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Abstract

Integrating electronic parts and batteries for stand-alone
solutions in unitized curtain wall system is an innovative
concept. This brings new challenges and problems that are
investigated by this research.

Since these electronic components may be conveniently
located inside the cavity behind the PV module, the risk
of overheating should be minimized, and this can be
achieved by ventilating the cavity. This study aims at
investigating how the air temperature in the cavity varies
in the two building integrated photovoltaics (BIPV)
configurations that were tested (with and without natural
retro-ventilation).

A model is developed and validated against experimental
data, to provide design feedback and maximize the energy
performance of photovoltaic modules integrated into the
facades.

Results show that even a small air flow can significantly
reduce the temperature inside the cavity, especially in
winter conditions, minimizing the risk for the entire active
system’s performance, and positively affecting
temperatures in the neighbouring indoor environment.

Introduction

When designing modular BIPV (Building Integrated
Photovoltaic) systems for prefabricated fagades, as
developed for instance in the European project
CommONEnergy, = Commonenergyproject  (2016),
electronic components such as those required for energy
management and storage may be conveniently located
inside the cavity behind the PV module. Thus, the risk of
overheating in this cavity should be minimized, and this
can be achieved by ventilating the cavity.

BIPV has been largely investigated in literature and
attention has been paid to the impacts on cooling and
heating loads due to PV integration. For instance, Infield
et al. (2006), Wang et al. (2006) and Friling et al. (2009)
developed mathematical models of the heat transfer of
building integrated photovoltaic (BIPV) modules and
analysed the thermal impact on building performances
due to the integration. Mei et al. (2003) presented also a
dynamic thermal model based on Trnsys, for building
with an integrated ventilated PV facade. Gan (2011)
studied a validated CFD model to predict the buoyancy-
driven airflow and heat transfer rates in vertical
ventilation cavities.
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However, integrating electronic parts and batteries for
stand-alone solutions in prefabricated fagcade modules is
an innovative concept.

Thus, the main objectives of the tests performed in the
Eurac Flexi BIPV lab, eurac research (2016) are:

- to compare different configurations of the PV
facade focused on temperature-related issues
(facade with and without PV module retro-
ventilation) i.e. temperature assessment of
battery, air in the gap between the PV module
and the insulation panel, PV module, envelope
surfaces;

- to detect possible problems due to temperature
rise;

- to validate a model developed in Trnsys -
combining Type 568, Thornton et al. (2012),
Type 56 and the analytical approach of 1SO
15099 for the calculation of the airflow rate - for
BIPV solutions which will aim to provide design

feedback concerning the facade design
(structure, BIPV system + battery, natural
ventilation);

- to evaluate the self-sufficiency of the system
composed by PV, MPPT, battery and windows
actuators.

Figure 1 shows on the left the multifunctional facade,
acciona (2016), developed in CommONEnergy project; in
particular, it is highlighted the BIPV dedicated area that
is the subject of this study. On the right, the prototypes
with the retro-ventilated and non-retro-ventilated cavities
are shown.
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Figure 1 CommONEnergy facade (left), testing area
rendering (center) and real prototypes for tests (right).



Methodology

Two BIPV configurations were tested: one with natural
retro-ventilation and another one without it. The two
facades configurations are identical except than for the
retro-ventilation.

Since this experiment is focused on the PV retro-
ventilation effects, the tests only take into account the
boxes with the PV integrated. These boxes are designed
in order to reproduce as much as possible the real
CommONEnergy facade’s situation. They are made of
aluminium with an internal layer of insulation; the thin
film PV is attached to an OSB layer. Moreover, instead of
being directly in contact with the outdoor temperature,
300 mm of EPS insulation have been placed in the back
part of the boxes, in order to have a surface temperature
more similar to the one of a heated indoor zone.

In Figure 2, it is possible to see a vertical section of the
box.
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Figure 2 Vertical section of the monitored box. Ventilated
and non-ventilatd boxes have the same design, apart
from the holes in the top and bottom parts to allow
ventilation.

In the experimental set-up, the maximum power point
tracker (MPPT) and the battery were integrated in the gap
behind the PV. Moreover, the PV module was connected
to the MPPT solar charge controller, managing the
battery, the actuators and an LED strip.

