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Abstract— A theoretical and experimental analysis of a
thermal-photovoltaic panel, whose purpose is to produce both
electrical and thermal energy, has been performed. In order to
achieve the main objective, the different components that
constitute the thermal-photovoltaic panel have been studied and
a simulation model of the thermal-photovoltaic panel has been
developed. Furthermore, a prototype of the whole system,
consisting of a commercial panel, the thermal and electrical
circuits and an innovative wireless remote data acquisition
system has been setup. The latter, based on an open-source
electronic platform, has the necessary accuracy, and remote data
capture and flexibility features. The model has been carefully
calibrated and the simulated results, based on the solar
irradiance, the ambient temperature and the wind speed, have
been compared with experimental data. The results are analyzed
and discussed in the paper. Such a validated model can be used to
establish if and when it is more convenient to use a hybrid
structure rather than two separate devices (PV only and thermal
collector only).

Index Terms—  Hybrid thermal-photovoltaic
photovoltaic panel, solar collector, remote monitoring.

panel,

. INTRODUCTION

HE functions of Photovoltaic Panels (PV) and thermal

collectors can be integrated in a single device: the
Photovoltaic-Thermal panel, or PV-T. With PV-Ts, the
sunlight is converted into electricity and heat simultaneously.
During the last 20 years the research into PV-T techniques and
concepts has been widespread, but rather scattered. This
reflects the number of possible PV-T concepts and the relevant
research and development problems, deriving from the general
goal to optimize both the electrical and the thermal efficiency
of a device simultaneously. The aspects that can be optimized
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are, among others, the spectral characteristics of the PV cell,
its solar absorption and the internal heat transfer between cells
and heat-collecting system.

Another important level of optimization is relevant to the
PV-T device geometry and the integration into a system. The
electricity and heat demand and the temperature level of the
latter determine the choice of a certain system set-up. With an
optimal design, PV-T systems can supply buildings with 100%
renewable electricity and heat in a more cost-effective manner
than separate PV and solar thermal systems and thus
contribute to the long-term international targets on
implementation of renewable energy in the built environment
[1].

Several types of PV-Ts exist, and they can be divided
according to: heat transfer fluid (air, water or another
refrigerant fluid), type of silicon that is used for the
photovoltaic module; manner in which they receive the solar
radiation (concentrated or flat plate solar collectors); mode of
circulation of the fluid (natural or forced); location (integrated
in the building, on the roof, or on the floor); presence of a
glass cover or not. According to the first criterion there are
PV-T air collectors, PV-T water collectors and PV-T liquid
collectors. The fluid can flow in tubes below the absorber like
in a traditional solar collector (sheet and tube); in a channel
realized between the cover glass and the PV module; above
the PV module (free flow); in two channels realized between
the glass cover and the PV and the absorber and the insulator,
respectively; below the PV module; in channels situated below
the absorber.

The PV-T liquid collector is the most innovative and recent
one. The basic liquid-cooled design uses conductive-metal
piping or plates attached to the back of a PV module. The heat
from the PV cells is driven through the metal and absorbed by
the working fluid. It is possible to realize closed-loop or open-
loop systems: in closed-loop systems the heat is transferred to
a heat exchanger, where it flows to the load; in open-loop
systems, the heat is transferred before the fluid returns to the
PV cells [2].

The solar air heating and water heating represent 45% and
39% of solar thermal technologies, respectively; the solar
cooling constitutes 7%, the industrial heating 6%, the drying
3%, and the pool heating 0.2%. Mainly in the residential
sector, the PV-T can be combined with a heat pump to serve
multi-family buildings, with a limited occupancy of the
available roof area [3].

In this work, the thermal and electrical performance of a PV-
T water collector are evaluated.
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With respect to a single PV module, in such a system the
produced thermal energy that otherwise would be dispersed in
the environment is stored and used, and at the same time the
photovoltaic module is cooled, increasing its efficiency, which
decays with increasing temperature. In the same ambient
conditions, and considering the same surface area, the PV-T
thermal efficiency is lower than that of the solar collector only
(mainly because of the radiation absorbed by the PV layer),
but the total efficiency per unit area of a PV-T panel is higher
than the sum of the efficiencies of separate PV panels and
solar thermal collectors, of which the occupied area would be
about 40% larger for the same output. This is an advantage
when the space availability is limited and when one has to pay
attention to the visual impact. Indeed, the PV-T panels look
better than separated PV modules and solar thermal collectors
and this is important, for instance, when there are historical or
natural constraints.

