 V
Heat transfer liquid water Short circuit current, | 8.55 A
Maximum temp. 74.7 °C | Maximum system voltage 1000
Max. operating pressure 1.2 Bar | Reverse current load 15 A
Pressure loss per modul6000 Pa at 200 I/h NOCT 49 °C
Water inlet/outlet 15/21 ‘ mm | Connectors MC4PLUS

Thermal efficiency Application class Class A

Optical efficiency g 55 % Thermal coeff. Y -0.32 %/K
heat loss coefficienta | 15.76 | W/K/nf [Thermal coeff. . 0.048 %/K
heat loss coefficienta 0 W/K?m? |Efficiency loss with temperatute -0.44 %/°C
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Thermal energy is transferred to the fluid by meaina rigid ultra-thin heat exchanger, completely
integrated into the collector, which governs thathteansfer between the PV/T module front side
and the fluid circulating on the back side.

The modules are installed on the roof of buildir® df the University Campus of Catania (Lat.
37.5256 N, Longl15.0746 E), with a tilt anglg = 25° and azimuth angle0° (South-facing). The
tilt angle can be changed manually from 15° to 8@th an angle ste@\f, equal to 5°. Fig.1 shows
the deployed PV/T array and a detail of the stmgcalowing to modification of the tilt angle.

Fig. 1. Mounting structure: a) PV/T modules — bl} &ngle setting structurg,

The outline of the thermal section of the PV/T saglant is shown in Fig. 2. The main components
of the hydronic circuit are: two PV/T modules; osmar thermal tank with two heat exchangers;
one water pump; ten temperature sensors; four flmters (although in case of series connection
only two are used); one data acquisition systerfgtysa&omponents; water shut-off valves; three-
way valves; one dry cooler. The function of the dopler loop, or secondary circuit, is to emulate
the energy demand for domestic hot water production

The PV/T hydronic system designed allows serigsaoallel connection of the two modules, which
can be selected by means of flow divider valves Gépability for modifying the configuration of
the PV/T plant has a dual purpose: to test theabiper of the two modules subjected to different
conditions of shading (parallel connection) an@valuate the variation of the electrical efficiency
due to non-uniform temperature between the modsksses connection).

Three-way valves manage the flow rates circulatintne two modules with the aim of controlling
their operating temperatures in accordance with thvega conditions (irradiance, ambient
temperature, wind speed) and thermal energy demand.

The hydronic circuit variables measured are: ialetl outlet temperatures of the operative fluid
(water) at the inlet and outlet of each module, @lgmM; i, and TM oy, at the inlet and outlet of the
thermal solar tank, gk inand Tstous at the bottom and in the top of the solar tards,.Jand Tst,qw,

as well as the fluid volumetric flowrate, smThe temperatures, cJi: and Tcin, and cooling

5



204  volumetric flowrate, g are also measured in the cooling circuit. Theperatures in the back of
205 the modules (f1pand Tuzp) are measured as well.

206
viM, (™ PVTM ()
Sout 1 i \
2 Al { ls; ) 1 T:uu: )
r 1 [ —P—| 51 TR W Cooler
ol E5
[ Tz, \ J Thas, v
in in A e
ol CISMA
dw
207 A&
208 Fig. 2. Diagram of the hydronic section of the Pylant with the measured variables.
209

210 Table 2 contains the main characteristics of thardwyic circuit. Fig. 3 shows the installed hydronic
211  section of the PV/T plant.

212
213 Table 2 — main characteristics of the hydronicugitc
Pump Solar Thermal tank Cooling device Pipes

Maximum Water thermal | Nominal power| . Pipe
flow rate Power water tank capacity Pipe length diameter
55 I/min 3-45 W 0.185 th | 4.174 (kJ/kg.K) 5000 W 40 m 16 mm

214

215

216

217 Fig. 3. View of the hydronic section of the PV/Tapt.

218
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Fig. 4 shows a close-up of the power and measurebox@s. The switchboard contains the main
switches which supply power to the solenoid vales cooling circuit, the pump and all the
components for control of the whole system. A resvmintrolled relay card is used to manage the
three-way valves. The data acquisition units (DA installed in the box on the right and acquire
the analogic and digital signals measured on théTPRMant and send them to a PC with a
Supervisory Control and Data Acquisition (SCADA¥®mM, as detailed in Section 5.