Four actuators for automatic windows opening were
installed on the facade backside and have been charged
with the same weight of the windows of a real facade in
order to reproduce the same electricity load.

The PV modules are based on CIGS (copper indium
gallium (di) selenide) technology. A flash test at STC
(standard test conditions) has been performed at Eurac
Research in the indoor laboratory before exposure. Figure
3 reports the flash test results for the two modules. The
maximum power output and the short circuit current
measured values of the two modules are respectively:

e 68.9 W, and of 3.37 A for module 61697
e 68.0 Wyand of 3.54 A for module 60701

254

These data are used as inputs for the performed

calculations.
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Figure 3 Flesh test results.

The actuators were moved through simplified control
strategies based on ambient temperature measurements.

Since the PV module was over-dimensioned compared to
the actuators’ load, the charging and discharging current
is the most restrictive factor for the battery dimensioning.
Thus, the battery capacity allows additional loads to be
connected, and therefore to use efficiently the entire
electricity produced by the PV. For this reason, it was
decided to connect an additional load to the system,
namely a LED strip, since it is common practice for
several commercial facade to include this option.

The same configurations were modelled in Trnsys 17,
TRNSY'S Various contributors (2017). The airflow within
the cavity was modelled using equations provided by ISO
15099 for buoyancy-driven systems. The model was
validated by comparing measured and simulated
temperatures within the cavity. The validated model was
used to extend the results by evaluating the temperature
variations in the cavity over one year in different
locations.

Data acquisition system

In both PV installations, with and without retro-
ventilation, we continuously monitored:

e  Surface temperature (connected to data logger CRIO)
e  Ambient temperature

e Air velocity (outside and in the ventilated gap)

e Irradiance (vertical pyranometer)

e PV, Battery and MPPT characteristics

Sensors position is shown in detail in Figure 4, while all
the sensors used are listed in Table 1, as well as the
abbreviations used.
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Figure 4 Section and front schematic view of the PV
panel installation with sensors positioning at Eurac
outdoor laboratories.

Numerical model for retro-ventilation behind PV
panel

A numerical model representing the retro-ventilation
behind the PV panel and its interaction with the fagade
was created within the Trnsys modelling environment.

The Type 568 has been used in combination with the
building Type 56 for analysing the airflow in the channel
between the building wall and the PV. One of the
fundamental input for the Type 568 is the inlet airflow rate
(Figure 5): this parameter has been separately calculated
imposing the balance of pressure losses and gains, under
the hypothesis of a laminar flow. The procedure is the one
described in the 1SO15099 and it was chosen for its
physic-based description of buoyancy driven phenomena.
Furthermore, the energy balance requires as input the
temperature of the flowing fluid, which is an output of the
Type 568. Hence, an iterative process between the
balance calculation (implemented in TRNSYS as
equation) and the Type 568 was adopted.

T_PV_Ap

T_back_surface T_inside

T_lower_channel

Building
wall

PV array

Figure 5 Schematic representation of Type 568's
interaction with wall.

By using the developed numerical model (Figure 6), it
was possible to analyse several outputs. Those presented
here below were validated using monitored data in the
experimental set-up:

e  Outlet fluid temperature from the cavity

o  Useful energy gain by the air in the cavity
e  Power production of the PV

e PV efficiency

e PV temperature
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e Upper channel temperature (temperature of the air
near back PV surface)

e Mean fluid temperature in the cavity

e Lower channel temperature (temperature of the air
near wall surface)

e  Back surface temperature of the PV

e  Absorbed radiation by the PV
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Figure 6 Trnsys deck representing the PV panel with
retro-ventilation model.

Results

In this section, monitored data will be analysed and
compared with simulation results.

The model was calibrated using the monitored data
collected from the experiment. The calibration period is
referred to a 10-days-long period, from 1% July 2017 to
10" July 2017.