Il. THEPV-T SOLAR SYSTEM

In Figure 1 the dimensions and layers of the considered PV-
T are depicted. Starting from the surface, the layers are: PV
module, copper absorber, insulation, Styrofoam™, and
backsheet. Table | reports some geometrical data. The panel is
commercially available and has a nominal power of 200 W.

1,8 & inlet

1,9 & outlet
{ 0,7 & inlet

0.8 & outlet
Fig. 1 Structure and dimensions of the PV-T.

TABLE |
PV-T MODULE DIMENSIONS

Number of cells 6x12=72

Area of the cells 1.52x0.76=1.16 m?

Number of collectors 2

Number of exchange tubes 14

Figure 2 shows the operating principle of the PV-T. The cold
water that comes from the grid and the tank appears in dark
blue. It enters the main collector, where it is distributed in the
14 pipes at a pressure of about 1 bar. The red arrows represent
the path of the hot water coming from the pipes where it
received heat from the cells, lowering their temperature. For
the sake of clarity, only the main devices that guarantee the
proper operation of the PV-T appear in the scheme.

I1l. MATHEMATICAL MODEL

In the literature there are many theoretical and experimental
works on PV-T collectors to evaluate the energy vyield of
systems with various configurations [4-8], and a review is also
presented in [9]. Numerical/mathematical models, with
variable levels of complexity (1D, 2D or 3D), are analyzed in
[10]. Other studies regarding numerical models that can
represent the behavior of the PV-T panel are available in the
literature. In [11] a PV-T system has been analyzed using a
one-dimensional thermal model based on energy transfer
phenomena in the various PV-T components. In [12] a
simulation performed with the TRNSYS software program
and considering a typical meteorological year is presented.

In this paper, the mathematical model for the PV-T was
developed merging the widely used one-dimensional Hottel-
Whillier model [13-14] and a one-diode model [15-16] to
simulate the thermal effects and the PV electrical power,
respectively [17]. The model has been implemented in the
Matlab/Simulink  software environment and validated
evaluating the PV-T performance of a panel commercially
available equipped with a remote-access acquisition system to
provide real-time data monitoring.

Literature values were taken as starting values for the model
parameters and then fine-tuned in order to perform an accurate
calibration of the model for the PV-T in question.

Purge valve
Flowmeter
Pump
Manometer
Valve

Hot water circuit

Cold water circuit

Water supply

Electric terminal

Water-Air

-

Fig. 2 Simplified scheme of PV-T operation.

Heat Exchanger
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A. Electrical Model

For the electrical model, the basic equation derived from the
theory of semiconductors, describing the 1-V characteristic of
the ideal PV, has been used

F=1oycen = locan [e7VT-1] 1)

where |, ¢ is the current generated by the incident light, Io cen
is the reverse saturation current of the diode, q is the electron
charge, K is the Boltzmann constant, T is the temperature of
the p—n junction and a is the diode ideality constant [15-16].

However, the previous equation is not able to represent the I-
V characteristic of an array enough accurately. Therefore, it is
necessary to introduce additional parameters which can
improve basic equation (1)

V+R. I VR, |
I=1 -1 |e st |- s )
y M . j } R

where I, is the photovoltaic current of array, |, the saturation
current, Vi=NKT/q is the thermal voltage of the array with Ns
cells connected in series. Terms Rs and Rp that appear in
equation (2) are the equivalent series resistance of the array
and the equivalent parallel resistance, respectively. Rs is the
sum of several structural resistances of the device. In Figure 3
the characteristic 1-V curve of a practical PV is shown,
obtained from equation (2), with its three remarkable points
that are: short circuit (0, lsc), maximum power point (Vmg, Imp),
and open circuit Voo, 0).

The parameters supplied by the manufacturers of the PV
arrays are not many, and sometimes not enough to allow the
adjustment of the models. In fact, it is possible to find in the
datasheets only the nominal short-circuit current (I ), the
nominal open circuit voltage (Von), the current (I,) and the
voltage (Vip) at the maximum power point, the open-circuit
voltage/temperature  coefficient (Ky), the short-circuit
current/temperature coefficient (K;), and the maximum
experimental peak output power (Pmaxe). Some of the
parameters that are not usually shown on the datasheets are,
for example, the saturation current of the diode, the light-
generated or PV current, the series and parallel resistance, etc..
Some manufacturers provide |-V curves for several radiation
and temperature conditions, which facilitate the adjustment
and validation of the mathematical equations.

