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n. PVT are seen as 
erent PVT modules 
Photovoltaic thermal (PVT) modules can increase the renewable energy production by combining the electricity and heat generatio
promising technology for residential applications where the heat can be exploited on site. In this work, the performances of three diff
©2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
Published Journal Article available at: http://dx.doi.org/10.1016/j.applthermaleng.2016.05.172

y [A]
[4.18

uced [

Pel
Q_ th

vered

nergy
ce [kW
ient [W

electric power [W]
heat transfer rate [W] amb

m
op
ou
re
th
I
II
LM
0

ambient

⇑ Corresponding author.
E-mail address: giampaolo.manzolini@polimi.it (G. Manzolini). 

1 www.solartech.polimi.it.
Keywords:
Photovoltaic thermal 
Thermal efficiency 
Electric efficiency
First law efficiency 
Second law efficiency

are eval-uated in real operating conditions at the SolarTechLAB. Performance evaluation is conducted both by means of conventional and innovative 
performance indexes (corrected thermal efficiency and second law efficiency) which are expressly introduced in this work to take into account PVT 
peculiarities. Dedicated experiments outlined the importance of adopting these peculiar indexes when comparing dif-ferent PVT modules. In terms of 
heat recovered, the best roll-bond configuration increases the thermal efficiency by 8% points with respect to the conventional sheet-and-tube one. PVT 
modules have lower thermal efficiency than commercial only thermal modules (41% vs. 55%), however, the second law efficiency outlines the advantages 
of producing electricity and heat instead of only heat (16% vs. 2%).
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� Higher solar energy exploitation means lower footprint which
can be important in roof with limited space available;

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

optimal design of any PVT system depends on the selected applica-
tion and on the location. Dupeyrat et al. [14] developed an 
improved lamination process that allowed to increase the gener-
ated current density of 2 mA cm�2 with respect to conventional 
lamination process. A prototype of PVT collector was furtherly built 
using a roll-bond as absorber. The solar panel is tested using an 
indoor solar simulator and an overall efficiency as high as 87% is 
achieved. Kim and Kim [15] measured the performance of a sheet-
and-tube PVT collector finding that the overall efficiency achieves 
66%. Aste et al. [16] modeled and measured the perfor-mances of 
PV modules with glass cover and roll-bond flat plate absorber. The 
measured thermal efficiency was 28.2% which is a promising 
results since it was determined in winter time. Allan et al. [17] 
experimentally measured the performances of PVT pan-els built by 
placing the PV laminates on the top of an aluminum sheet. Results 
indicated that the PVT laminates reduces the thermal efficiency of a 
pure thermal collector by about 15% and a further 3.5% drop is 
found when electrical power is generated. The contribution of the 
thermal efficiency to the overall PVT panel efficiency is found to be 
the greatest at low coolant inlet tempera-ture but it strongly 
reduces as the coolant inlet temperature increases. Finally, the 
serpentine and the header riser configura-tions for the coolant 
circuit were compared finding that the latter achieves the highest 
overall performances.

All the previous studies provide valuable information about PVT 
solar collectors. The analysis of recent researches seems to state 
that PVT collectors with roll-bond absorber are the most suitable 
choice due to their higher performances. However, the experimen-

 
 
 
 
 
 

1. Introduction

The electricity produced by renewable energy sources (RES) is
constantly increasing world-wide thanks to government policies
and technological advancements. Europe has experienced one of
the largest RES growths: in the last five years the electricity gener-
ation by RES, and in particularly by photovoltaic and wind plants,
has doubled. Photovoltaic has seen a significant grow thanks to
government subsidies in many country of the world (i.e. Italy,
Germany) and to the production cost reduction, and consequently
the price.

Commercial PV electric efficiency is quite low, usually in the 
range between 5% for thin film and 20% for monocrystalline; hence 
most of the incoming solar energy is lost [1].

In order to further increase the energy recovered from the sun, a 
heat recovery system on the back-sheet of the panel can be 
installed leading to the so-called photovoltaic/thermal (PVT) col-
lector concept.

The attractive feature of the PVT collectors are largely discussed 
in many pioneering and review studies [2–5] and can be summa-
rized as follow:

� The same system has two useful outputs, with further energy
savings and potential pay-back time reduction. Moreover, the
overall electricity and heat produced by PVT panels is higher
than the sum of electricity and heat produced by two conven-
tional separate photovoltaic and thermal collectors having the
same aperture area as the PVT collector;
� PV cells work at lower temperatures with higher efficiency;
� The thermal power can be used both for space heating and cool-
ing (post-heating or desiccant wheels) depending on the
season;

� It can be easily retrofitted.

