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Abstract: Building retrofit offers the opportunity to reduce energy consumption, improve energy
efficiency and increase the use of renewable energy sources. The photovoltaic (PV) technology can
be integrated into the building envelope, where conventional construction materials can be easily
substituted by PV modules. Prices are competitive with some other solutions and good architectural
building integrated photovoltaics (BIPV) solutions enhance the appearance of the buildings. All this
makes BIPV an attractive solution for effectively and sustainably retrofitting building envelopes,
providing savings in materials and in conventional electricity consumption and, at the same time,
improving the energy efficiency of the buildings. This paper shows a building retrofit case study
in which standard PV modules are integrated into a new ventilated fagade, aiming at serving as
an easy-to-implement example for large-scale actions.

Keywords: building retrofit; photovoltaic energy; building integrated photovoltaics (BIPV); energy
performance in buildings; ventilated facade

1. Introduction

Building Integrated Photovoltaics (BIPV) relates to photovoltaic modules providing one or more
functions of the building envelope [1]. This means that BIPV modules, apart from generating electricity,
constitute an integral part of the building, replacing conventional building components such as tiles
or ventilated fagade elements. The different applications of BIPV are detailed in various publications
especially addressed to architects [2-6].

The recent COP21 in Paris [7], resulting in 195 countries all over the world committed to
strengthening the global response to the threat of climate change, makes necessary urgent actions
towards the increase of energy efficiency in buildings, which account for around 40% of total final
energy consumption, due in a big extent to the low energy performance of most of the current buildings.
In Europe, the Energy Performance of Building Directive [8] establishes a regulatory framework for
energy performance in buildings that requires all new buildings to be Nearly Zero-Energy Buildings
(NEZBs) by 31 December 2019, or by 31 December 2018 if buildings are public. European Union
countries must set minimum energy performance requirements for new buildings and for those that
undergo major retrofitting works. Using energy from renewable sources, supported by legislative acts
such as the European Renewable Energy Directive [9], together with measures taken to reduce energy
consumption, would allow the agreed commitments about the reduction of greenhouse gas emissions
to be fulfilled.
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In this context, Building Integrated Photovoltaics (BIPV) can play an important role in an efficient
and sustainable refurbishment of buildings, an increasing activity identified as a major driver of the
current and near-future construction sector. The photovoltaic (PV) technology can be easily integrated
into the building envelope, where conventional cladding materials can be substituted by PV modules,
already with competitive costs in many cases [10]. BIPV, which appears as the market segment with
the greatest growth potential in the photovoltaic sector [11], brings attractive solutions for effectively
and sustainably retrofitting building envelopes, providing savings in materials and in conventional
electricity consumption and, at the same time, improving the energy efficiency of the buildings.

The transposition of the European Directives to the different EU countries has affected the national
regulations, as it is in Spain, where the Spanish Technical Building Code [12] establishes a minimum
photovoltaic power to be installed in tertiary buildings, both in new construction and in major retrofit
works. In addition, specific normative related to BIPV is starting to be established: the recent European
standard for BIPV modules and systems [13], which focuses on the properties of BIPV modules
as construction products, has boosted the related international normalization activity. Based on
the European document, the International Electrotechnical Commission (IEC) is developing a new
Technical Specification on BIPV.

Moreover, the International Energy Agency (IEA) has dedicated several Tasks to the development
an enhancement of BIPV, in two different Programs (Solar and Heating and PV Power Systems).
Currently, IEA Task 15 [14], with the aim of accelerating the penetration of BIPV products in the global
market of renewables. The new favorable framework for BIPV is motivating the PV sector to research
in new materials and solutions form BIPV. A complete review of the BIPV products and the research
opportunities in the future can be found in [15].

There are plenty of BIPV products and singular projects that show the versatility of PV modules
to adapt to the architectural exigencies, and not always in detriment of the energy performance [16].
Different experimental specific set-ups have been developed [17] to assess the performance of BIPV
modules, and many buildings having BIPV modules are being monitored and studied. For instance,
Lee et al. [18] reported the electrical performance of a BIPV curtain wall affected by partial shading,
and Yoon et al. [19] analyzed the performance of an amorphous silicon PV fagade in Korea through
two-year monitoring.