As it can be seen in Figure 3, the practical PV device may
function as both a voltage and a current generator. According
to the working point, Rg is most affected when it operates as a
voltage generator while R, is greater when it has the function
of current generator. Thus, it can be observed that the I-V
characteristic of a PV device depends not only on solar
radiation and temperature, but also on the internal
characteristics of the device, that is, Rs and Rp, Instead, if we
neglect the series and parallel resistances it is difficult to
determine the light-generated current (lpy), because the
datasheets show only the nominal short-circuit current (Isc),
which is the maximum current available at the terminals of the
practical device. However, in practical devices the series
resistance is low and the parallel resistance is comparatively
high, therefore one can assume lsc, = Ipy in the modeling of
PV devices.

The light-generated current of the PV cell depends linearly
on the solar radiation and is also influenced by the
temperature, according to the following equation:

IPV :(IPV,n+KIAT)% (3)
where lpy, is the PV current at the nominal condition; A7=T¢-
T, (T and T,, being the actual and nominal temperatures); G, is
the radiation on the device surface; G,=1000 W/m? is the
nominal radiation. The diode saturation current Iy and its
dependence on the temperature may be expressed by

(M) e B2 (4)
o = "’{ch exp{ ak (Tn TH

where Eg=1.12 eV is the bandgap energy of the semiconductor
for the polycrystalline Si at 25°C, and Iy, is the nominal
saturation current. The value of the latter is determined by the
following equation

ISC,n

exp(voc,n_lj (5)

IO,n -

avi,
where V;, is the thermal voltage of Ns series-connected cells at
nominal temperature T,

The saturation current I, of the PV cells that compose the
device depends on the saturation current density of the
semiconductor and on the effective area of the cells. Current
density Jo depends on the intrinsic characteristics of the PV
cell, which in turn depend on several physical parameters such
as the coefficient of diffusion of electrons in the
semiconductor, the lifetime of minority carriers, the intrinsic
carrier density, etc..

As regards the value of diode constant a, it could be
estimated with precision. However, the value of this constant
is usually 1<a<1.5 and its choice depends on the parameters
of the 1-V model. Also, values of a can be obtained from an
empirical analysis. The value of this constant is not to be
underestimated because it affects the curvature of the 1-V
curves and slight variations can improve the model accuracy.

Finally, series resistance Rs and parallel resistance R, have to
be estimated. In the literature there are several methods to
determine them mathematically. According to some authors, it
is possible to calculate the two resistors separately. However,
this method is not very precise and does not allow to find a
good I-V curve. Instead, the method used in this paper is based
on the fact that there is only a couple of Rs and R, for which
Pmaxm=Pmaxe=Vmp Imp at point (Vmp, Imp) of 1=V curve; in other
words, the maximum power calculated by the |-V model
(Pmaxm) must be equal to the maximum power from the
datasheet (Ppaxe) at the MPP.

voltage
source

(0, T.0) e

(1’:1111 s Imp)

current
source

1%
Fig. 3 Characteristic I-V curve of a practical PV.
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Therefore, it is possible to derive the relationship between R
and Rp through Praxm= Pmaxe @and solve the resulting equation
| for Rp, as follows

q Vmp+RS|mp Vmp+RS|mp 6)
Pon =V 1 — 1) exp| — -1]- =P
max,m mp{ pv 0|: Xp[k-l- aN R max e

s P

R - Vmp(vmp+RS|mp)

P q Vi +Reloy (7
Voo loy =Vl €40 Ko +Viplo = Praxe

The above equations have been
Matlab/Simulink software environment.
B. Thermal Model

Regarding the thermal part, a 1D model was used to reduce
the calculation time. The proposed 1D model is a Hottel-
Whillier model [13-14] in which the thermal power and
efficiency, respectively, are given by

Pth = APV FR ((Ta _mel)Ga _Uloss(Tin _Ta)) (8)
T = FR (Ta — 1Ty ) + FRUIoss(Tin _Ta)/Ga (9)
where Fg represents the heat removal factor:

implemented in the

Fo=— o —(-e0[AyU, Frme)  (10)
V™~ loss
and
-1
F': i_’_uloss + UlossW (ll)
Ft hca ﬂDhtube

All the equations used here are the same equations that
describe a conventional thermal collector, apart from the
additional term Us/hea that appears in equation (11),
representing the heat resistance between cells and absorber. In

equations (8) and (9) term 7, accounts for the solar radiation

absorbed by the PV cells, which obviously is not any more
available to be converted in thermal energy.

Factor F; depends on the diameter of the tubes D, their
distance W and the heat exchange coefficient h.