Expected average yearly efficiency (electric plus thermal effi-
ciency) were calculated in the range of 34–39% [2] with instanta-
neous values up to 50% [6,7], being the reference PV electric
efficiency in the range of 15%. Due to its superior performance over
traditional PV or thermal collector, the PVT technology has received
a great deal of attention over years as demonstrated by many
recent review works [8–11]. Advanced design of the absor-ber plate
[9], development of concentrator-type PVT [11], integra-tion with
heat pumps [8] and integration with the building envelope [10] are
generally recommended as the directions where research efforts
have to be focused to reduce the PVT collector losses and pushing
the overall efficiency to the highest value. The use of a liquid
coolant such as water guarantees a more uniform temperature of
the PV cells compared to the adoption of air and the highest
efficiencies [12]. In recent advancement, a refrigerant is used to
cool the PV module to exploit its full potentiality in a solar driven
heat pumps [13].

With respect to the heat recovery system, Zondag [2] compared
different heat recovery configurations (sheet and tube collector,
channel PVT collector, free-flow PVT collectors and two absorber
PVT-collector) based on analytical models and experimental vali-
dation of the electric and thermal efficiencies. Results showed that
only one configuration (sheet and tube with uncovered PV) has a
higher electric efficiency than reference PV modules but the annual
thermal efficiency is just 24%. Improved configurations can increase
the thermal efficiency up to 39% with penalties in terms of electric
efficiencies. Chow [8] in his review concluded that the
tal activity in this field is quite limited [14,16] and a comparison
with traditional sheet-and-tube configuration is hardly found. As a
result, strong conclusion about evident superiority of roll-bond
configuration are difficult to be drawn and more data are needed
for the sake of technologies comparison. Consequently, the aim of
the present work is to experimentally compare three different PVT
modules, in terms of both power and heat transfer rate: two



modules are PVT prototypes implementing a roll-bond absorber 
while the third is a commercial product based on sheet-and-tube 
concept and is used as the baseline. The difference between the two 
roll-bond prototypes lies in the insulation approach: the first 
adopts an innovative insulating coating, while the second is real-
ized with a more conventional insulating material. In addition to 
the performance advantages previously discussed, the roll-bond 
configuration was adopted also because it is expected as one of the 
configurations with the lowest production cost since the roll-bond 
and the PV module can be produced separately with typical 
production processes and then connected together. The main 
drawback of this concept is the weight of the final system which is 
higher than that of the sheet and tube configuration (each mod-ule 
is about ten kg heavier). The experimental activities were car-ried 
out at the laboratory SolarTechLAB, Politecnico di Milano during the 
summer season 2015 [18]. An important aspect dis-cussed in this 
work is about the index selection for the PVT perfor-mance 
assessment: a new index is here proposed and verified by the 
experimental activity.

The paper is organized as follows: In Section 2, the PVT modules 
considered in this work are described. Section 3 discusses the 
methodology adopted and the performance indexes which can be 
considered. Sections 4 and 5 present the experimental set-up and 
the uncertainty analysis. Results are presented in Section 6 and, 
finally, we conclude and outline additional research directions for 
future work in Section 7.

2. PVT modules

The experimental measurement were carried out to compare 
roll-bond configuration for PVT and a reference commercial PVT 
panel based on sheet and tube [19,20]. The reference PVT module is 
based on monocrystalline PV technology, while the roll-bond are 
applied to polycrystalline ones. Three different roll-bond PVT were 
experimentally characterized. Two of them, shown in Fig. 1, were 
provided with back insulation whereas the last one, without back 
insulation, was taken into consideration only for comparison, in 
order to evaluate the impact of the insulation on the perfor-mances 
of well-insulated roll-bond PVT collectors and, conse-quently, its 
results are not discussed.

The roll-bond design was kept constant in all the cases, while 
the sealant and/or the insulation technology were changed. The 
difference between the two back-insulated roll-bond PVT laid in
Fig. 1. PVT modules installed (front and back
the type of insulation adopted: the first one is realized with an 
insulating painting (referred to as RB1) and the second one with an 
insulating material (referred to as RB2). The characteristics of the 
sealant, insulation painting and material as well as roll-bond design 
are summarized in Table 1.

3. Methodology

PVT collectors produce simultaneously electric and thermal
power, therefore their performances have to be compared both in
terms of electric energy and heat produced during the experimen-
tal campaign.