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

The Hydronic circuit is managed using the strategymonly adopted to control conventional solar
thermal systems, based on monitoring of the tenwperan the solar thermal tank. The primary
circuit pump is turned on whenyloy: is 5-°C higher than the temperature in the lowaat pf the
solar thermal tank, and is switched off whegr drTmiout IS lower than 2°C. Finally, when the
temperature inside the solar thermal tank reaclypgea set-up value, the dry cooler is turned on.
Environmental data, such as global and diffusersaldiation, wind speed and direction, ambient
temperature, humidity and air pressure, are meddwe weather station placed close to the PV/T
modules. All the sensors are connected to the a@lontnit, placed in an external box, which
transfers the sensor data to the PC through Ethgtée Data from the PV/T solar plant and local
weather station are stored in a dedicated SCADA itmin. acquisition rate. A web page was
created to allow the users to remotely monitoreairtee parameters governing the PV/T plant, as
detailed in Section 5.

Therefore, the plant described is an effectiveaedetool, allowing the study of PV/T systems with
different configurations and different applicatiscenarios.

3. Hardware and softwar e setup for electrical performance analysis
The main electrical characteristics of the PV/T mled, measured by the manufacturer in Standard

Test Conditions (STC) and of the string, with m@suseries or parallel connected, are contained in
Table 3.



250 Table 3 — Module electrical values (measured at 83iilitions) in series and parallel configuration.

Isc (A) Voc(V) Impp (A) Vmmp (V) Pp (W)

module M 8.664 38.645 8.089 31.376 253.813
module M 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
252  As already mentioned, the PV/T modules can be adrdeboth in series and in parallel. Fig. 5

253  shows the wiring diagram of the PV/T electricalkuit in series configuration. The connectors of
254  the PVI/T string, or of just one module, and thesserable, are connected to two separate sections
255  of the switchboard installed on the roof (QBTP)eftthe cables leaving QBTP are connected to
256  another switchboard (QBTS), containing the eleatrswitching and power distribution gear. The
257  two connectors of the PV/T string are coupled tAgilent N3300A programmable electronic load
258  (EL).

259 The EL is connected by means of a GPIB cable/card Personal Computer (PC). The PC is
260 programmed with a tool developed in Labview® envinent allowing the EL to be controlled in a
261 way that sets a specific operating point for thetpwoltaic string. Three different electrical
262  operating modes can be selected: 1) open circhit;\2 curve and 3) Maximum Power Point
263  Tracking (MPPT). This program also controls thec&leal output of the modules.

264  Moreover, the measured irradiance on the pland@fRV/T modules, G, and the two back side
265 temperatures, J1p and Ty2p are conveyed to the NI cDAQ 9188, so these daao shown in
266 real time by means of the Labview® program devaiope

267
D o Tz
Toviz
QBTP i
=
G1 : Radlatlon sensor
Tpvt: Thermo reslstor PT100
.| asTS QBTP : Primary panel board at low voltage
- QBTS : Secondary panel board at low voltage
LABVIEW
N3300A il =
LAN )
. |NI cDAQ-9188
268
269 Fig. 5. PV/T system wiring diagram.
270

271 Selection of one of the different operating modeailable allows the performance of experimental
272 tests to evaluate the impact of the electrical afpeg point on the module working temperatures.
273 For standard PV modules, it was evaluated that Bdule temperatures can vary by up to 5°C in
274  response to the switch from the no-load to the marin power condition [27, 28]. PV module
275  temperature is therefore a crucial parameter ftin@ management of the PV/T system.

276
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4. Mode of the PV/T systemin TRNSYS

A numerical study was developed using the TRNSYSdfvare in order to evaluate the thermal
and electrical energy, the relative efficiencied #re transient behaviour of the PV/T plant.
As shown in fig. 6, the system consists of two n@iouits:

a) solar loop (PVIT systems with a hot water storage)

b) cooling circuit (including storage and energy ded)an
The TRNSYS user interface allows the connectiorimfle components (called types) available in
the program library, e.g. solar collector, pummteoller, heat exchanger. The model developed in
TRNSYS mainly consist of the type shown in TableTRNSYS solves the set of algebraic or
differential equations that govern the differentnpmnents with a user-selectable time step.