F :(1—DJF D (12)
W w
tanh{w:l
L2 ] (13)
mWw - D)/2
In the last equation m can be calculated as
(14)

hloss
m=| ——7
K. pOabs T Kiam©r

abs~abs lam~lam
where Kas and Ky, are the absorber and laminate thermal
conductivity and O and .y are the absorber and laminate
thickness. Furthermore, to calculate the thermal yield, the
cover heat exchange coefficient Uiss and the heat transfer

coefficient from the tube to the water h..pe are also needed
-1

U loss = N A =+ 1 +
~ TC _Ta hwind
ToUN+f
+ G(TCZ JrTazXTC +T,) (15)
(6, +0.00891Nh, )2+ 2N+ 14018320,

&

glass
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where:

N = number of glass covers;

f = (-1+0.089h ying-0.1166h ying €1am)(1+0.07866N);

C = 520(1-0.000051¢%) for 0°< ¢p<70°;

e = 0.430(1-100/T¢);

hwina = 5.7+3.8 Sying, IS the wind heat transfer coefficient
(W/m?K), Swing is the wind speed, o is the Stefan-Boltzmann
constant and gg.s aNd  &am are glass and laminate emissivity
coefficients, respectively. In particular, hying is one of the most
sensitive parameters and required a careful calibration.

It is possible to calculate the heat transfer coefficient from
the tube to the water as follows

— ﬂKW NUtube
ube W

The heat transfer coefficient from cells to absorber hg, is
estimated in 45 W/m?K. Also for the simulation of the thermal
part the Matlab/Simulink software tool was used.

Finally, the electrical and the thermal model have been
integrated in a single model, of which the coupling term is the
mean temperature of the PV-T layers.

(16)

IV. SIMULATION RESULTS

The complete simulation model was used to perform some
calculations to analyze the panel performance. The thermal
power produced by the PV-T, operating as a thermal collector
only, was compared with that of the collector integrated with
the PV panel (combi). As shown in Figure 4, the thermal
power is higher for the collector only, than for the combined
(PV-T) system. It has a peak of about 535 W at 01:43 pm.

PV combi / Thermal Collector - Thermal Power

Thermal Power { W )

Time (h}

Fig. 4 Thermal power for the two cases of PV-T operating as a hybrid device
(combi, red) and as thermal collector only (blue).

PV combi / PV - Electrical Power

/ | “\;\Q\\

~ S

Electrical Power (W)

Time ()

Fig. 5 Electrical power for the two cases of PV-T operating as a hybrid device
(combi, blue) and as PV only (red).

This result was obviously expected, since part of the incident
radiation is absorbed by the PV panel before reaching the
collector absorbing surface. Unlike the thermal power, the
electrical output power is higher in the case of combined
system, as shown in Figure 5. It has a peak of 162 W at 01:37
pm. This is due to the positive effect of the temperature



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2017.2728005, IEEE

Transactions on Industry Applications

2016-SECSC-1166 5

reduction, which is a consequence of the heat removal, on the
PV efficiency [18-20]. Actually, it is possible to observe that
the difference between the two curves of the electrical power
is more evident in the central hours of the day, when the
“cooling effect” of the combined panel is more intense, while
it is negligible during the hours of smaller radiation.

V. EXPERIMENTAL SETUP

The simulation model was experimentally validated at the
Guarda International Research Station on Renewable Energies
(http://www.cise.ubi.pt/index.php?op=res) in Portugal. The
experimental setup, shown in Figure 6 (a) and (b), is
constituted by a thermal-photovoltaic panel (PowerVolt by
Solimpeks Solar GmbH) with the characteristics shown in
Table II; a pyranometer (KIPP and ZONEN, CMP3) for
measuring the solar irradiance; temperature sensors (RTDs of
PT100 type), a turbine flowmeter (Gems sensors, FT-110
Series) for measuring the water mass flow rate; a tank where
the water is collected and several valves (Caleffi, 5024); a
current transducer (LEM, HY 5..25-P); a combined transmitter
(ThiesClima_Wind, 4.3329.00.510) for the measurement of
wind velocity, wind direction and air temperature; a pump
(Flojet, 4125 Series), to ensure the circulation of the water; a
voltage transducer (LEM, LV 25-P); an electronic box with
four boards, one for each type of measured variable. This
innovative method of data collection has been used to perform
measurements on the PV-T. It consists in connecting each
board to Arduino Leonardo, a microcontroller board based on
low-power microchip ATmega32ua. This microcontroller is
able to supply the measured data to Arduino Yun. The latter
has the same microcontroller board, dimensions, memory and
connectors as Leonardo, and can send the data to a computer
wirelessly [21]. This solution based on Arduino, an open-
source electronic platform, represents a low-cost data
acquisition system and has interesting features like the
flexibility, the remote data capture capability, and an accuracy
satisfactory enough to allow model validation. A similar type
of solution has already been used on other devices for the
energy production from renewable sources [22-23].

