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Abstract: Among renewable energy generation technologies, photovoltaics has a pivotal role in
reaching the EU’s decarbonization goals. In particular, building-integrated photovoltaic (BIPV)
systems are attracting increasing interest since they are a fundamental element that allows buildings to
abate their CO, emissions while also performing functions typical of traditional building components,
such as sealing against water. In such a context, since one of the main challenges to decarbonizing the
building sector lies in the retrofitting of existing buildings, the current paper is focused on the design,
development, and testing of a novel roofing BIPV system. The entire research was carried out as part
of the Horizon 2020 HEART project. In more detail, the research analyzed the requirements of typical
pitched tile roofs, which are currently the most common type in Europe, and developed a universal
photovoltaic tile that can be easily and quickly integrated into such a type of roof. The research was
also aimed at minimizing the embodied energy of the component and promoting disassembly and
recycling at the end of life, fully in line with a circular economy perspective. The adopted design and
development processes are described in detail in the present paper, along with the results of several
tests performed in the field. In addition, further development prospects of the component, aimed at
meeting the integration requirements in historic buildings, are finally presented.

Keywords: BIPV; rooftops; sustainable buildings; photovoltaics

1. Introduction

Installed photovoltaic power has rapidly grown in the last 20 years, with a compound
annual growth rate (CAGR) of cumulative PV installations equal to 30% between 2011 to
2021 and a global capacity that exceeded 1.6 TW,, at the end of 2023 [1].

In the future, to set the world on a pathway towards meeting the aim of the Paris
Agreement of limiting the global temperature rise to below 1.5 °C, the electricity sector
will have to be thoroughly decarbonized by the mid-21st century, with solar and wind
leading the transformation [2]. The achievement of this goal cannot be separated from the
continuous and substantial growth of worldwide PV power. In fact, currently, solar PV has
the highest annual growth rate and the lowest LCOE among all renewables [3], proving
its future predominant role in a decarbonized energy generation sector. As outlined by
the International Renewable Energy Agency (IRENA), the 1.5 °C scenario implies that
over 3,500 GW}, of PV power will be installed by 2030 and that the global PV capacity will
exceed 15,000 GW}, by 2050 [4].

In such a framework, besides utility-scale systems growing fast in many countries,
until now, rooftop systems have covered the largest share of solar installations in the EU,
with a quota of around 60% of the total installed power [5]. Similar trends have also been
recorded in countries with a fast growth of PV power, e.g., China, where rooftop systems
cover more than 50% of the total installations.

The recent energy crises obviously have been playing a large role in increasing demand
for rooftop PV systems, as the technology promises a hedge against rising retail power
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prices. To confirm this, worldwide rooftop solar systems added 118 GW,, in 2022, 39 GW,,
more than in 2021 [4].

In general, there is a huge increase in residential and commercial photovoltaic systems
on buildings, as investment decisions and installation of these small systems can be quick,
usually with a lean or even no authorization process. In this respect, it should be noted
that roof surfaces are typically more suitable to integrate PV systems rather than facades,
since the latter have a limited potential. In fact, first of all, the available vertical area for
PV installation is limited mainly due to the building’s shape, which is often characterized
by overhangs, loggias, balconies, etc., to the presence of more significant historical and
aesthetic constraints and the prevalence of glazed surfaces [6]. Lastly, the surrounding
environment typically casts shadows on facades, further reducing the actual PV production.
On the contrary, the potential offered by rooftops in many contexts is sufficient to cover a
building’s energy demands. For instance, a recent study [7] demonstrated that in Italy, PV
systems installed on 30% of rooftops could meet the residential sector’s entire electricity
needs. As a consequence, in the future, rooftop PV systems are expected to play a key role,
as also confirmed by the EU Solar Rooftops Initiative [8], which aims to accelerate the vast
and under-utilized potential of rooftops to produce clean energy.