‘. """"""""""""""""""""""" " """"""""""""""""""""""""
(.-g B R = e e e e e
.‘ B e e e e e e ¥
v CT_17 '
R poeneees ; > " 4 > Y
| ‘ 4 ¥
Y ; ' PVT_th
; Y
; : = <
- e < -ee ’ —~ < I
= e
PVTel 4_---_l';‘l:-n-a;:arr:)cesscnr Pump I storage
Fig. 6. Model of the PV/T plant
Table 4: Type used for the PV/T modelling
Type 109 1b 94a 3d 60d 2b 92 24
Weather Solar PV Pump | Storage | Controller | Cooling | Integral
Name S
data collector | module Tank circuit | operator

The mathematical description of each type can badan the TRNSYS manuals.

One peculiarity of this PV/T model is the approaded for defining the features of the PV/T
module.

The type available in the TRNSYS library (type 5@eds values of, o, U_ andF ' as input data to
characterize the thermal performance the PV/T nmeodul

Currently, some PV/T modules, such as Dualsun mesdare tested in accordance with  UNI EN
12975, which provides values 90, al and a2. This hitch could be overcome cdimgedata
based on one standamb,( & and @) with another (based o a, U. and F ') [solar collecting
testing], or by fitting available experimental data
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However, even if such a procedure is feasible uldde subject to some inaccuracies compared to
data obtained from laboratory tests.

Therefore, the PV/T module was defined using twstiict systems: one consisting of a solar
thermal collector and the other of a photovoltamduoie, operating in parallel. The performances of
the thermal and photovoltaic modules were thenuastet, taking the mutual interference between
the two systems into account.

This approach also allows use of the output ofphetovoltaic type, i.e. current and voltage, for
testing the plant's electrical performance.

It has to be pointed out that the approximatiorolmed in the ways in which this study models two
different components might lead to deviations betwihe experimental and the theoretical results.

As far as the photovoltaic system is concerned, dffieiency was calculated using the data
provided by the producer and the temperature degpmedof the photovoltaic cells, which in turn is
coupled with the temperature of the thermal flsdg eq. 7).

The efficiency of the thermal system was calculatétth the aid of a simplified model using the
modified solar radiation $[28]. Gy is calculated from the solar radiation “G” by swalsting the
amount of solar energy converted by the photovokéect (see eq. 3).

Weather data

The study was carried out using the weather datsured by the wheather station mentioned in
Section 2, from 3 to 9 May, 2017. The data, oritijjneollected in a Microsoft Office Exceffile,
was converted into text format using a Maflaleript and then implemented within Type 109.

Solar collector (Type 1b)

The thermal efficiency of the solar thermal coltect,, was calculated through eq. 1 in steady-
state conditions, while the thermal power is giure(R).

Ny =8, —a, AT, -a, [G; [(ATn: )2 (1)
Prn = Asr —G; [y, (2)
where

2=0.55, a=15.76  Wm? K),a =0 W(m? K?) and AT'm is the true mean fluid temperature
difference [29]. G is the modified solar radiation calculated by satting from the solar radiation,
G, the amount of solar energy converted by the@iudtaic effect, thus expressed by eq. 3,

G, =Gt-n,) (3)

Assessment of the thermal efficiency in quasi-dyicatonditions also takes into account the wind
effect and the thermal inertia of the PV/T solasteyn (ISO 9806:2013). However, for wind
velocity lower than 4 m/s, the quasi-dynamic arehdy-state models give comparable results for
most collector designs.

In addition, the thermal powery,Pproduced by the PV/T solar plant in fig. 2 carelzspressed as a
function of the temperature difference betweeniheer inlet and the outlet as

10
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Pn =mLC EQTM Lot = Tw2in ) (4)

where mis the mass flowrate and C is the fluid specigath

PV module

In table 3 the electrical values of the PV modudes referred to STC (GSTC= 1000 W/m2 of
global solar radiation PV module temperature of@h However, as we are all aware PV modules
do not usually work at STC, and the electrical dead provided in table 3 vary when they operate
under different environmental conditions. Consedjyethe actual DC power, R differs from the
nominal one, Rm due to variations in the module temperaturg,, Bnd/or solar radiation, G.
Therefore, the efficiencyye, is defined as the ratio between measurg@m the product of the
solar radiation G and the surface area of modujgs A

Pel
Ay B

g = )

In the model designed, an external operator idhiced with the aim of calculating electrical
efficiency as a function of module cell temperatdmeV (see eq. 6).