TABLE II
PV-T PANEL CHARACTERISTICS
Prax [W] 200
Imp [A] 5.43
Vimp [V] 36.8
lse [A] 5.67
Voo [V] 46.43
Dimensions [mm] 1601x828x90
Weight [kg] 24.4

VI. EXPERIMENTAL RESULTS

Figures 7, 8 and 9 show the comparison between the
measured values and those calculated by means of the
simulation model. In particular, in Figure 8 the measured
outflow temperature of the combined system and that
calculated by simulation are compared. As it is evident from
the graph, the error is very low, and the same happens in the
case of output current and voltage (Figures 9 and 10).

Therefore, the model can be considered as a reliable tool to
study the performance of PV-Ts having a structure similar to
the one object of this work.

- e

|

B

Pyranometer [l
— % Meteo Station \ »

L} — e

Supply
Input

(a)
Voltage and
Current

Pyranometer;

O (b)

Fig. 6 Experimental setup: (a) front view; (b) rear view.
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Fig. 7 Comparison between measured (blue) and calculated outflow
temperature (red). The corresponding error is represented by the green curve.
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Fig. 8 Comparison between measured (blue) and calculated current (red).

Voltage

09:00:00 10:12:00 11:24:00 12:36:00 13:48:00 15:00:00 16:12:00 17:24:00
Time (h)

Measured Voltage

Calculated Voltage Error

Fig. 9 Comparison between measured (blue) and calculated output voltage
(red).

VII. DiscussioN AND CONCLUSIONS

A hybrid thermal-photovoltaic panel has been modelled and
the proposed simulation model has been accurately calibrated
and validated with experimental data, showing a very good
agreement. The developed model allows to evaluate the
energy production in every condition through the use of local
measured input data. The modularity of the model is also
suitable for use with other devices in combined applications.
Therefore, it can be concluded that the model provides an
excellent tool to analyze the performance of PV-Ts.

To perform the experimental tests, a complete system has
been installed at the Guarda International Research Station on
Renewable Energies (CISE | GIRS-RES), and an innovative
remote acquisition platform has been used to collect the
necessary data from the sensors. Thanks to this system, the
latter are available in real time via internet, therefore easily
accessible from whatever place in the world where a
connection is available.

In a PV-T panel two devices are combined in a single
system, saving space and obtaining a better electrical
performance. In fact, the electrical power and efficiency are
higher when the PV is used in combination with the collector,
because the latter contributes to lower the temperature of the
cells. This performance improvement, however, comes at the
expense of the thermal performance of the collector, since part
of the incident energy is now absorbed by the PV panel with
respect to a separated thermal collector with the same surface
area. As a result, to obtain the same thermal output of a
separate device, the PV-T surface area cannot be just halved,
but can be reduced by about 40%.

This kind of systems are suitable to both industrial and
residential applications. As an example, it can be used in a
sawmill [24] in which the PV-T system is an auxiliary pre-
heater, while the main system consists of a traditional heater
fed by sawmill wood residues like coarse, sawdust, bark and
shavings, and a water-air heat exchanger provides hot air to
the dry kiln for wood drying. While the heat is used to dry the
lumber, the electricity is used to supply saws, fans, condensate
pumps and air compressors.

As regards the residential sector, besides the generated
electricity, the waste heat can be exploited for instance to heat
domestic hot water [25-26]. In fact, a PV-T of about 3 to 5 m?
installed in a family house, of which the thermal circuit is
based on the thermosyphon principle and is equipped with a

water storage tank of 150 to 3001, showed a good
performance: an increase of 4% in electrical efficiency and an
annual solar fraction of 0.7621 [27].

In conclusion, PV-T features are very interesting when there
is a demand for both thermal and electrical energy and there is
a commitment to the use of renewable energies, even in
presence of strict space and/or visual impact constraints.
Although the high initial cost, when there are no particular
constraints limiting the use of separate devices (available
space, visual impact), the economic feasibility of such plants
should be evaluated case by case [28] and further
technological and commercial development could guarantee
higher revenues.
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