Extensive reviews about products and solutions are available in the bibliography since some
years ago [20,21], and more recently [15,22]. It is commonly accepted that there are no universal
principles applicable to all contexts referring to “good architectural design” but some criteria are
suggested in the bibliography, as for instance in [23], where it is stated that all the PV characteristics
affecting the building’s appearance should be coherent with the overall building’s design, including
the architectural composition, colors, and textures. Undoubtedly, there are many more possibilities of
integrating PV modules in new buildings if this is done from the very first stage, which usually leads
to better aesthetic results.

Although the building sector in the EU is the largest single energy consumer in Europe, absorbing
40% of final energy, and about 75% of buildings are energy inefficient, only 0.4-1.2% of the stock is
renovated each year. This involves the need for their energy retrofit to save energy and to reduce
CO; emissions [24]. However, addressing renovation with BIPV has the double benefit to combining
energy-retrofit, to reduce energy demand, with photovoltaic generation to participate in the required
energy. Although only one-third of European BIPV cases correspond to retrofit so far [10] BIPV
renovation solutions can be found in the literature [25]. Retrofit of residential buildings with BIPV
has been recently addressed by Evola and Margan [26], with a solution of facade with PV modules
combined with ceramic panels. In addition, Eicker et al. [27] and Hachem et al. [28] studied the
convenience of the integration of PV modules in the retrofit of residential buildings in Northern Europe
and Canada, respectively.

None of the reviewed examples included construction details or pictures of the renovation works
to make them easy to be replicated. There is no evidence of how standard PV modules can be integrated
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into a ventilated facade for building retrofit either. The present work addresses a practical solution
for building retrofit with a BIPV ventilated facade, especially recommended for tertiary buildings.
The study includes constructive details and pictures, and the analysis of one-year performance data.
The objective is to propose a feasible and easy-to-implement BIPV solution which can achieve good
architectural results with standard PV modules, intended to serve as a reference to undertake similar
retrofit works and hopefully will help to accelerate BIPV in building retrofit in the near future.

2. The Building Retrofit

CIEMAT (Centro de Investigaciones Energéticas, Medioambientales y Tecnologicas) is a Spanish
public research body focusing on energy and environment technologies. CIEMAT’s building 42 houses
the headquarters of the Renewable Energies Division, which includes the Photovoltaic Unit.
The building facades are almost aligned with the cardinal axes. It was built in two phases between 1970
and 1980 and has suffered from a series of structural issues which led to assume an integral retrofit
in phases. Once the stability problems were solved with a new foundation in the northeast section,
rehabilitation of the roofs and the fagades was undertaken. It was decided to implement a ventilated
facade that, in addition to improving the building’s structural condition and its energy efficiency,
had building integrated photovoltaic (PV) modules. From the point of view of the PV generation,
the ventilated fagade has the advantage of the air gap behind the photovoltaic modules, which helps
to reduce their temperature and, consequently, increases their electrical efficiency. Furthermore,
maintenance and replacement of photovoltaic modules in the ventilated facades is simple.

2.1. The Architectural Integration

The PV modules considered to integrate in the new ventilated facade are made of high
performance crystalline silicon solar cells with a standard structure: tempered front glass/EVA/PV
cells/EVA /PVF (where EVA states for ethylene-vinyl acetate and PVF for polyvinyl fluoride), and a
sturdy anodized frame. The main reason to consider these commercial and not BIPV specific modules
was that there was an appreciable quantity of them already available at CIEMAT at the time the
rehabilitation was defined, and therefore only the ones needed to complete the total power according
to the project design were purchased. These modules can be successfully integrated in the fagades and
roofs of buildings using suitable fastening elements. The high efficiency of these PV modules and their
dark homogenous appearance are some other features that were valued.

The type of material for the ventilated facade was defined based on these PV modules, looking for
similar dimensions and tones, and adapting the modulation and the general appearance such that the
integration would be as successful as possible. The combination of the PV modules with the polymer
concrete panels selected for the fagades achieves a good integration from an aesthetic point of view,
thanks to the similarity of colors and shapes (see Figures 1-3). The PV modules are integrated into the
upper areas of the east, south and west facades, to receive more sun irradiation and occupy a total
surface area of about 176 m?.