Regarding the possible rooftop configurations, technical solutions can be divided
into two macro-categories, i.e., building-integrated photovoltaic (BIPV) and building-
attached photovoltaic (BAPV). In BAPV installations, PV modules do not replace the
construction/envelope components, can be rack-mounted (e.g., on flat roofs) or overlapped
(e.g., on pitched roofs), and are only used for power generation and do not contribute to
any function of the building envelope materials, except for reducing heat gain by shading
the roof from direct solar radiation [9]. In BIPV configurations, instead, PV modules are an
integral part of the building, which substitutes the traditional materials or envelopes and
concomitantly generates electricity [10].

Among the two abovementioned categories, market perspectives for BIPV become
promising as past obstacles are progressively overcome; in fact, in many countries, the
regulatory pressure to improve the energy performance of buildings and decarbonize their
energy supply must be combined with demanding architectural/aesthetic requirements
that can be met by well-designed BIPV solutions. Moreover, awareness is rising in the
construction sector and costs have been steadily decreasing. However, BIPV risks remaining
a niche of both the construction and PV sectors (the total global share reached 2 GW,, in
2022), as the competition is fierce with other traditional solutions. Nevertheless, it could
significantly expand its share given that it combines unique characteristics, allowing it to
fill gaps that other technical solutions cannot whilst responding to regulatory mandates
for positive energy buildings [11]. This is in full agreement with the current aims of the
New European Bauhaus, which trigger sustainable solutions responding to needs beyond
functionality [12].

In such a framework, the present work describes the design, development, and testing
of a novel roofing BIPV system made with PV tiles that can be easily adapted to existing
tiles” roofs but are equally suitable for new pitched roofs. In fact, pitched roofs have a
considerable share (around 53% in the EU) and are the most widespread solutions in
residential buildings (62%) [13]. In addition, a pitched roof is usually the most prevalent
configuration in historical buildings in the EU, excluding hot and dry climates [14].

The following sections describe the types of building integration of PV technology in
pitched roofs (Section 2), the development process of the novel PV roofing system (Section 3)
and the obtained results (Section 4).

2. The Building Integration of PV Technology in Pitched Roofs

The ideal photovoltaic roofing system is one that has the same weathering and aesthetic
properties as a traditional roof [15]. As a consequence, to fully integrate PV technology into
roofs means to reach the following:
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(i)

(ii)

Functional integration, i.e., as previously introduced, the PV elements must have the
same function as traditional roofing elements that are being substituted. Firstly, they
must ensure waterproofing and, more in general, protection against weathering and,
secondly, they must be coplanar with the surrounding roof parts. In some cases, they
can also provide thermal insulation and/or protection from the heat (i.e., providing a
ventilated layer);

Chromatic and/or textural integration, i.e., to have an aesthetic appearance compatible
with the architectural design of the building and the context. This is mostly relevant
for the installation of existing buildings and, in particular, historical ones.

In the following section, these two topics are discussed in detail.

2.1. Functional Integration

Among the roofing BIPV solutions that ensure functional integration in pitched tiled

surfaces, two main categories can be identified as follows.

A.

Solutions based on photovoltaic modules. Various aluminum framings were developed to
allow laminates of different types (usually having a size similar to that of traditional
PV modules) to be hooked onto the roof structure, ensuring waterproofing, thanks
to systems that allow the overlapping of modules and/or sealing of gaps between
modules with seals or special profiles. In many cases, the installation does not provide
the stepped roof tile effect or, in options where this is the case, the significantly
larger module size does not allow for a similar effect to that of traditional roof tiles.
Thermal insulation and back ventilation must be typically ensured by layers/technical
solutions independent of the PV modules.

As reported in Table 1, some products are characterized by a medium size, generally
with a width similar to that of existing clay tiles and a longer length in order to
increase the integrability in existing roofs while containing the cost. However, such
components are generally too stiff and fail to absorb the unevenness/irregularities
typical of existing roofs.

