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Abstract

The performance of two unglazed aluminum PVT collectors integrated into a concrete wall was investigated
in a laboratory test facility. One PVT collector was installed in direct contact with the concrete wall and the
other was installed with 10 mm of Styrofoam between the PVT collector and the wall. It was found that the
temperatures of the walls behind the PVT collectors had big impacts on the thermal performance of the
collectors. For this reason, an extended version of the traditional QDT formula was suggested for facade
integrated collectors, where the effect of the temperature of the wall was also taken into account.
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Nomenclature and symbols

Quantity Symbol Unit
Gross area of collector Ac m?

Heat loss coefficient o1 W m2K-?
Temperature dependence of heat loss coefficient o2 W m2K-2
Wind speed dependence of heat loss coefficient a3 Jm3K?
Sky temperature dependence of heat loss coefficient o4 -
Effective thermal capacity as Jm2K?
Wind speed dependence of peak collector efficiency a6 mts
Wind speed dependence of infrared radiation exchange o7 W m2K-+
Radiation losses s W m2K-4
Heat loss coefficient to the wall a9 W m2K-t
Stefan- Boltzmann constant c W m2K-
Longwave irradiance EL W m?
Hemispherical solar irradiance G W m?
Global solar irradiance at the collector plane Gt W m
Beam irradiance Gob W m2
Diffuse irradiance Gud W m2
Incidence angle modifier for diffuse solar radiation Kd -
Incidence angle modifier for direct solar irradiance Kb -
Incidence angle modifier Ky -
Incidence angle modifier coefficient bo -

Air speed u ms?
Reduced air speed u’ ms?
Peak collector efficiency based on Gy M0b -

Mean temperature of heat transfer fluid 9m °C
Ambient air temperature Yu °C

Wall temperature Sw °C
Incidence angle 0i °
Transversal angle of incidence 01 °

1. Introduction

Photovoltaics (PV) panels convert solar irradiance to electricity, but their efficiency drops proportionally as
the temperature of the cells increases. Solar thermal collectors convert solar irradiation into heat, which can be
used for domestic applications (e.g. space heating, domestic hot water). Photovoltaic Thermal (PVT) collectors
are hybrid panels combining PV and solar thermal components into a single module in order to produce
electricity and useable heat simultaneously (Kramer and Helmers, 2013). The thermal component of the PVT
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collector has the potential to cool the PV component leading to higher electricity production while producing
heat at the same time (Aste et al., 2014). This leads to a better utilization of the installation area, potentially
reducing at the same time the use of materials, as less materials are needed to manufacture PVT collectors
compared to the material use for separate PV- and thermal- panels (Dannemand et al., 2019). PVT technology
has been investigated and considered favorable for domestic applications (e.g. heating, cooling, electricity etc.)
(Butera et al., 2007). Integrating PVT collectors into the roof or fagcade of a building allows also for synergetic
effects in terms of reducing the construction materials used and increasing aesthetics of the building.

The aim of this investigation was to determine the performance potential of PVT collectors mounted on a
concrete wall with and without a layer of insulation between the PVT collector and the wall. It was expected
that the insulation would influence the performance of the panel, since the thermal mass of the building
construction that is in contact with the PVT panel would affect the panel’s power production.

2. Methodology

Two identical 2 m? PVT collectors with monocrystalline solar cells produced by Racell Technologies were
mounted on a free standing concrete wall. One panel was mounted directly in contact with the wall; the other
panel was installed with 10 mm Styrofoam between the PVT collector and the concrete wall. The PVT panels
were mounted vertically and were oriented facing south-west, as shown in Fig. 1. Measurements were taken
from June to August 2019, at the test facility of the Technical University of Denmark (DTU).

Fig. 1: PVT collectors integrated into a concrete facade.

The pipes to and from the PVT collector were connected to a test rig where the forward temperature was
controlled with a heating and cooling system. The equipment setup for maintaining a constant forward
temperature to the panel is illustrated in Fig. 2. The collectors were tested with four different operating
temperatures; namely 15, 20, 25 and 30 °C. The flow rate was kept constant through all the measurement period
at 0.045 litre s* for each panel.
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Fig. 2: Equipment setup for keeping constant forward temperature.

The electrical output from the PVT panels, the total and long-wave irradiance as well as the ambient
temperature were measured. The temperature differences between the inlet and outlet temperatures to and from
the thermal absorbers were measured using thermopiles and the flow rates through the absorbers were likewise
measured. Since it was expected that the wall temperature would affect the thermal performance of the panels,
the temperature inside the wall behind each of the panels was also measured. The sections of concrete wall
behind the PVT panels were 100 mm thick. Behind the center of each panel, in the middle of the wall (50 mm
into the concrete) the temperatures of the wall sections were measured. The wind speed near the PVT panel
was measured with an ultrasonic wind sensor mounted in the same plane as the PVT collector as it can be seen
in Fig. 3.