The electric power Pel is directly measured by the micro-
inverters and its value is used to calculate the electric efficiency
according to the following definition:

gel ¼
Pel

G � A ð1Þ

where G is the solar irradiance, which is directly measured by the
pyranometer, and A is the panel nominal area.

On the other hand, the collector heat transfer rate is calculated
from the measured values of the coolant inlet and outlet tempera-
tures, and volumetric flow rate, according to the following
equation:

_Qth ¼ q _V cðTout � TinÞ ð2Þ

where q and c are the coolant density and specific heat capacity, 
respectively.

While there is no discussion about the definition of the electric 
efficiency (Eq. (1)), there are two different definitions of thermal

efficiencies (gth; g�
th) which can be adopted. Several authors 

[5,8,15,23,24] consider as energy input the entire solar radiation as 
shown in Eq. (3):

gth ¼
_Qth

G � A ¼ q _V cðTout � TinÞ
G � A ð3Þ

Whereas in the second perspective, proposed and adopted in 
this work, the electric power generated is subtracted to the solar 
radiation as shown in Eq. (4):

g�
th ¼

_Qth

G � A� Pel
¼ q _V cðTout � TinÞ

G � A� Pel
¼ gth

1� gel
ð4Þ
) @ SolartechLab and tested in this work.



Table 1
Summary of the three PVT modules considered in this work.

REF RB1 RB2

PV cell Mono Poly Poly
Power output, W 245 245 245
Module size

(Hp � Lp � Dp), mm
1660 � 990 � 40 1650 � 992 � 40 1650 � 992 � 40

Heat recovery system Sheet&Tube Roll-Bond Roll-Bond
Material Copper Aluminum Aluminum
Sealant Not necessary Terostat MS930

[21]
Loxeal 4826 [22]

Insulating material NA Insulating
painting
k = 0.1 W/mK
Thickness = 1 mm

Insulating
material
k = 0.04 W/mK
Thickness = 3 mm

Tubes/Passes 1/6 3/5 3/5

Table 2
Energy meter features and metrological characteristics.

Nominal voltage VN 3 � 230/400 VAC (direct insertion)
Current ratings Maximum current Imax: 60 AAC (direct insertion)
Measurement channels

impedance
Voltage inputs: 1 MX
Current inputs: negligible

Uncertainty Active energy: class 1
Reactive energy: class 2
This new definition of thermal efficiency allows a fair compar-
ison between PVT and solar thermal panels. In addition, the diverse
PV cell technologies/efficiency can be decoupled from the thermal
performances.

About thermal efficiency calculation, some authors [8,17]
extended the typical linear dependency on reduced temperature
of solar panels to the PVT concept according to the following
equation:

gth ¼ gopt � IAMð1� gelÞ � K
ðTave � TambÞ

G
ð5Þ

In authors’ opinion, this approach is not strictly correct, because
the electric efficiency is affected by the absolute cell temperature,
while the collector heat losses just depend on the temperature
Fig. 2. Weather station and measur
difference between the module and the ambient. Therefore,
providing the optical and electric efficiency and K is just an approx-
imation which will not be used in this work.

Moving to parameters which define the module overall perfor-
mances, the simultaneous electricity and thermal production can
be described by the total efficiency (also known as first law
efficiency) which is the sum of electric and thermal efficiency
where the latter is calculated according to Eq. (3):

gI ¼ gel þ gth ð6Þ
With this approach, the electricity and heat have the same 

value. However, other studies [3,25] proposed to consider as over-
all performance index a modified primary energy savings (PES) 
which weights the electricity and heat with the reference genera-
tion technology, being the reference efficiency for electrical energy 
the average efficiency of power plants at national level:

PES ¼ gth þ
gel

gel;ref
ð7Þ

In this work, a second law efficiency is also adopted as overall
performance index. Having electricity and heat a different thermo-
dynamic value, the thermal energy is weighed by means of the
efficiency of an ideal process converting the heat into work.
ement system @ SolarTechLab.



Table 3
Solar irradiance and temperature sensor characteristics.