Figure 1. Southwest view of the building before the retrofit.
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Figure 3. Southwest view of the rehabilitation works.

The support structure of the PV modules was fastened in parallel to that of the rest of the facade,
to suitably coordinate the levels and finishing touches between the elements (see Figures 4 and 5).
This required a special effort which in the end has resulted in what can be considered as a good
integration between two dissimilar structures.

Figure 4. Constructive details of the PV modules fixation.
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Figure 5. Constructive details of the PV modules fixation.

2.2. The Photovoltaic Installation

The BIPV installation comply with the regulation in force at the time of the rehabilitation, mainly
the international IEC norms related to the PV modules and the electrical installation [29,30], the Spanish
Building Technical Code [12], the Low Voltage Electricity Regulation [31] and the Small PV Installations
Grid Connection Regulation [32]. The PV modules form part of two photovoltaic installations: one
connected to the building’s local electric power grid, and another stand-alone installation to charge
batteries and perform tests in the Photovoltaic Laboratory at the bottom floor.

The grid-connected photovoltaic installation has a peak power of 27.2 kW, rated at standard
test conditions (irradiance value of 1 kW/m? and cell temperature of 25 °C), and is divided into
six photovoltaic subfields: three on the east fagade with 14 modules each and connected to three
single-phase inverters, one on the south fagade with 28 modules connected to a single three-phase
inverter, and another on the west facade with 16 modules connected to a single-phase inverter.
Distributing the PV modules of the east fagade into three subsystems aims at reducing the production
losses due to partial shading, as it will be shown in a subsequent section. The specifications of the
installed PV modules and the inverters are indicated in Tables 1 and 2.

All the energy generated by the grid-connected PV system is instantaneously self-consumed in
the building, reducing the electric power bill. Since the PV modules are distributed over the south,
east and west facades, to achieve a flatter generation curve throughout the day, the expected values of
maximum daily power generated by the PV system are around 11 kW, a value considerably lower than
the 60 kW of electric power consumed on average in the building during working hours before the
retrofit. Even on weekends, average consumption is around 30 kW (see Figure 6). Thus, a surplus of
PV energy produced and not consumed in the building is not expected at any time (self-consumption
index of 100%). Nevertheless, the PV system is provided with the “zero injection” device that prevents
PV energy from being dispatched to the electric power grid outside the building, in compliance with
the Spanish legislation at the time of the renovation.

Table 1. Main electrical specifications of the two types of PV modules used in the installation.

SunPower E18-305W SunPower E20-327W
(South and West Facades) (East and West Facades)
Number Installed 30+16+16+2 =64 42 +2=44
Voe (V) 64.2 64.9
Isc (A) 5.96 5.98
Vm (V) 54.7 54.7
Im (A) 5.58 5.98

P (W) 305 327
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Table 2. Main electrical specifications of the two types of grid connection inverters.

Fronius IG Plus 50 V-1 Fronius IG Plus 100 V-3
(East and West Facades) (South Facade)
units 3 (east), 1 (west) 1
Ve max (V) 600 600
T4c max (A) 18.5 36.7
AVpmp (V) 230-500 230-500
Pac max (W) 4260 8430
Pac (W) 4000 8000
Tacmax (A) 174 11.6
Neuropean (%) 95.0 95.3
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Figure 6. Real-time monitoring of the electrical variables of the grid-connected photovoltaic installation.

The stand-alone installation is composed of a PV generator formed by 16 modules integrated
into the west facade and wired to the Photovoltaic Laboratory, located in the building’s ground floor,
where there are different types of photovoltaic batteries, charge controllers and a stand-alone inverter.
The 16 PV modules are serial connected in pairs, forming three independent stand-alone systems,
being one of them connected to the inverter (see Table 3).

Table 3. Characteristics of the three independent stand-alone systems.