Table 1. Main market products belonging to category A.
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Brandoni Solare,

Metsolar,

Wienerberger, Laume [18] Solarstone 1 $olinso,
Wevot x-Roof [17] [19] Mystiek-1500 [20]

Aeternum [16]

Sangsolar, Flat tile [21]

Edilians, Max [22] Metsolar, Egle [18] Romag, RI6(32) [23] Solarcentury, C21e [24]

Solutions based on photovoltaic tiles or shingles. PV tiles or PV shingles are typically small,
square/rectangular solar components that can be installed alongside conventional
tiles or slates using a traditional racking system for this type of building product.
Protection against weathering is usually ensured just by the proper juxtaposition of
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the tiles, therefore using a principle similar to that used in traditional roof tiles. In
most of the cases the tiles are fixed by gravity, as is the case with traditional tiles,
without a real mechanical anchorage to the roof substrate. This solution ensures a
stepped roof tile effect analogous to that of traditional tiles. The main market products
of this category are illustrated in Table 2.

Table 2. Main market products belonging to category B.

Solus, Solus
Zonnedakpan SE_EB.S.
[25]

Fornace Fonti, Tegole

Star Unity, Sunny Tile ~ ZEP BV, Ceramic Solar  SolteQ Group, SolteQ  ppy_pDF3 Crystalline

[25] Roof Tile [25] Quad38 [26] [27]

Industrie Cotto
Possagno, E-Tegola [28]

Smartroof, Neosolpan Panotron, Panotron

Giellenergy-Tile,

Industrie Cotto, Crystalline [30]
Possagno, E-Coppo [28]

[25] Solar-F [29]

In addition, a third category can be identified, which is represented by metal roofing
with a PV surface (usually thin-film modules) directly attached to the metal sheets. This
category is not considered since the PV modules do not provide any functional integration,
as the waterproofing is guaranteed by the metal sheets/panels.

Most of the abovementioned components available on the market integrate crystalline
silicon (c-Si) cells, few of them adopted thin-film silicon cells, while none of them were
developed using organic and polymeric cells (OPV) or dye-sensitized solar cells (DSSC).

Solutions belonging to the A-type are usually the cheapest ones since they use standard
PV laminates but allow limited flexibility because the big size of the modules hardly fits
the layout of the pitches, which often have irregular shapes and/or contain obstructive
elements such as skylights or chimneys. Moreover, the use of sealing of many solutions
may compromise the watertightness after several years of exposure to the elements. Type
B, instead, allows a higher flexibility in terms of layout, but both manufacturing and
installation costs increase due to the small/custom size of the elements and the higher
complexity of the installation procedure.

2.2. Chromatic and/or Textural Integration

The BIPV involves changing the building’s image and the way in which it relates to the
context. In many cases, for example, the application of BIPV to existing buildings leads to
an alteration of the architectural identity, which may be considered unacceptable in many
contexts. Generally, the most critical issues arise in relation to color.

In fact, color plays a multifaceted role in BIPV systems, encompassing both the aes-
thetic and technical aspects. The ability to customize colors enables architects and designers
to seamlessly incorporate solar panels into diverse architectural styles and environments,
fostering a harmonious blend in the context and enhancing public perception and accep-
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tance of solar technology. Beyond aesthetics, however, the color of BIPV modules directly
affects their energy performance and efficiency. Traditional solar panels typically integrate
dark-colored cells to optimize the absorption of solar wavelengths that mostly affect the
PV’s generation. However, advancements in solar cell technology have paved the way for
the development of colored PV laminates. These innovations offer the architects a wider
palette of options to tailor BIPV systems according to specific design requirements.

Different customization techniques can be currently identified to obtain colored or
textured BIPV modules [31], as follows:

o Anti-reflection coatings on solar cells, where colors are obtained by variations in the
thickness and type of anti-reflective coating [32];

e Special solar filters can be used as interlayers with colors or patterns, which are placed
on the internal surface of the protection layer and are also able to increase the durability
of the pigment [33].

o Colored polymeric encapsulant films, where the pigments are applied directly onto the
encapsulants, such as PVB, EVA, or TPO [34]

e Modified front glass can be obtained with different methods like spectrally selective
coating, colored enameled or fritted glass, sandblasting, digital glass printing, satin
finishes and glass printing, mineral coating, and glass bulking [31].