Irradiance sensors Pyranometer (LSI, DPA252)
Standard Secondary standard ISO 9060
Measurements range

(Wm�2)
<2000

Spectral range 300–3000 nm
Total achievable daily

uncertainty
<2%

Directional response <±5.4 Wm�2

Thermal drift <2%

Temperature and humidity sensor (LSI, DMA 875)
Temperature sensor Pt100 1/3 B (DIN EN 60751)
Measurements range [�30 �C, +70 �C]
Uncertainty 0.2 �C (at 0 �C)
Resolution 0.04 �C
Response time (T90) 3 min: with filter; 20 s: without filter (air speed

0.2 m s�1)
ð8Þ
It is worth specifying that the ideal efficiency is evaluated with

reference to the Lorentz cycle, and not to the Carnot cycle, because
the heat produce by the PVT is available at variable temperature
rather than at constant temperature. Consequently, the ideal effi-
ciency is calculated as follows:

gideal ¼
R Tout
Tamb cdT 1� Tamb

T

� �
R Tout
Tamb cdT

¼ 1� Tamb

TLMTD
ð9Þ

The adoption of the second law efficiency is preferable, being
this efficiency an absolute value, while the PES of the same module
would vary from country to country because of the different refer-
ence efficiency for the electricity production, which is site
dependent.

gII ¼ gel þ gth � gideal
4. Experimental set-up

The experimental analysis was performed at the laboratory 
SolarTechLAB [18], Politecnico di Milano, whose geographical coor-
dinates are latitude 45�30010.58800N and longitude 9�9023.67700E. 
The experimental measurements are carried out in real operating 
conditions, so results are not intended to be of certification type. All 
the different technologies are tested at the same time, under the 
same environmental conditions, and using the same measure-ment 
instrumentation, so as to provide comparative analysis of 
performance.

A total of twenty-six pure photovoltaic or hybrid PVT modules 
are installed in the laboratory: ten monocrystalline collectors, ele-
ven poly-crystalline collectors (from three different manufactures) 
and five hybrid (photovoltaic and thermal) PVT collectors. The 
rated power of the installed modules ranges from 75 to 300 WP. The 
connection to the grid is carried out by micro inverters, one for each 
module. This configuration allows the electrical indepen-dence of 
each module and allows the optimization of the electricity 
production for each collector (pure PV or PVT). Therefore, the elec-
tric production of each PVT module under investigation can be con-
trolled and saved independently outlining the advantage of the
Fig. 3. Thermal loop
cooling effect or comparing different cooling technologies. The 
operating parameters of each micro inverter are transferred in real 
time, using wireless connection, to a PC for storage and further 
analysis. The energy flow between the PV (or PVT) collectors and 
the electrical grid are measured by an energy meter that equips 
each micro-inverter and whose characteristics are reported in Table 
2.

The environmental conditions are monitored with a meteoro-
logical station equipped with a solar irradiance sensor, tempera-
ture and humidity sensors, wind speed and direction sensor and 
rain collector. Solar irradiance is measured with two secondary 
standard pyranometers for the measurement of the total irradiance 
on horizontal and 30� tilt planes. In addition, a pyranometer with 
shadow band is available for measuring the diffuse irradiance. The 
pyranometer at 30� tilt is directly used to define the solar 
irradiation on the modules (G in Eqs. (1), (3) and (4)) which have 
the same tilt.

The main characteristics of the sensors together with the tem-
perature measuring equipment are shown in Fig. 2 and reported 
in Table 3. The meteorological station performs ambient conditions 
measurements every ten seconds. The average, maximum,
at SolarTechLAB.
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Table 4
Characteristic of the main measurement system in the thermal loop.

Instruments Thermoresistances Flowmeters Differential
pressure
transmitters

REF/RB1 RB2

Uncertainty 1/10 (DIN EN
60751)

±1% FS ±1% RV ±0.1% FS

Range [�50 �C, 250 �C]
rev1

0.9–15 l/min 0.25–9 l/min 3.2–320 mbar

Signal RTD module
adopted

4–20 mA 4–20 mA

Table 5
Uncertainty of heat transfer rate and thermal efficiency with different solar irradiance
for RB1.

G _QTH U( _QTH) U%( _QTH) g�
TH U(g�

TH) U%(g�
TH)

[Wm�2] [W] [W] [%] [%] [%] [%]

400 172.26 8.51 4.94 32.74 1.81 5.52
500 232.92 9.11 3.91 35.07 1.61 4.60
600 286.15 9.57 3.34 35.70 1.47 4.11
700 300.21 9.99 3.33 31.92 1.31 4.09
800 344.96 11.34 3.29 32.09 1.30 4.06
900 438.55 12.78 2.91 36.33 1.24 3.41
minimum and standard deviation of the values measured by the 
sensors are calculated every ten minutes and these values are 
stored into a database. These values are used for the evaluation 
of the performances of PVT collectors.