Fig. 3: Location of the ultrasonic wind sensor.
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2.1. Standard quasi-dynamic test method

The thermal performance of the PVT collector is normally characterized using the quasi-dynamic test (QDT)
method as it is described in 1SO 9806:2017 (1SO 9806:2017(E), 2017), using (eq. 1).

Q = AgnopKpGp + MopKaGa — s Oy — 9g) — Ay (0 — 9)? — ast (O, — 9,) + a4 (E, — 0Ty —
as(dVp,/dt) — agu'G — a;u'(E, — 0Ty) — ag(9n — 9)* | (eq. 1)
u =u-3 (eq.2)

In this paper, a modified version of (eq. 1) was used, utilizing the global irradiance on the collector plane and
the incidence angle modifier, as presented in (eq. 3) and (eq. 4). The coefficients for the collectors’ performance
were calculated at maximum power point tracking (MPPT) operation.

Q = Ag [no,bKBGt — a3 (O — ) — a9, — 19a)2 —azu' (O —9,) + a,(E, — UT(;) —as(d9,,/dt) —
ag'G — a,u' (B, — oTd) — ag(Op — 92)* |

Ko =1- bo(—5—1)

cosf;

2.2. Extended quasi-dynamic method

The wall on which the PVT panels are integrated, can be heated up (or cooled down) by the ambient
temperature, the solar irradiance and the panel temperature and this can increase or decrease the efficiency of
the PVT. For this reason, it was decided to perform two analyses using the QDT method. The first method
applied was the standard QDT formula as presented in (eg. 3) and the second one was an extended version of
the QDT equation, where a new term (ag) was added, which would take into consideration the temperature of
the wall compared to the mean temperature of the PVT. The extended QDT equation is presented in (eq. 5).

Q = AG[no,bKGGt — a1 (O — 9) — a2 (O — 92)? — Az’ O, — 9y) + ay(E, — oTS) — as(dy,/dt)
—agU'G — a;u' (B, — 0Tg) — ag(@p — 92)* — ag(Um — 19w)]

3. Results

3.1. Measurement results

The electrical power produced by the two panels along with the solar irradiance on the panels’ surface is
illustrated in Fig. 4 for the 27" of June. It can be observed that the uninsulated panel produced slightly more
electricity than the insulated one. This phenomenon was observed for all the measurement days according to
Tab. 5. However, it has to be pointed out that the absolute difference of the average daily electrical output of
the two panels was only about 0.5%.
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Fig. 4: Electrical power and tilted irradiance for 27/06/2019.

Tab. 1: Average daily electrical efficiencies.

cectical fficiency (¢) | clectrica fficiency (o) | A0 diference (%0
27 - 06 - 2019 13.4 12.9 0.5
03 -07-2019 13.6 13.1 0.5
05-07-2019 13.4 12.9 0.5
09 - 07 - 2019 13.5 13 0.5
10 - 07 — 2019 13.6 13.1 0.5
11-07-2019 13.4 12.8 0.6
16 - 07 — 2019 14.1 13.5 0.6
23-07-2019 13.9 13.3 0.6
28 — 07 — 2019 13.3 12.9 0.4
16 - 08 — 2019 13.9 13.3 0.6

The reason for this difference in electrical output was the different temperature of each panel. In Fig. 5, the
outlet fluid temperature of the two panels is presented along with the fluid inlet temperature and the irradiance
on the panels’ surface. The inlet fluid temperature was the same for the two panels. It can be seen that the
outlet fluid temperature of the insulated panel is always higher than the uninsulated one, for periods of the day
where the panel is heated by the sun. However, in the afternoon, where the irradiance on the panels’ surface
drops rapidly, it can be seen that the outlet temperature of the uninsulated panel is higher than the insulated
one. This phenomenon was observed through all the measurement days with high irradiance.
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Fig. 5: Inlet and outlet fluid temperature and tilted irradiance for 16/08/2019.

A possible explanation of this behavior is given in Fig. 6 where the wall temperature behind the insulated and
the uninsulated panel is presented along with the mean temperature of the two panels. It can be observed that
the wall temperature behind the uninsulated panel reached much higher levels, being affected by the mean
temperature of the panel and the irradiation. The temperature of the wall varied behind the two panels
approximately 2 — 4 K over the day. In the afternoon, the wall discharged its heat to the panel increasing its
mean temperature. This effect is much more significant for the uninsulated panel because there is no insulation
to reduce the heat transfer, but also because of the higher wall temperature. This behavior was observed for all
measurement days with high irradiance.
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Fig. 6: Wall and mean panel temperatures and tilted irradiance for 10/07/2019.
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3.2. Quasi-dynamic test results
Applying the two versions of the QDT equations, the thermal performance of the uninsulated panel was
calculated. The calculated thermal output from the standard and the extended QDT is reported in Tab. 2 and

the obtained coefficients from the two methods are reported in Tab. 3.