Daily PV Energy Battery
Sub-System P\(/klv’\(lm;er Production (kWh) Capacity Volita:tzr{V) Output
P December/July (kWh@10h) 8
230 Vue, 7
1 3.6 24/79 19 48
/ KWia
2 06 04/13 28 48 48 Vg
3 0.6 0.4/1.3 3.5 12/24 12/24 V4

The purpose of the stand-alone installation is to keep the batteries charged to perform different
tests to the inverter with different loads. The surplus photovoltaic generation, mainly during the
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summer months, is being used to supply power to two LED lamps intended for measuring and testing
the durability of small amorphous silicon photovoltaic modules. Up to 30 physical magnitudes,
including irradiance, voltages, currents and temperatures can be monitored on a workbench
data-logger to provide a complete characterization of the stand-alone PV installation [33].

3. Energy Performance

3.1. Monitoring

In order to continuously track the operation and quantify the solar photovoltaic energy generated
and consumed in the building, the installation is being monitored. This includes the different electrical
parameters of each subsystem and the local meteorological variables. The results are displayed as
graphs and figures on an interactive screen placed at the entrance of the building (Figure 6).

The data are monitored by R5485 communication (ATEN, New Taipei City, Taiwan) with the
inverters, supplying instantaneous values of the electrical parameters: voltage, current, power and
energy. Temperature and irradiance are measured with a datalogger Datataker DT800 (Datataker,
Melbourne, VIC, Australia). Temperature sensors are type T thermocouples and irradiance sensors are
calibrated Equivalent Technology Cells (ETCs).

The monitoring software consists of two different parts, one for the data acquisition from the
inverters and the datalogger, and the other for presentation and visualization through a web page.
Communication with inverters has been developed in C language following the instructions of the
manufacturer of the inverters Fronius (Fronius, Pettenbach, Austria). The software operates on a PC
under Linux-Ubuntu and uses the Apache as platform web server.

The annual energy generated by the grid-connected PV system, estimated for a typical
meteorological year, is 20 MWh/year. This value represented 4.6% of the total electric power
consumption of the building before the rehabilitation was undertaken, which was 432 MWh/year.
The production measured during a complete year, from October 2016 till September 2017, has been
19 MWh/year. When the energy retrofit concludes, including lightings and windows renewal, the
expected reduction in the energy consumption will be 30%, and then PV energy will represent 6.6% of
the total consumption.

Figure 7 shows the daily consumption profile of the building during a weekday and on a Sunday.
Observe that the base load is quite high in this building because part of the load is switched on during
unoccupied hours, mainly laboratory equipment that cannot be turned off. Together it is represented
the PV generation curve in a clear day of April. Observe the good shape fitting between the weekday
curve and the generation profile, due to the distribution of the PV modules among the three different
facades. Lowering the building’s load and increasing the number of modules would lead to higher
self-sufficiency indexes while keeping 100% self-consumption [34]. Figure 7 includes a hypothetical
solution having three times the actual PV installed power, achieving the maximum self-sufficiency and
100% self-consumption (all PV would be consumed in the building even on Sundays).

The monitoring system enables real-time display of the electrical and meteorological parameters,
and it also calculates the electrical production and the figures of merit of the PV system. Typically they
are Reference Yield, YR, Final Yield, Y¢, and Performance Ratio, PR, all referred to a certain period of
time—daily, monthly or yearly values—[35]. YR is the incident irradiation on the generator plane—in
this case measured with equivalent technology PV cells—normalized to the nominal value of 1 kW/m?,
and thus stated in hours (kWh/m?2)/(kW/m?); Y; is the generated energy normalized to the nominal
PV power of the installation, which may be interpreted as the effective number of plant production
hours (kWh/kWp), and PR is the ratio between both factors, PR = Y¢/YRr. The value of PR is related
to the overall performance of the installation which, in optimally oriented and designed systems,
is usually around 80%. While Y strongly depends on the solar irradiation, which is a function of the
geographic location, the value of PR does not, being a function of different losses factors, as the local
ambient temperature, the soiling conditions, or the PV inverter efficiency.
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Figure 7. Example of CIEMAT Building 42 electric power consumption before the renovation, at a
working day and a Sunday, and typical PV generation profile. In addition, a hypothetical case is
included, keeping the same fagades share but multiplying by 3 the installed power.