PVT modules are installed in a dedicated section of the labora-
tory. The cooling circuit consists of a pump, that feeds three differ-
ent collectors in parallel, and a dry-cooler that closes the loop as 
shown in Fig. 3. All PVT modules are placed on the same structure 
to avoid differences in terms of incidence angle and the coolant 
mass flow rate at their inlet can be independently adjusted in order 
to achieve the desired thermal conditions (e.g. the same coolant 
temperature increase inside each collector).

Mass flow rates in each hydraulic circuit are measured by means 
of flow meters (MFM in Fig. 3) placed after the pump, tem-
peratures at PVT inlet and outlet are measured using Pt-100 (1/10 
DIN) RTDs (RTD in Fig. 3) and pressure differences by differential 
pressure transmitters (PD in Fig. 3). Main features of the thermal 
loop instrumentation are summarized in Table 4.

A National InstrumentTM cRIO rack is used for data acquisition; 
data are sent via LAN to a host PC where a LabVIEWTM program is 
used to read, visualize, analyze and store the measurements. Data 
are read every second and their average and standard deviation on 
minute basis are saved in a file for further analysis and elaboration.
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Fig. 4. Relative uncertainty of heat transfer rate and thermal efficiency as a
5. Uncertainty analysis

Thermal loop data are acquired every second. In order to reduce 
the uncertainty related to every single measurement, the mean 
value of sixty samples (minute average) is computed. Accordingly, 
the uncertainty can be computed using Eq. (10).

UðxjÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

BðxjÞ þ
r2

stðxjÞ
N

r
ð10Þ

As all the instruments were calibrated before the experiments
the first term in the square root is zero. According to the uncer
tainty propagation theory, and assuming that: xi is one of N mea
sured quantity, whose absolute uncertainty is U(xi), U(xi) is a
random variable not related to the others and that the quantity y
depends on the N measured quantities xi: y = y(x1, x2,. .  ., xj,. . ., xM)
the absolute uncertainty U(y) can be computed Eq. (11):

UðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

j¼1

@f
@xj

� �2

� UðxjÞ2
s

ð11Þ

With this equation it is possible to calculate Uð _Qth;iÞ and Uðg�
th;iÞ

by using the following expressions:

U%ð _Qth;iÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U%ð _VÞ2 þ 2

DT2
i

UðTÞ2
s

ð12Þ

U%ðg�
th;iÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U%ð _VÞ2 þ 2

DT2
i

UðTÞ2 þ 1

ð1� gel;iÞ2
½U%ðGiÞ2 þ g2

el;i � U%ðPel;iÞ2�
s

ð13Þ
Uncertainty of daily heat transfer rate and thermal efficiency is

obtained, in accordance with Eq. (11), by:

U%ð _QthÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
NDT2

m

UðTÞ2 þ U%ð _VÞ2 þ U%ðDtÞ2
s

ð14Þ

U%ðg�
thÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U%ð _VÞ2 þ 2UðTÞ2
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m

þ gel;m

1� gel;m
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ð15Þ
where both sums are extended to all of the available daily minute 
average values.

In order to give an idea about the uncertainties of the average 
thermal power and efficiency on minute base, their values at dif-
ferent solar radiations for RB1 module are shown in Table 5 where 
it is possible to observe that the increase of solar irradiance reduces 
the relative uncertainty, according to the reduction of the standard 
deviation.

The uncertainty can be reduced by using significant number of 
samples to calculate the average power and efficiency. As already
200 250 300 350 400 

Samples [-] 
U%_ηTH,RB1

function of the number of samples with 800 Wm�2 of solar irradiance.



Fig. 6. Performances (heat transfer rates and temperature) of the three considered PVT modules in two sunny and one cloudy day (the dashed line is G).
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Fig. 5. Relative uncertainty of heat transfer rate and thermal efficiency as a function of the number of daily data.

Table 6
Electric and thermal performances of the considered PVT.

Day ITOT [kW h m�2] EEL,TOT [kW h] ETH,TOT [kW h]

PV Ref RB1 RB2 Ref RB1 RB2

02/07/2015 4.73 1.06 1.08 1.15 1.16 1.43 2.29 2.82
03/07/2015 4.99 1.12 1.13 1.21 1.23 1.61 2.59 3.03
05/08/2015 5.23 1.18 1.18 1.27 1.28 2.49 2.39 2.86
06/08/2015 5.84 1.30 1.31 1.41 1.41 2.60 2.48 3.08
07/08/2015 5.80 1.29 1.30 1.39 1.39 2.60 2.48 3.04
08/08/2015 6.08 1.35 1.36 1.46 1.46 2.73 2.65 3.17
20/08/2015 3.34 0.75 0.75 0.81 0.82 1.36 1.44 1.72
27/08/2015 4.81 1.08 1.08 1.17 1.17 2.06 2.21 2.66
29/08/2015 5.39 1.21 1.20 1.31 1.27 2.29 2.42 2.95
31/08/2015 5.44 1.21 1.21 1.31 1.27 2.19 2.29 2.85
02/09/2015 3.81 0.85 0.86 0.94 0.94 1.61 1.63 2.02
08/09/2015 1.02 0.26 0.25 0.27 0.27 0.48 0.31 0.30