In the calibration, a wider range of values was tested for
the convective coefficient (h_conveciive) Of the exterior
surface of the PV panel, while smaller variation were
made on PV parameters. The formula that has been used
(2) links the convective coefficient to the wind speed, and
it has been found in literature (Test, Lessmann, & Johary,
1980):

h_convective=(2.56*Wind_velocity)+8.55 (1)
Figure 7 shows the monitored and simulated air
temperature inside the ventilated cavity. In general, the
trend of the simulated temperature is quite similar to the
measured values, and the largest temperature differences
are within 5°C. The simulation model underestimates the
mean fluid temperature. This underestimation is likely to
be due to the fact that the retro-ventilation mass flow is
overstimated, and, as a consequence, the air temperature
calculated within the air channel is lower.

Figure 8 shows the comparison between simulated and
monitored mean air flow temperatures in non-ventilated
air cavity. In this case, the matching is even closer during
a 10-day period, with a maximum difference of 10°C



between monitored and calculated, but with an RMSE
(root mean square error)=3.74°C and a CVRMSD
(coefficient of variation)=0.14°C.

Figure 7 Mean fluid temperatures (ventilated cavity)
monitored/calculated.

Mean Fluid Temp

Mean Fuid Temp 0.0001) {trnsy

Figure 8 Mean fluid temperatures (hon-ventilated
cavity) monitored/calculated.

In Figure 9 and Figure 10, the monitored and calculated
PV temperatures of the ventilated and non-ventilated
prototypes are compared. Also this analysis gave good
matching between the simulated and the measured values
(for the wventilated condition RMSE=4.23°C and
CVRMSD=0.16°C. In the non-ventilated case the
RMSE=4.36°C and CVRMSD=0.16°C). PV temperature
is strongly affected by the incident radiation and the
convective heat transfer coefficient of the surface. In our
experiments, the radiation on the PV is measured by a
pyranometer and it has been given as an input to the model
within the calibration process. Therefore, we assume the
mismatch between measured and simulated PV
temperatures are mainly due to the simplified convective
coefficient equation used.
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Figure 9 PV surface temperature (ventilated cavity)
monitored/calculated.
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Figure 10 PV surface temperature (non-ventilated
cavity) monitored/calculated.

The graphs in Figure 11 and Figure 12 show the
comparison between the surface temperatures behind the
back surface of the cavity. Both for the ventilated and
non-ventilated condition the trends of monitored and
calculated temperatures are in good agreement (maximum
difference is within 5°C).
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Temperature Behind Insulation VENTILATED (tmays)

Figure 11 Surface temperature behind ventilated cavity
insulation — monitored/calculated.
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Figure 12 Surface temperature behind non-ventilated
cavity insulation — monitored/calculated.

The analyses on the monitored and calculated data gave
positive results with an RMSE=4.87°C and a
CVRMSD=0.17°C, and it shows that this modelling
approach in Trnsys, , can reproduce the behaviour of a
building integrated photovoltaic panel with retro-
ventilated cavity with a good approximation, considering
the purpose of checking PV and battery system
performance.

In the following part, the comparison between the
monitored data in ventilated and non-ventilated cavity are
presented.

In Figure 13, it is shown how the temperature of air
flowing in the cavity behind the PV module is influenced
by the presence of retro-ventilation.

The monitored temperature in the non-ventilated cavity
reaches up to approximately 54°C, while the highest
temperature is around 44°C in the ventilated one. Mean
fluid temperature in the non-ventilated cavity can be up to
10°C higher than in a ventilated cavity. Temperatures
above 55°C in the cavity could cause severe damages to
electrical equipment (e.g. battery fault) located in that
position.

ventilated/non-ventilated cavities.

Figure 14 presents the comparison between PV
temperatures in ventilated and non ventilated conditions.
This temperatures are mainly influenced by the radiation
hitting the modules and the outdoor conditions. No
particular benefit of the retroventilation on PV panel
temperature is observed.
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Figure 15 shows the monitored surface temperature
behind the insulation layer of the ventilated and non-
ventilated cavity. It is interesting to notice how the
temperature behind the back insulation of the cavity
(sensor name: TS1) is affected by the temperature of the
air flowing in the channel. In this experiment, the inner
part of the cavities has been insulated, and this explains
why the temperature behind insulation in the non-
ventilated condition is slightliy higher (avg. 1°C and
maximum 3°C) respect to the ventilated condition. Tthis
information is very important to identify the most
appropriate thickness of the insulation layer to be placed
in this position, in order to prevent indoor ambient from
overheating without a waste of insulating material and for
the optimization of the use of the space in the cavity for
electric equipment positioning.