3.2. Partial Shading Effect

Figure 8 shows the monthly final yield measured along a year at each facade. While the south
fagade shows the highest productivity during the period from September to April, the west performs
the best from May to August. For symmetry reasons, the east fagade should have had similar behavior
as the west one, or even slightly better because of the lower ambient temperatures during the morning,
but the fact is that this facade performs the worst along the whole year. This is clearly seen in Figure 9,
which shows the monthly performance factor of each facade along the year.

120

T East %% South N \West  e—n

g

FinalYield per month {kwh/k\Wp)

PALLLLLSLLLLSLLLLLLSLLL . LSS ASASSLS A LSS,

Figure 8. Final Yield of each fagade and of the total PV installation, in hours (kWh/kWp).
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Figure 9. Monthly Performance Ratio of each fagade.

The reason for the low performance of the east fagade is that there is a line of trees that partially
shadows it during part of the morning, when direct sun radiation should illuminate it (Figure 10).
The trees are poplars, so in autumn they lose their leaves, and shadows become less intense, which,
together with the decrease of ambient temperature, make PR becoming significantly higher in autumn
and winter months than in spring and summer. Considering that the east facade is not homogenously
affected by shading and being aware of the impact this was going to have in the PV production, the east
PV generator had been distributed into three sub-systems (named A, B and C from South to North).

Figure 10. Partial shading by the trees of the east facade.
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This electrical design in three parts has avoided major problems and has increased the PV
production in 0.37 MWh per year. Nevertheless, the partial shading causes losses of 0.97 MWh per year
even with the final configuration. Figure 11 shows the yearly evolution of the monthly performance
ratio of each of the three subsystems of the east facade. Observe the low PR values of subsystems B
and C, compared to subsystem A, which is located in the south part of the east facade. PR values in
the south facade are good, in the west are reasonable and in the east are very poor, except in winter.

0.85

E—FastA [FastB HEEEMEastC

0.80 +

0.75 +

0.70 +

0.65 +

0.60 +

Performance Ratio

0.55

0.50 +

[T AT T T T TR LTI T [T

[T e IO TS

0.45

an Feb Mar Apr

[
=
{s1)

-
[

Figure 11. Performance ratio of each of the three equivalent subsystems of the east facade, and average
PR value of the whole east fagade (line).

3.3. A Stand-Alone Installation for Other Purposes

In this building, the stand-alone installation has been designed for testing and educational
purposes. Other applications could have been considered instead. Figure 12 shows an example of
the performance of sub-system 1 during a clear day (25 April). It can be seen that the west facade
starts to receive direct solar radiation at noon, around 14:00 local official summer time. From that
moment on, the irradiance G increases continuously up to its maximum at 18:28. The current delivered
by the PV modules to the battery, I,,+.gN, follows the irradiance profile till battery reaches its floating
voltage, at 18:00. At this point, the charge regulator keeps the battery voltage Vrgg-pn constant,
and the battery current starts to decrease exponentially. Discontinuities in the current waveform are
caused by intermittent connections of the load for checking. At night the load is connected between
22:00 and 7:00. During that day, the electric charge or capacity stored in the battery Cy,;, after a
complete daily cycle, was 10 Ah, the capacity extracted from the battery 54 Ah, and the capacity
restored 64 Ah [36].
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Figure 12. Daily performance curves of one of the sub-systems that constitute the stand-alone
PV installation.

3.4. The PV Modules Temperature

The rear ventilation of PV modules increases their efficiency when integrated in building fagades.
The effect depends on the air gap width and the local climate conditions, as has been shown in
several works. For instance, Guiavarch and Peuportier [37] analyzed the influence of the air gap in the
increase of the PV efficiency, considering different climates and architectural applications in France.
ElSayed [38], in a case study in Egypt, determined that the increase of air gap until 22 cm reduced
the heat gain through the envelope, but that with wider air gaps heat gain increased due to laminar
convective heat flow. Peng et al. [39] found experimentally that 60 mm is a suitable thickness of the air
gap behind the PV module that enhances its efficiency and reduces the cooling load in summer and the
heating load in winter. Besides, Ritzen et al. [40] indicated a possible correlation between ventilation,
operating temperatures, and performance and lifespan of modules, after a comparative BIPV field test
conducted during three years of a roof-top application.