It should be noted that color perception changes according to the relative position of
the observer as well as to the light source. The deviation from the color observed at normal
incidence is very noticeable, and on a large PV array, a continuous change in color can be
perceived throughout the BIPV arrangement. At higher angles of incidence, in fact, there
is a change in the optical thickness in which light travels through the layers within the
filter. This causes a shift in the wavelength which produces constructive interference and,
therefore, the observed color changes [35].

Few research papers address color perception according to observation and acceptance
angles, as well as according to surface texturing. In more detail, McIntosh et al. [36] showed
that under sunlight irradiation, when direct sunlight is reflected from the traditional PV
module toward the observer, who sees the reflection of the sun, the color results close to
white. Of course, when the viewer no longer detects the specular reflectance from the glass,
the cells look traditional blue. Moreover, it was noticed that the blue color becomes lighter
at higher angles of observation. On the contrary, Ortiz Lizcano [37] compared the effects on
the color perception of an anti-reflective coating applied to solar cells laminated with clear
glass with its application on the frontal glass directly. According to the authors, the change
in color appearance of the first solution is much less affected by the incidence angle than
the second one. It was found that only for incident angles larger than 50° that a noticeable
change in the color perception can be observed.

The main advantages and weak points of each above-described solution are summa-
rized hereafter (Table 3).

Table 3. Comparison among different customization coloring techniques.

PRO CONS

Anti-reflection coatings on
solar cells

Efficiency: Variations in the AR
coating thickness shift the blue to other
colors, having an impact on the PV
cells’ efficiency.

Cost: Typically, manufacturers cannot
produce small batches for specific
customers at acceptable price levels.
Aesthetics versatility: The appearance
of the PV laminate is strictly correlated
to the cells’ color and design.
Moreover, textures are not allowed.

Improved aesthetics: These coatings can
improve the appearance of solar panels by
reducing glare and enhancing

visual appeal.

A wide range of colors are available:
Such as blue, green, yellow, orange, and
pink, which can be obtained by changing
the coating thickness.
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Table 3. Cont.

PRO

CONS

Special solar filters as
interlayers with colors or
patterns

Cost: An interlayer with a certain color
can be laminated inside the module,
resulting in quite an economical solution
that does not require special treatments.
Aesthetics versatility: High-resolution
photos printed on a film with special inks
can be laminated between cells and the
cover glass.

Potential efficiency loss: Depending
on the type and thickness of the filters,
there may be a reduction in the
amount of light reaching the solar cells,
leading to decreased efficiency.
Durability concerns: Specialized
filters may require additional
protective coatings or maintenance to
ensure longevity and performance
over time.

Colored polymeric
encapsulant films

Ease of application: Colored polymeric
films can be easily applied as encapsulants
during the manufacturing process,

simplifying integration into solar modules.

Wide range of colors: These films offer
extensive color options, providing
flexibility in design and customization.

Aesthetics versatility: Usually,
monochromatic layers are available.
Textures are not easy to manufacture.

Modified front glass by
printing, coating, or
alternative finishing

High durability: Printing or coating
directly onto the glass with inorganic
pigments can provide durable and
long-lasting color solutions and be
resistant to wear and environmental
factors.

Materic texturing: The glass treatment
provides a rough finish with a good
appearance and aesthetics. Also, matt
surfaces can be manufactured.

Efficiency: The modification of the
front glass leads to changes in the
optical behavior of the glass sheet,
which could significantly affect the
efficiency.

3. Development of a PV Roofing System

As already introduced, traditional PV systems often face challenges related to aesthet-
ics, efficiency, and integration with architectural design. Designing a novel PV component
specifically tailored for building integration requires a multifaceted approach that considers
not only the technical performance but also aesthetic appeal, cost-effectiveness, and ease of
installation. In such a way, it is possible to overcome these main issues (e.g., cost, size, and
assembly) that typically hold back the market spread of these products.

In the following paragraph, the methodology adopted to design and prototype a
novel roofing PV component developed in the Horizon 2020 HEART (Holistic Energy and
Architectural Retrofit Toolkit) project is described [38].