Module cell temperature is in turn defined as acfiom of the average of the inlet and outlet
temperatures of the thermal fluid in the solarexlbr. The electrical efficiency is then calculated

by

ny = 0154[J1- 0.0044L{T,, - 25)] (6)

where By is calculated as

(TM ,in + TM ,out ) + T
2 a

Ty = 5 (7)

Equation 7 was derived by modifying the models lakéde in the literature [30], which adopt the
mean temperature of the cooling fluid, in accor@awith results obtained from our experimental
survey on this PV/T plant.

In order to evaluate the performance of the PVpdaer time, IEC standard 61724:1998 introduces
the array yield, X, and the reference yield,rYYa is defined as the ratio between the electrical
energy produced in a defined time interval, Bnd the nominal electrical powerR The array
yield represents the number of hours in which thMenfodules work at their peak value in the
defined time interval:

Eq

Y, = P

(8)

om
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Yr is defined as the ratio between the solar radiagioergy per surface unit, H, evaluated in the
considered time interval ands¢z:

H

Y. =
" GSTC

9)

Finally, the performance ratio, PR, is defined las tatio between the array yield, Yand the
reference yield ¥:

PR = Ya/YR (10)

Therefore, PR provides the ratio between the nonaimé actual efficiency of the PV plant.

Solar Storage Tank (Type 60d)

Type 60d allows modelling of a stratified cylindaiavertical storage tank with an inlet and an dutle
flow rate and two internal heat exchangers (inlendl 2). The heat exchanger, in the lower part of
the solar storage tank, is connected with the smlector circuit, while the heat exchanger, ie th
upper part of the storage tank, is connected wiéhauxiliary device. The inputs required are the
flow rates at inlets 1 and 2 and the tank volumeictvis 0.189 m The average temperature of the
tank is used as input for the ON/OFF controllett thygerates the pump. The type was set without
considering thermal stratification.

Auxiliary cooling device (Type 92)

In this study, the auxiliary cooling device simelstDHW energy demand. The operating principle
requires the cooling device to remove energy frm dolar tank until a given temperature value
(e.g., 40°C) is reached inside the solar tank. fhleemal energy extracted by the solar tank is the
useful thermal energy produced by the PV/T platihatselected thermal level.

I ntegral Operator (Type 24)
The thermal energy transferred to the thermal g, and the electricity produced,during the
time period 1-t,, Eqjarecalculated by means of the integral operator,

t2
E,, = [MIC AT Cot (11)
t1
where:
m= water flow rate
C= 4186k—‘]
kg [K

AT = (TSI'_in _TST_out)

E, =[G, m, (12)

12
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5. Experimental results

The PVIT plant is monitored in real time by meaha aedicated SCADA system. The SCADA
adopts low-cost commercial off-the-shelf sensos @mponents. The data acquisition board is the
ICPDAS ET-7017 (20 analog single-ended channeldh vatogrammable input range). The
information provided by the data acquisition bo&dacquired by a web-based application. The
system can be interfaced to any device throughsthedard MODBUS TCP/IP protocol. The
adoption of the TCP/IP version of MODBUS protocdloas the connection of a virtually
unlimited number of masters and slaves over loealvarks and/or the World Wide Web. Among
the main features, the software is capable ofrgjadiata from the individual sensors on a database;
plotting stored data; viewing the captured dataeia time; carrying out operations on aggregate
data; generating periodic graphical and/or text féports and sending them via e-mail; generating
e-mail alerts and alarms and allowing remote actte®e database via a web browser.

Fig. 7 shows a screenshot of the web page of the/T Pyglant (accessible at
http://moses.pvt.dieei.unict.it:8081), where thereat configuration and the value of the operative
variables (thermal, electrical and environmented)raported in real time (inside the red boxes).