In the present case study, the stand-alone PV installation has enabled the analysis of the
temperatures of the modules and their dependence with the operation conditions, which vary from
maximum power point (MPP) to open circuit.

Figure 13 shows a thermography of the west facade where the PV modules of the stand-alone
system are integrated. It can be seen that some modules get cooler than the rest, around 7 °C less in this
case because they are working at their MPP instead of being at OC, because part of the irradiance they
receive is converted into electrical power (about 20% in this case). At nominal operating conditions
(800 W/m?, 20 °C), the obtained temperatures for the modules in the fagade are 59 °C, and 52 °C,
considering open circuit and maximum power point conditions, respectively [41]. To estimate the
effect of this temperature difference in the power generated, we should consider the dependence of PV
power with temperature and irradiance:

G
P:PO'EO'(1_7'(Tm_Tm,O)) 1)
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where G denotes global irradiance, v the temperature coefficient (0.38%/°C), T, module temperature,
and the subscript 0 stands for any reference situation. The increase of temperature at the open circuit
condition implies a decrease of 3% in the obtained power.

A similar reasoning permits comparing the nominal temperature of the PV modules having
the actual ventilation with a no ventilated case (overlapping). The result is a nominal temperature
difference of 12 °C, which leads to power losses of 6% at nominal operating conditions. On a yearly
basis, the effect of non-ventilation of this facade in Madrid would lead to additional losses of 2.5%,
in reference to the ventilated fagade.

The IR picture also shows that all PV modules keep cooler than the polymer concrete panels,
around 20 °C less if they are at MPP. Although the renovation has included stone wool panels on the
building enclosure behind the ventilated facade to enhance the thermal insulation of the building,
the different thermal behavior of the PV panels compared to polymer concrete should be taken into
account in the energy analysis of the building.

Figure 13. Thermography of part of the west facade, comparing the surface temperatures of the PV
modules (upper line) with those of the polymer concrete panels (lower line) [41].

4. Conclusions

The ventilated facade with the integration of photovoltaic modules has proved to be a good
solution for the rehabilitation of the envelope of the building considered, and it serves as a reference
to undertake similar renovations. The result of architecturally integrated PV modules in substitution
of polymer concrete panels on the facade has been very positive, being coherent with the overall
building’s design. In addition to improving the structural condition, it has increased the energy
efficiency of the building and included renewable energy sources. The PV self-sufficiency index
of this self-consumption PV building is expected to become around 6.6% after renewal all lighting
and windows.

The monitoring and analysis of the electric power production and consumption data show that
the influence of partial shading due to nearby trees or buildings can affect seriously the performance
of the PV installation. In the present case study, the east fagade exhibits poor performance ratio below
60% the whole year except in winter time, due to the shadowing. It is recommended to discard those
parts of the facades of the building that receive significant shading along the year, or at least to divide
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the PV system associated to each facade into different sub-systems. In this particular case, dividing
the PV generator into three parts has increased the PV production 0.37 MWh per year. Nevertheless,
the partial shading causes losses of 0.97 MWh per year.

Considering different fagades of the building with diverse orientations extends the production
time along the day and flattens the production curve, which may help to fit the generation curve to the
building’s load profile. In general, higher self-sufficiency indexes firstly require reducing the building
load and secondly increasing the PV installed power, after considering in more detail the matching
between the daily profiles of production and consumption.

The rear ventilation of PV modules increases their efficiency when integrated in building facades,
and the effect depends on the air gap width and the local climate conditions. In this case study,
the rear ventilation solution causes an annual increase of 2.5%, in reference to a not ventilated case.
The increase of temperature in open circuit implies a decrease of 3% in the obtained power at nominal
operating conditions.

The thermal behavior of the PV modules has shown to differ significantly from that of conventional
construction materials. In this case, temperatures during sunny hours become cooler in the PV
modules than in the polymer concrete panels, which have a dark color to fit better with the PV
modules appearance.
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