Figure 14 PV surface temperature (monitored data)
ventilated/non-ventilated cavities.

ATED [monitored
N VENTILATED [monitored

Figure 15 Surface temperature behind non-ventilated
cavity insulation (monitored data) — ventilated/non-
ventilated cavities.

Table 2 shows the peak temperature reached on the
surface of the batteries inside cavities and it is possible to
notice that, due to the non-ventilated condition, the
battery temperature can easily increase, although in this
specific case it is still near the suggested operative
temperature range (-15°C + 50°C).



Table 1 Maximum battery surface temperature

Battery temperature from 30.06 to 06.09

Ventilated cavity Non-Ventilated cavity

MAX TEMPERATURE | MAX TEMPERATURE
49.3°C 52.3°C
@ 05.08.2017 15:25:30 @ 05.08.2017 14:31:30

BIPV facade design guidelines

The experiment performed and the analysis carried
enabled to draw some conclusions in form of design
guidelines for the BIPV facade.

System design feedback

PV module is over-dimensioned compared to the window
actuators load. 0.5 heq (equivalent hours) would be enough
to guarantee 5 days operation. This means that, if working
at STC conditions, in 0.5 hour the PV module would
produce enough energy to power the actuators for 5 days
considering a worst-case scenario of 6 actuator operations
every day. In fact, considering an average summer daily
sun irradiation in Bozen and Seville (locations selected
due to...), the power production by the 68W-module
would be respectively 200Wh and 150Wh, while two
complete opening and closing of windows would require
almost 3.3 Wh. Thus, the charging and discharging
current is the most restrictive factor for the battery
dimensioning. The battery capacity allows additional
loads to be connected in order to use efficiently the PV
produced electricity. For this reason, it was decided to
connect an additional load to the system, namely a 1.73-
meter-long LED strip requiring 10 W/m. The LED strip
operates for 2 hours per day during evening. In this
condition, the energy needed from the grid is still very low
along the year (50Wh).

Feedback from simulation results

The calibrated model enabled the evaluation of the air
temperature in the cavity over the whole year using
standard weather data from Seville and Bozen. This
analysis is replicable in every climate and in particular, it
is possible to have an overview of the performance of the
BIPV in different operating conditions, as well as making
considerations on internal cavity temperature that can be
reached in a typical year.

In Figure 15, the air temperatures reached within
ventilated and non-ventilated cavities in Seville are
presented. Benefits in terms of temperature reduction due
to ventilation are evident. The maximum temperature
difference between non-ventilated and ventilated
condition is 28°C, and the average different is 5°C.
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Figure 16 Mean fluid temperature in the cavity behind
PV module in Seville — comparison between ventilated
and non-ventilated box.

PV power production in the two ventilation conditions in
Seville are showed in Figure 16. Here, it is possible to
notice that the PV production is only slightly influenced
by the temperature growth: the yearly energy production
is 49.88KWh for the ventilated condition, and 49.78KWh
for the non-ventilated one.

ENERGY PRODUCTION over the

YEAR:

- VENTILATED............. 49.88 kWh
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Figure 17 PV power production along the year in Seville
— comparison between ventilated and non-ventilated
cavity

production NON VENTILATED

Figure 17 shows the mean fluid temperature which is
reached accross the year (from 1% January to 25%
November) with different retro-ventilation conditions, in
Bozen. A good air flow behind the PV panel allows an
average temperature reduction of more than 10°C.