In detail, the design and development process has been organized according to a cir-
cular and iterative method that, through multi-criteria analysis and requirements analysis,
allowed for the progressive refinement of implementation hypotheses until we converged
on the best solution in terms of performance, cost, and sustainability (Figure 1).

The application of the abovementioned methodology is described in detail in the
following sections.



Buildings 2024, 14, 2270

7 of 15

Requirements analysis

I

! i

i

| Needs assessment Constrains analysis Market analysis :

|

| |dentification of perfor- Regulatory Cost ]

: mance critena, specifica- Gaomatncal |

| tions, and requirements Economic :

1 setforth by stakeholders. Manufacturing 7

: and market 1
]

....................................... po o —

Concept definition

Competitors analysis

r— Design and skelch Matenals selection

Prototype manufacturing

Preliminary test

On field tast

— Verification of the requiremats’ achievemel +————

T—‘ PV concept optimization

Figure 1. Flow chart of the applied methodology.

3.1. Requirements Analysis

First of all, a detailed examination of the expected performance criteria, specifications,
aesthetical requirements, application contexts, as well as the willingness to pay costs set by
the market, must be carried out. By systematically analyzing this information, it is possible
to obtain a clear understanding of the product’s requirements and constraints that need
to be addressed during the optimization process. In such a respect, within the project, an
analysis of the traditional roofing systems (generally made with clay tiles), in combination
with a market analysis of the commercial roofing PV components, has been performed.
According to the latter, it should be noted that the visible panel’s width is often chosen to
be equal to the roof tile’s row height (40 cm in typical roof tiling). This ensures a perfect
optical blending of the solar tiles with conventional tiles.

Regarding the width, smaller sizes have the advantages of greater roof filling and
better aesthetics, yet a higher cost that anneals the attractiveness of the component, while
bigger components reduce flexibility and handleability. A further issue that the design
of the new PV tiles has taken into account is related to the potential irregularities and
non-planarity of the roof substrate, typical of existing roofs, which can pose challenges to
the installation of traditional PV systems. In this context, modular and flexible mounting
solutions, as well as lightweight materials, minimize the need for structural modifications,
thus reducing the installation’s cost and complexity.

The main requirements defined for the novel system were based on those provided by
UNI 9460 [39] and EN 50583 [40], as summarized in Table 4.
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Table 4. PV roofing system requirements.

Category Requirement Description
Load-bearing capacity and PV tiles must withstand static and dynamic loads, including
mechanical resistance wind, snow, and any additional loads.
. The system must resist impact forces from hail, fallin
Mechanical i Y p ’ &
Impact resistance branches, or other debris without cracking or breaking.
Flexibility High adaptability to ex1s.t1ng substructures (e.g., irregular
roofing surfaces).
- . PV tiles must easily substitute for the main types of
Geometrical Compatibility with traditional tiles, thus having the same width (~40 cm) and

traditional tiles . o
overlapping application.

Fire rating

PV tiles must be non-combustible or self-extinguishing to

Fire resistance .
prevent fire spread.

Weathering

The system should guarantee total protection, even without
specific water and wind barriers underneath or on any type
of pitched roof with a tilt higher than 12°.

Waterproofing

Wind protection

The system must be able to withstand freeze-thaw cycles

rost resistance without degradation, ensuring durability in cold climates.

Safety and
accessibility

Tiles should be designed for safe installation; they must be
handleable by a single worker, reducing the risk of tiles
becoming dislodged or causing injuries.

Safe and easy installation

Chemical and physical

The color and structural integrity of tiles should remain

UV resistance stable under prolonged exposure to sunlight.

The geometrical features and properties of tiles should
remain stable under varying temperature and humidity
conditions, preventing warping or cracking.

Temperature resistance

Durability and reliability

The system should ensure a service life of 25 years or more
with minimal performance variations and maintenance
requirements.

Long lifespan

Tiles should be easy to clean and replace, with maintenance

Limited maintenance - - L - .
! involving primarily the inspection of the roof structure.

Others

Power density should be higher than 120 W/ m? to ensure a

Medium-high power density good power density.