Overall 58.48 12.65 12.72 13.70 13.67 23.44 25.19 30.50



Table 7
Thermal performances of the considered PVT when non electric power production
takes place.

Day ITOT [kW hm�2] ETH,TOT [kW h]

Ref RB1 RB2

04/07/2015 4.39 1.31 2.04 2.57
10/07/2015 0.66 0.38 0.36 0.47
11/07/2015 6.31 3.25 2.72 3.70
12/07/2015 5.88 3.34 3.30 4.07
21/07/2015 5.30 2.86 2.59 3.45
22/07/2015 5.18 2.78 2.59 3.36
23/07/2015 4.99 2.59 2.37 3.16
24/07/2015 5.46 3.04 2.92 3.57
mentioned, in this work the parameters are measured every sec-
ond, but the minute average is considered. This is reasonable when 
looking at Fig. 4, where, in accordance with Eqs. (14) and (15), the 
relative uncertainty reduces to 4% for a number of samples N = 60.

Finally, the overall comparison between the different PVT mod-
ules is carried out on daily performances. Fig. 5 explains the depen-
dence of daily relative uncertainty from the number of daily data 
used starting from the minute average. As the previous case, the 
uncertainty decrease with high numbers of data. The figure also 
shows that daily uncertainty can be negligible and it won’t affect 
the performance comparison of the considered PVT modules. For 
this reason, it won’t be shown in the final table.
28/07/2015 3.89 2.31 2.33 2.75
02/08/2015 4.62 2.75 2.83 3.38
03/08/2015 5.39 2.94 2.93 3.59

Overall 52.07 27.55 26.99 34.08

6. Results

In this section the performance of the three PVT modules is dis-
cussed. The experimental tests are carried out with the same water 
inlet temperature for the three PVT panels while the water flow 
rate of each PVT module is set at typical values (about 1.65 l/min 
for module). It must be reminded that the set-up was designed to 
determine the PVT module performances under real operating 
conditions, being the steady-state performances provided by man-
ufacturer in their datasheets.

Heat transfer rates together with average inlet and outlet water 
temperatures on a minute basis for selected days, featuring sunny 
and cloudy conditions, are reported in Fig. 6. In general, RB2 has the 
highest heat transfer rate together with the highest outlet tem-
perature. The fluid temperature variation is in the range of 5 �C for
Fig. 7. Standard thermal efficiency versus overall radiation (a) and m

Fig. 8. Electric energy output of the PVT (a) and
RB2 at 900 Wm�2 and 40 �C temperature inlet, while no tempera-
ture differences between inlet and outlet can be seen for G below
250Wm�2. The heat transfer rate at 900 Wm�2 is between
400W (REF and RB1) and 500W for RB2. During cloudy days, there
is some heat transfer rate even at low radiations, but at tempera-
tures around 25 �C. Finally, the heat transfer is negative during
night time as consequence of the heat losses and lack of solar radi-
ation. It can be noted that the experimental setup has limited iner-
tia since the thermal loop consists only of three PVT panels without
any storage tank, leading to almost instantaneous temperature
variations as soon as solar radiation changes or wind blows (i.e.
odified thermal efficiency versus standard thermal efficiency (b).

electric efficiency (b) of the PVT modules.



Table 8
First and second law efficiencies of the three considered PVT.

Day ITOT [kW h m�2] Pel gI gII

REF RB1 RB2 REF RB1 RB2

02/07/15 4.73 Y 33.4 45.9 53.2 15.1 16.6 17.0
03/07/15 4.99 Y 34.7 48.0 53.9 15.2 16.5 17.0
03/08/15 5.39 Y 44.3 44.1 49.9 15.8 16.6 16.5
05/08/15 5.23 Y 42.3 42.0 48.5 15.4 16.4 16.0
06/08/15 5.84 Y 42.4 42.2 48.3 15.3 16.3 16.0
07/08/15 5.80 Y 42.5 42.7 48.1 15.3 16.2 16.2
08/08/15 6.08 Y 39.9 42.6 48.0 15.3 16.7 17.0
20/08/15 3.34 Y 41.3 44.5 50.4 15.4 16.6 16.8
27/08/15 4.81 Y 40.9 43.7 49.4 15.3 16.5 15.5
29/08/15 5.39 Y 39.4 41.8 47.8 15.0 16.3 15.1
31/08/15 5.44 Y 40.9 42.6 49.0 15.6 17.1 16.9
08/09/15 1.02 Y 45.2 36.1 34.8 18.2 18.6 18.2