Oln  30-Jan  29-Feb  30-Mar

20-Apr 29-May 28Jun  28-Jul  27-Aug 26-Sep 26-Oct  25-Nov

Time [day]

Figure 18 Mean fluid temperature in the cavity behind
PV module in Bozen — comparison between ventilated

and non-ventilated box.

man

In Figure 18, the PV power production in Bozen is
presented. Small differences in PV efficiency are given by



the measured changes in boundary temperature (43.78
KWh in ventilated condition and 43.75 KWh in the non-
ventilated one). This is probably due to the fact that the
PV panel is insulated from the cavity with a wood panel.
However, further developments of the facade concept will
consider other materials for the panel and the PV
production is expected to be more significantly affected
by retro-ventilation.

ENERGY PRODUCTION over the
YEAR:

a5.00 - VENTILATED. e 43. 78 kWh
NON VENTILATED.... . 43.75 kWh

Figure 19 PV power production along the year in Bozen
— comparison between ventilated and non-ventilated
cavity.

Conclusions

In the literature, BIPV systems have been extensively
studied. However, integrating electronic parts and
batteries for stand-alone solutions in prefabricated fagade
modules is an innovative concept. This brings new
challenges and problems that were investigated in this
research.

Using the developed Trnsys modelling approach that
couples different Tsnsys types in a new way, annual
simulation has been performed and the results have been
analysed. The benefits of the ventilation of the cavity have
been explained, showing that critical temperatures are
likely to occur without a sufficient ventilation rate. These
too elevated temperatures can cause overheating problem
within the indoor environment, as well as severe damages
of electronic components positioned in the cavity.

The experimental activity gave the possibility to compare
different configurations of the PV facade focused on
temperature-related issues (facade with and without PV
module retro-ventilation) including the evaluation of the
temperature of the battery, the air in the gap between the
PV module and the insulation panel, the PV module, and
the envelope surfaces. It has been demonstrated that the
presence of a retro-ventilated cavity behind the module
can have positive effects on air temperature, avoiding
possible damages of batteries and electrical components
due to overheating. Moreover, also the indoor ambient
adjacent to the cavity can be positively affected by the
decrease in temperature given by ventilation. In addition,
an accurate evaluation of cavity temperatures enables the
optimization of the thickness of the insulation layer
needed between the cavity and the indoor room.

Within this work, it has also been possible to validate a
model developed in Trnsys (Type 568 + Type 56 +
analytical formula from the ISO 15099) for BIPV
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solutions, and the developed modelling approach may be
used as a design tool for BIPV fagade design. This model,
combined with the Trnsys analysis of PV power
production and loads demand, can give useful information
for the evaluation of the self-sufficiency of the system,
contributing to the development of a standing alone
facade module.

The simplified numerical model developed and validated
for BIPV solutions can be used in future research to
evaluate the performances of modular BIPV prefabricated
systems in different operating conditions by predicting the
temperatures reached in the internal ambient during a
given period such as a year in both ventilated (non-narrow
cavity, thus more complex flow) and non-ventilated
conditions.
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Table 2 List of sensors used in the experiment (TA Temperature Air, TS Temperature Surface, AN ANemometer, HFP

Heat Fluximeter Plate, PYR PYRanometer)

MEASUREMENT SE'\II[S)OR TYPE POSITION
Inlet air temperature TAl Thermo-couple Below the inlet
AIr temperature | otlet air temperature TA2 Thermo-couple | Above the outlet
Mean fluid temperature TA3 Thermo-couple | Inside the ventilated channel
Back surface temperature TS1 PT100 Behind the insulation panel
Behind the wooden panel
Surface Upper channel temperature TS2 PT100 behind the PV, inside the
temperature channel
Lower channel temperature TS3 PT100 Qn the_surface_ of the
insulation, facing the channel
Air velocity Air velocity inside channel AN1 Hot Wire 1D Inside the channel
PV Top heat loss .
coefficient (wind velocity) AN2 Wind sensor PV surface
PV Top heat loss
coefficient (emissivity)
Layers Convective top losses
- HFP1 PV surface
Radiative top losses Fluximeter _ .
Back losses HEP?2 Insulation surface facing the
zone
Ambient temperature
Weather data Meteo station
Incident solar radiation Pyranometer
PV PV power production EL
PV temperature TS4 Thermo-couple | PV back surface
MPPT tracker | Temperature TS6 Thermo-couple | MPPT internal
Battery Temperature TS5 PT100 On the battery
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