Vi: 29,22V
C:1,01A

LEGEND OF SYMBOLS to

Solar

[=]  Valve closed
pd

pump n
Valve open unit ) 15,5C
¥ - . '
A alve three-way diverting fenout)
) Temperature probe

Flovmster

Pipe with flow

______ Pipe without flow 19,0°C {788

T

Fig. 7 Graphical view of the SCADA system

The architecture of the PV/T plant allows the terapee inside the storage tank to be managed by
defining the temperature set-point that switcheshencooling device. Different scenarios of daily
heat demand curves may be simulated by choosingethpoints of the temperature inside the hot

13
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water storage tank [31]. Consequently, the gloffidiency (thermal plus electrical efficiency) of
the PV/T modules can be evaluated as a functigheotlifferent enthalpic level of the water in the
solar tank. In fact, the global efficiency of a FVplant strongly depends on the operating
temperatures. In other words, when the thermall le/¢he user demand is low, the PV module
works at its maximum power point; in contrast, whiea requested thermal level is high, electricity
production is reduced due to the increase in PMesiperature.

Below, the preliminary results obtained during aelveof operation of the system in a single
scenario are reported and discussed. The PV/T plastset with the two modules connected in
series, and the set-point temperature of 45°Cerutiper part of the hot water storage tand (h
had to be exceeded to switch on the cooling device.

Fig. 8 shows the plots of a week of measurementsn 3 to 9 May, 2017, of the following
variables: irradiance on the plane of the modul®s &mbient temperature {J; temperature of the
lower part of the storage tanksshy); and temperature at the outlet of module $1(l). In the
period over 7-8 May there is an interruption in teeorded data due to a malfunction of a couple of
thermal sensors.

. % [ | e\ AN\
T o . ™~ i Y Y 0 Mt 0\ e o
§ o ) / .‘*ﬂ\\ 1\ I\ R\ LA
g j:z \41% r A w l(_ AV T&, \J- Y&% \‘"ﬂ\wr’ -
o | / o\ [ [ | /
oo | / | [ [ / | "
0o J / \ / \ / \/ J

Fig. 8. Solar radiation (G), air temperaturg{TM1 outlet temperature (i} .9, solar tank temperature 4 4),

During the monitored period, the temperature inupper part of the hot water storage tank: (I
never exceeded 45°C, the temperature set poinattiaated the cooling device, so thermal energy
was not extracted from the solar tank.

Regarding the electrical configuration, the twoieseconnected modules are operated at the
maximum power point. The monitoring system acqubeth the voltage and the current of each
PV/T module, so the performances of the two modatesavailable separately.

Figs. 9 and 10 show the weekly variation of thecteleal power (B vi) and the module back side
temperature (i p) of PV/T modules M2 and M1, respectively.
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Fig. 9. Photovoltaic temperature and electrical goaf PV/T module M2

—Pel,M1 —TM1,b
400.0 -
350.0 - - 40.00
300.0 -
- 30,00 o
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< 2000 - =
a - 20.00
150.0 -
100.0 - | 10.00
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0.0 0.00
3/5 0:00 4/5 0:00 5/5 0:00 6/5 0:00 7/5 0:00 8/5 0:00 9/5 0:00 10/5 0:00

Fig 10. Photovoltaic temperature and electrical goef PV/T module M1

It can be seen that M2 has lower back side temyrerdlhan M1. This result is in agreement with
the series-connection of the modules, which implies the circulating fluid first enters M2 and
then flows to M1. The maximum difference in the lbtemperatures is 3.0-4.0 °C, so the impact on
the amount of electricity generated is quite lowdded, considering that the thermal power
coefficient of the PV modules is -0.44%/°C (see |€ab), the increase in the electrical power
generated is almost 1.5 %.

6. Comparison with ssimulation results

In this section the experimental data are comparigldl the results of the simulation performed
using TRNSYS. This makes it possible to evaluate abcuracy of the model of the PV/T plant
simulated in TRNSYS environment.

The percentage error between experimental and aiionldata for some representative variables
was calculated. The parameters considered weré¢hdrenal QAEy,) and electrical AE«) energy
produced by the PV/T plant, the outlet tempera{i®, ... ) and the voltageAVy;) of module 1.

Table 5 shows the percentage error between sindudete: experimental data.
15
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Table 5: Percentage error between simulated aneriexental data

Min (%) Mean (%) Max (%)
AT w1 ou 0.009 6.53 27.58
AV 0.03 4.35 23.49
AEy 2.22 12.04 28.31
AEg 4.23 5.29 8.02

It can be seen that there is a wide range of vaniah the percentage errors, with minimum values
that are rather small, while the maximum valuesratker high. Reflecting the complexity of the
two sub-systems, the errors of the electrical patama are lower than the errors observed for the
thermal parameters. However, the mean errors magcbeptable considering the approximation
affecting both the experimental and the simulatata.