Overall 58.48 Y 40.4 43.5 49.4 15.6 16.7 16.5

04/07/15 4.39 N 18.9 29.4 37.0 0.6 1.1 1.4
10/07/15 0.66 N 36.3 34.5 44.5 1.7 1.6 2.2
11/07/15 6.31 N 32.5 27.3 37.1 1.5 1.3 1.8
12/07/15 5.88 N 35.9 35.5 43.7 1.4 1.5 1.8
21/07/15 5.30 N 34.0 30.9 41.2 1.4 1.3 1.8
22/07/15 5.18 N 33.9 31.6 40.9 1.4 1.3 1.8
23/07/15 4.99 N 32.8 30.1 40.1 1.5 1.4 1.9
24/07/15 5.46 N 35.2 33.8 41.3 1.4 1.3 1.7
28/07/15 3.89 N 37.4 38.0 44.7 1.5 1.5 1.8
02/08/15 4.62 N 37.6 38.7 46.3 1.9 1.9 2.4
03/08/15 5.39 N 34.5 34.4 42.1 1.9 2.1 2.3

Overall 52.07 N 33.4 32.7 41.3 1.5 1.5 1.9
in Fig. 6, both solar irradiation and temperatures drop around mid-
day of the first day or look at the general trend in the third day).

For a consistent and fair comparison, the diverse thermal iner-
tia, consequence of different materials and thicknesses of the PVT, 
must be taken into account: REF module inertia is lower than those 
of RB1 and RB2. Consequently, the most appropriate compar-ison 
among the three PVT panels is performed considering the energy 
performances on a daily basis, assuming equal initial and final 
temperatures, instead of instantaneous thermal power.

Daily energy performances of the two considered PVT collectors 
with roll-bond are reported in Tables 6 and 7 (only production of 
thermal power without any electric power, i.e. disconnected 
inverters), together with the ones of the reference sheet-and-tube 
PVT collector for several days and, for the sole Table 6, with data 
from a pure PV collector. Calculations are carried out assum-ing an 
initial and final temperatures of 36 � C for all the considered 
modules. Assuming different temperature will not change results in 
relative terms. Data show that the PVT collectors perform better 
than the pure PV one due to the cooling effect of water loop that 
reduces the cell temperature. Moreover, performance of roll-bond 
collectors are higher with respect to the baseline PVT one due to a 
better heat extraction of the roll-bond absorber: the sur-face over 
which the cold water flows is larger. Finally, RB2 achieves higher 
thermal performance with respect to RB1, due to the better back 
insulation, and similar electric efficiency.

Fig. 7(a)2 shows the thermal efficiency of the three modules as 
function of the daily solar radiation either for the situation when 
both electric and thermal power are produced (empty markers) and 
for the situation when only thermal power is produced (full 
markers). RB2 panel seems to have the highest thermal perfor-
mances while the REF and RB1 collectors have a similar behavior. 
This suggests that the RB1 suffers higher thermal losses and, conse-
quently, that the adoption of roll-bond as heat recovery technology 
can be more efficient than sheet-and-tube configuration only if 
combined with adequate insulating material. Moreover, RB1 has a 
thermal efficiency comparable with REF when the module produces 
electricity, while the situation changes when the power production is 
switched off, in this case REF seems to have better performances. This 
suggests that the RB1 exhibits higher thermal losses when the 
temperature difference between the PV module and the ambient 
increases. Finally, RB configuration performs better at high irradia-
tion, while REF exceeds RBs in days with irradiation between 1 and 2 
kW h/m2 day (08/09 and 10/07). This is supposed to be related to the 
highest heat capacity of roll-bond collectors that leads to a reduction 
in the heat transfer between the panel and the coolant. Overall, the 
average thermal efficiency without electricity produc-tion ranges 
from 33% to 41% which is 25% points lower than flat plate thermal 
panels operating under the same average temperatures and 
radiations.3