System’s total cost should not exceed 1.3 EUR/Wj, to ensure

Cost-effectiveness a competitive LCOE (Levelized Cost Of Energy).

The manufacturing process should minimize the

Environmental compatibility environmental impact, and materials should be recyclable.

3.2. Concept Definition

According to the abovementioned assessment, the design of the system has been
defined step by step. In detail, the component was designed with a modular size compared
to traditional standard tiles and split into two main elements: the photovoltaic laminate
and the supporting frame. The latter represents the interface between the photovoltaic
laminate and the building’s roof and, therefore needs to perfectly match the traditional
tiles in the middle of which it is inserted. In order to meet the expected requirements in
terms of flexibility and lightness but also to minimize the embodied carbon, it was decided
to manufacture the supporting frame with a specific plastic blend made from up to 80%
recycled material, which is UV-resistant and self-extinguishing (classified as V2-UL 94).

The adopted plastic material consists of a mixture of linear and low-density polyethy-
lene (LLDPE/LDPE—30%), high-density polyethylene (HDPE—30%), and polypropylene
(PP—40%). The latter provides a certain stiffness and strength, while LDPE and LLDPE
guarantee good impact resistance.
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More specifically, it consists of a filled perimeter frame with intermediate stiffening
to make it light and resistant. This choice enabled us to contain costs and embody the
energy and weight of the final product compared to existing market solutions. In this sense,
the solutions adopted to minimize the embodied energy and promote disassembly and
recycling at the end of life are summarized in Table 5.

Table 5. Circular economy strategies.

Phase

Strategies

Manufacturing

- Use of recycled plastic as a substrate (around 55 kgCO, /kW—data are from LCA analysis carried
out according to UNT EN ISO 14040:2021 [41]).

- Total absence of aluminum in the component (e.g., for frames or support structures).

- Use of a state-of-the-art manufacturing process for the PV laminate in order to ensure the
classification “Low Carbon Solar Module” according to the latest EPEAT (electronic product
environmental assessment tool) ecolabel (<630 kgCO, /kW).

Decommissioning

- The entire system is mechanically assembled, and no glue/sealants are needed. In the dismounting
phase, the PV laminate, the plastic layers, and the metal screws can be easily separated at the
building site without the use of special tools and then sent to recycling/reusing processes.

The profiles, shapes, ribs, structural stability, joints, and connections of the frame are
specially designed to obtain a versatile and flexible product suitable for practically any
application context.

As can be seen from the axonometric view in Figure 2, waterproofing is ensured by
the overlapping of both laminates, which create a main water flow plane, and modular
plastic elements, which constitute the waterproofing layer.

1. High-strength screwed clamps
2. Photovoltaic laminate

3. Snap-in clips

4. Modular supporting frame

Figure 2. Axonometric view of the component.
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It should also be noted that the support system allows relative sliding with respect
to the roof structure to make it possible to adjust the component in the three directions of
space. To make this sliding action possible, the supporting frame combines elongated bolt
holes and sliding grooves and tongues obtained with a formed (pressed) process.

Regarding the size, the same width as traditional tiles (about 0.4 m) and a length
of about 1.5 m were selected as the best compromise between flexibility, handleability,
and cost. Nevertheless, the supporting frame of each PV laminate is manufactured with
the same width of the laminate and 1/4 of its total length. This choice aims to facilitate
the manufacturing phase of the component, made with the formed process, allowing a
higher absorption of thermal expansion by means of special flexible joints and increasing
the modularity.

3.3. PV Concept Optimization

Once the main concept has been defined, the optimization of the electrical configura-
tion can be carried out. The aim is to maximize the power production of the system while
reducing the manufacturing cost. Thus, monocrystalline cells were considered the starting
point for further developments. In this respect, four different configurations made with
three different sizes of cells were considered, as shown below (Figure 3).

16 cells
A (15.8x 15.8 cm)
6 half-cut cells
B (21x10.5cm)
6 cells
(21x21 cm)
C 20 cells
(12.5x12.5cm)
D 21 half-cut cells

(15.8x7.9 cm)

Figure 3. Cells configurations of the laminate ((A): 16 cells 15.8 x 15.8 cm; (B): 6 half-cut cells
21 x 10.5 cm + 6 cells 21 %21 cm; (C): 20 cells 12.5 x 12.5 cm; (D): 21 half-cut cells 15.8 x 7.9 cm).