Tab. 2: Thermal performance results for uninsulated PVT.

Standard QDT Extended QDT
Measured
Start | End | Tin | thermal | Modelled Modelled
Date | yio' | time ©C) | output thermal | Deviation | thermal Deviation
(KWh) output (%) output (%)
(kwh) (kwh)
27-06 | 12:00 | 17:00 | 30 3.27 2.95 -9.9 3.16 -3.4
03-07 | 12:00 | 15:00 | 25 1.96 2 2.3 1.98 14
05-07 | 11:00 | 14:00 | 25 2.2 2.3 4 2.28 3.1
09-07 | 11:00 | 16:00 | 20 4.28 4.21 -1.7 4.5 5
10-07 | 10:00 | 16:00 | 20 5.94 5.87 -1.2 5.87 -1.2
11-07 | 10:00 | 14:00 | 20 3.95 4.03 1.9 3.98 0.7
16-07 | 11:00 | 16:30 | 15 6.78 6.81 0.4 6.87 1.2
23-07 | 10:00 | 17:00 | 15 8.79 8.44 -4 8.62 -1.9
28-07 | 12:30 | 16:00 | 30 2.74 2.84 3.7 2.66 -2.6
16-08 | 12:00 | 16:00 | 20 4.28 4.32 0.9 4.22 -1.5
Tab. 3: Collector coefficients from quasi-dynamic testing (based on gross area).
Standard QDT Extended QDT

Coefficients t-scores Coefficients t-scores

Mo (5) 0.59 24 0.53 27

bo (-) 0.12 15 0.14 21

oz (W m2K?) 17.7 68 7.1 12

as (J m2K?) 4.4 *10* 32 3.9 *10* 35

as (m?s) 0.06 6 0.06 8

ag (W m2K?) - - 24.8 20

Adding the new term in the QDT equation changed all the coefficients calculated from QDT except of the
value of as. Coefficient ag takes into account the heat losses (or heat gains) from the panel to the wall and
seems to be very significant from a statistical point of view (high t-score). This new coefficient leads to a
reduction of oy, which is due to the fact that the heat losses to the wall are taken into account by coefficient ay.
The decrease of coefficient a5 was not anticipated and is thought to be caused by the interplay of the thermal
mass of the wall and is changed due to the addition of coefficient ag. In theory, the introduction of coefficient
ag should not have any effect on the nop and by coefficients. However, both coefficients changed with the
introduction of the new factor. It is not clear at the moment if the standard or the extended formula calculates
more accurately the results and more investigations have to be conducted. It has to be pointed out though that
the deviation of the daily calculated values for the extended formula of QDT are smaller, suggesting that, in
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general, it calculates more accurately the thermal performance of the panel. The suggested extended version
of QDT was also applied to the insulated panel. In that case, the t-score of ag coefficient was below 3, so it
was considered insignificant, proving that, in the case of the insulated panel, the wall temperature does not
affect the thermal performance. This result enhances the belief that the addition of ag coefficient was necessary
in the QDT formula.

As the temperature of the wall behind the panels only was measured at one location behind the center of each
PVT panel, there may be some uncertainty in how well the measured temperature represents the average wall
temperature. Further, as seen in the measurement, the sections of wall behind each panel had different
temperature developments and as the PVT panels were mounted next to each other on a continuous wall with
only a few centimeters apart, there may be some heat transfer between the wall sections behind each of the
panels. It is nevertheless believed that the added coefficient ag is significant and should be considered for
collectors in contact with substantial thermal mass. To determine a more precise value for ag it should be
considered to design the experiment where the collectors are tested individually and the influence of nearby
collectors is eliminated.

4. Conclusion

In this study, two facade integrated PVT panels were investigated in terms of thermal performance. One of
them had a layer of insulation between the panel and the wall and the other was in direct contact with the wall.
It was found that the insulated panel had higher thermal performance than the uninsulated one, as higher outlet
fluid temperatures were reached. On the other hand, due to lower temperature of the panel, the uninsulated one
had higher electrical performance. It was pointed out that the wall affected significantly the thermal
performance of the panel, especially of the uninsulated panel, since it created additional heat losses or heat
gains to the panel. For this reason, a new factor was suggested to be used in the standard QDT formula that
takes into account the wall temperature. The obtained results for this new coefficient justified this addition,
showing a considerable statistical importance of the new coefficient. It has to be mentioned that for the
insulated panel the new coefficient was statistical insignificant as was to be expected. However, although the
extended QDT formula showed promising results in term of modelling of thermal performance of the panel,
more investigations are considered necessary in order to reach a final conclusion on whether this factor should
be added to the standard QDT formula.
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