The following figures depict the daily comparisdretween the measured and simulated data. Fig.
11 compares the simulated and measured voltageodiiles M1. Module voltage is well known to
be significantly affected by cell temperature, Bis tomparison allows assessment of the accuracy
of the equation used for calculatingyT(eq. 7). The two sets of data are in good agreemen
especially during the central part of the day. Hesve the experimental values are significantly
higher than the simulated ones in the early ho@ih® day, when the solar radiation is feeble.
These discrepancies may be ascribed to inaccurathedVIPPT algorithm at low solar radiation
values. In these conditions, the module voltagdgea reach the open circuit voltage valugy(V

Voltage,exp = ----- Voltage,sim
40
35
a0 l{h\;}}] :1"-.. rk' - T :ll"'\ r\w :L =
=25
]
Eﬂ 20
-_g 15
10
5
0
3/50:00 4/50:00 5/50:00 6/50:00 7/50:00 8&/50:00 9/50:00 10/50:00

Fig. 11. Comparisons between simulated and measwottaje of PV/T module M1

Figs. 12 and 13 show the comparisons between ielgiower (R) and electrical efficiencyr(e)).

The modelled efficiency fits the experimental dgtate well, whereas greater differences emerge
between the two sets of electrical power valuess fmay be due to simplified model adopted for
describing the electrical part of the PV/T moduéce only thermal losses were considered,
leaving aside other losses such as shading, sodpigcal losses, joule losses and MPPT losses.
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522 As regards the thermal features, figure 14 displdys comparison between the measured
523 temperature at the outlet of the PV/T modul@ol: exp and the simulated valueutout sim Which
524  are the highest hydronic circuit fluid temperatures
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Fig. 14. Comparisons between experimental and siteditemperatures at the outlet of PV/T module M1

The trend of the two temperature sets is fairly parable, with some significant differences during
the second part of the day (after midday), whenribeease in the temperature inside the solar tank
causes the pump to stop. After this, it takes stime for the PV/T system to restart the pump, due
to its inertia. In contrast, in the simulation, thmodular outlet temperature rises rapidly and the
pump restarts quickly. Obviously, it will be necssto define a different control strategy to
realign the model with the experimental plant.

Fig. 15 shows the comparison between the mean rampe measured inside the solar thermal
tank, Tst_exp @nd the simulated values sim Where Er _expiS calculated by

TST _exp =

(TST_up _;TST_dw) (13)

45.0
—TSTexp  ==== TST,sim

40.0

35.0

temperature [°C]

25.0

20.0
3/5 0:00 4/5 0:00 5/5 0:00 6/5 0:00 7/5 0:00 8/5 0:00 9/5 0:00 10/5 0:00

Fig. 15. Comparisons between experimental and simulateddgatures in the solar tank-T

Once again, the trends of the two temperatureasets$airly comparable. However, on some days
obvious differences emerge between the experimanilsimulated data, which may be partially
attributed to the discrepancies in the module oudenperature already highlighted. Moreover,
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temperature sensor measurement errors may plamnaortant role. On 7 May, the experimental
values of Erare not reported due to a fault in the temperatansors.

Finally, the energy production of the PV/T planteéported. Figure 16 displays the comparison of
the daily thermal energies exchanged between thi& Riddules and the solar storage tank.

M Eth, sim M Eth,exp

2.000
1.800
1.600
1.400
1.200
1.000
0.800
0.600
0.400
0.200
0.000

thermal energy [kWh]

3/5 4/5 5/5 B6/5 7/5 8/5 9/5

Fig. 16. Comparison of daily thermal energies: sated (E, i) and experimental (e

Overall, the matching between experimental and kited data is good. On 6 May, the
performance of the PV/T plant was poorer than @ndifner days. This is because the temperatures
inside the solar tank are higher than the soldectar outlet temperatures. This condition turnfs of
the pump and prevents the supply of energy todles sank.