A comparison between the thermal efficiencies of the three 
modules defined in the standard mode, (see Eq. (3)), and the one 
introduced in the present paper, calculated according to Eq. (4), is 
shown in Fig. 7(b).4 Generally speaking, when the PVT produces 
electrical and thermal energy simultaneously, the modified thermal 
efficiency is point by point higher than the conventional one, with 
differences ranging from 3% to 7%, according to its definition. Vice 
versa, when the PVT collectors do not produce any electric power, the 
two efficiency are exactly equal.
   Focusing on the electric efficiency, the adoption of a heat recovery 
system which acts as coolant for the PV cells allows higher con-
2 For actual values see table A in supplementary material.
3 The reference panel is based on flat plate collectors with g0 and K equal to 0.75

(including fouling) and 4 Wm�2 K�1 respectively, average G 674 Wm�2, ambient
temperature 27.4 �C and average module temperature of 41 �C.

4 For actual values, see table A in supplementary material.
version efficiencies with respect to reference PV modules (Fig. 8). In 
general, the RB configuration allows a more uniform tempera-ture 
distribution on the entire module than the sheet-and-tube one due 
to the higher number of tubes where coolant flows, hence the cell 
temperature reduces with efficiency advantages. It is important to 
stress that PV cell are connected in series, so even limited hot zones 
may penalize the entire module performances.

Fig. 85 highlights also that the solar irradiance slightly affects the 
electric efficiency justifying the alignment of thermal and electric 
power in Fig. 7: if the electric efficiency is constant the thermal effi-
ciency and the modified thermal efficiency are proportional (see Eq.
(4)).

The first and second law efficiencies as well as the overall values 
are summarized in Table 8. The first law efficiency is higher with 
electricity production and it is between 40% and 49%, reducing the 
performance difference between PVT and conventional thermal 
panels. The situation completely changes when considering the 
second law efficiency where the thermal power has limited contri-
bution since the Lorentz efficiency is very low, below 10%, due to 
low coolant inlet and outlet temperature (roughly between 30 �C 
and 45 �C). Assuming the second law perspective, the adoption of 
combined heat and power generation is fully justified. Besides first 
and second law efficiencies, the economic value of thermal and 
electric power is fundamental to determine whether additional 
investments can be balanced by the higher revenues.

Together with thermal performances of different panels, 
pressure drops were also monitored providing an idea about differ-
ences and limitation to the lay-out (series vs. parallel configura-
tions) of a PVT solar field. The pressure drop of the reference PVT is 
equal to 3000 Pa at typical operating conditions (mass flow rate 
equal to 2 l/min, average coolant temperature equal to 35 � C) 
whereas the roll-bond configuration shows significantly higher 
pressure drop, reaching 7000 Pa at the same operating conditions. 
This higher value must be taken into account when defining the 
recovery lay-out: in a PVT solar field a limited number of roll-
5
 For actual values, see table B in supplementary material.



bond based PVT can be placed in series, limiting the maximum out-
let temperature.
7. Conclusions

In this paper, three different PVT modules were tested at the 
SolarTechLAB. The performance of two innovative PVT prototypes, 
adopting roll-bond technology as heat recovery concept, were 
compared to the performance of a commercial PVT module, based 
on a conventional sheet-and-tube concept, that acted as the 
baseline.

Experimental activities were carried out in real operating: the 
performance assessment was carried out considering daily perfor-
mance as terms of comparison between the different technologies. 
The results showed that roll-bond modules can reach higher ther-
mal efficiency than sheet-and-tube configuration provided that an 
adequate insulation is added to collector bask. The thermal effi-
ciency can increase by about 10% points with even slightly higher 
electricity production. The resulting first law and second law effi-
ciency can be as high as 49% and 16.2% for the best roll-bond, while 
the baseline module achieves thermal and electrical efficiencies 
equal only to 40% and 15.6% respectively. Thanks to this extensive 
experimental campaign, the potentiality of roll bond as heat recov-
ery technology applied to PV modules is confirmed. Additional 
experiments are on-going to investigate and optimize the insula-
tion and see how the performances of roll-bond modules can be 
further improved.

A second finding of the work is found in the performance 
assessment, where new indexes are proposed. Besides the electric 
and thermal efficiencies, typically adopted in conventional PV and 
thermal panel analysis, additional parameters are introduced to 
account for PVT peculiarities and make consistent comparisons. 
The validity of the proposed thermal efficiency correction, by 
means of the electric power produced, was confirmed by the 
experimental analysis. Finally, the second law analysis outlined 
the potentiality of PVT covering the gap with the conventional 
thermal panels: the higher thermodynamic value of electricity 
more than balance the lower thermal efficiency.
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