Fig. 17 shows the daily values of the array yi&lé, reference yield, YR, and performance ratio,
Pr, of the two modules.

EYR BYAM1 EYAMZ mPRM1 ePRM2

7.50 95%
| |
= 7.00 - I3%
. L ]
2 . . u u i 2 91%
= 6.50 -
J— o
= . 89%
<1
-
6.00 I I 279,
5.50 85%

03/05 04/05 05/05 06/05 07/05 08/05 09/05

Fig. 17. Daily value of the array yield, YA, refaee yield, YR and performance ratio (PR) of the madules

PR is calculated as a function of both YA and YRelyy 9-10. During the first two days, the hottest
module M1 performed better, but this is due to adsig problem, since the difference in power is
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not justified by the difference in the TPV tempearas, whereas for the last five days the
performances of the two modules are in accordanitetihe thermal analysis. It is worth noting that
the PV/T modules always have a PR value higher 8886, this means that the effective efficiency
of the module is about 10% less than the nominal ®his result is comparable with that observed
by [21].

7. Conclusions

This paper describes a pilot cogenerative PV/T tpilastalled in the campus of the University of
Catania (Catania, Italy).

The energy demand may be varied through managevhém cooler device and the electronic load
(controlled and monitored by a specially develoedtware). This feature makes the system
flexible in determining the electrical and thernoglerating points of the PV/T modules. Although
the PV/T plant is able to operate in both serias @arallel configuration, this study only reports o
preliminary tests conducted with the modules cotetedn series. The experimental survey
provides useful data on the system’s behavior aedgy performances.

A TRNSYS model of the PV/T plant was also produesd the results of the simulations are
reported. The comparison between the numerical datathe measurements is also presented.
From this point of view, it was observed that the tsets of data are fairly comparable, with
average errors of 12.04% and 5.29% respectivelyhimthermal and electrical energy produced by
the system. Although the reported results are dichito a very short period, they provide some
useful indications on the performances of a PVAnpinstalled in the Mediterranean area.

The further development of this study is in theediion of extending the monitored period to one
year, to obtain a complete analysis of the systésa during the winter, and also to check the
precision of the TRNSYS model in different weatbenditions.
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Nomenclature

Apy = area of the PV modules 3m

Asr = area of the solar thermal absorbef)(m

a = ratio between the thermal power produced andgengsolar radiation when there are not heat kbsse
a, = linear coefficient of thermal dispersion,

a = quadratic coefficient of thermal dispersion ,
C = specific heat  (kJ/kg°C)

E, = electrical energy (kwh)

Ey, = thermal energy  (kWh)

G= solar irradiation (WIR)

Gsrc= solar irradiation at STC (W/h

Gt = modified solar radiation (W/Hh

H = Solar Radiation (kWh/fM

ke = Incident Angle Modifier (IAM)

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

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

Pnom = nominal electrical power (kW)

Pey = electrical power (kW)

Py, = thermal power (kW)

Tair = outdoor temperature (°C)

Tein= water temperature at the inlet of cooling citc(fiC)

Teout= Water temperature at the outlet of cooling Gtrd@C)

Twmiin = Water temperature at the inlet of PV/T modulg*C)
Twiout= Water temperature at the outlet of PV/T modiil¢*C)
Twmip = temperature measured at the back PV/T modul€d)

Tpy = temperature of PV cells (°)

Tst= average temperature in the storage solar tank

Tsrin= water temperature at the inlet of storage dalak (°C)
Tst.ow= Water temperature at the outlet of storage dalék (°C)
Tsr.aw= Water temperature in the lower part of storagardank (°C)
Tsrup= Water temperature in the upper part of storagr sank (°C)
Y = array yield (Wh/W)

Y = reference yield (Wh/W)

Greek symbols

B = tilt angle of the PV/T module (°)

vy = azimuth angle (°)

AT'm = true mean fluid temperature difference (°C)
n = efficiency

Subscript

c=cooling

el = electrical

exp= experimental

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

sim = simulated

ST = solar tank

therm = thermal

Acronyms
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709
710
711
712
713
714
715

DHW=domestic hot water

EL = electronic load

PR = Performance Ratio

QBTP=primary panel at low voltage

QBTS=secondary panel board at low voltage eledtbicard
SCADA = Supervisory Control and Data Acquisition
STC = Standard Test Condition
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