Options A and B aim at maximizing the power density of the module. In detail, con-
figuration A, arranged using 16 common 15.8 x 15.8 cm cells, can achieve an active surface
equal to 81% of the overall laminate, while configuration B, arranged with 21 x 21 cm
cells and half-cut cells, allows an increase to such a share of 83%. However, due to the
modules overlapping, which causes the shadow projections on the active part of the cells,
such solutions have been discarded.

Then, an arrangement with the 12.5 x 12.5 cm cells was tested. It has the advantage
of leaving the upper part of the modules free from shadows, whereas the share of active
area decreases by 64%. However, such a configuration penalizes the power density and
thus negatively affects the cost of the component. Thus, a further configuration has been
designed with three rows of 15.8 x 15.8 cm half-cut cells. Such a solution achieved an
active area of 73% and has been considered the best option.

Finally, in order to increase the aesthetic integration to different types of roofs and
contexts, two different colors of laminate were studied and then manufactured: black and
terracotta/clay. While the first one was designed to allow perfect integration into gray or
black roofs (e.g., slate tiles) and to maximize PV efficiency, the latter is more suitable for
historic buildings, often characterized by traditional terracotta tiles.
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3.4. Prototyping and Preliminary Testing

Once the concept design was defined, the prototyping phase of the system was carried
out to assess the assembly process, the interaction between the PV laminate and the
substructure, the thermal behavior, and the water tightness under operative conditions.
Thus, different components were preliminary manufactured by rapid prototyping (3D
printing). The iterative nature of rapid prototyping allowed us to gather feedback from
the testing and validation activities and incorporate it into subsequent design iterations.
This iterative design process enabled continuous improvement and refinement of the
system design, leading to better performance, reliability, and manufacturability over time
(Figure 4).

| 52
=
g
i

Figure 4. View of the 3D-printed prototypes.

In the second prototyping phase, some further samples of the substructure were
manufactured with a provisional mold. Such a test was aimed to test the molding process
and to evaluate the quality of components adopting the actual plastic mixture that will be
used during large-scale production.

Then the manufactured components were also tested under operative conditions in
order to verify the differential thermal expansion between the PV laminate and the plastic
supporting frame. The test was performed in outdoor conditions on a mock-up of a tilted
roof in Milano during one week in the summer season (July), with an average irradiation
on the tiles’” surface between 600 and 950 W/m? and a daily temperature ranging between
24 °C and 34.5 °C. The maximum temperature reached by the front side of the laminate
was 61.5 °C, while that of the back side of the plastic substrate was 45.3 °C. No deformation
of the plastic layer nor the laminated was recorded, proving that the differential elongation
between the two components (reaching a maximum value of 4 mm in the tested condition)
was fully managed by the adopted solution (Figure 5).

Figure 5. View of the mock-up used for outdoor testing.
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The test also demonstrated the capability of the plastic structure with vertical ribs to
allow back ventilation and limit the PV laminate’s operative temperature.

4. Testing on Real Case Studies and Discussion

At the end of the prototyping and first testing phase, the solution was further tested in
real environments (TRL?7) and precisely on three different case-study buildings. The scope
of this phase was to perform a large testing campaign in real operative conditions. In more
detail, the following three different case studies were selected; the installation on the three
buildings was carried out progressively from 2021 to 2024, testing subsequent versions of
the PV roofing system, as described below.

1.  Residential building in Bagnolo in Piano (Italy), 2021—the first version of the system;
2. Residential building in Lyon (France), 2022—a second version of the system;
3. Tertiary historical building in Milan (Italy), 2024—the final version of the system.

Specific features and some relevant views of the three demo plants are summarized in
Table 6 and Figure 6, respectively.

Table 6. Main features of the three demo plants.

1st Demo (Bagnolo) 2nd Demo (Lyon) 1st Demo (Milano)
. . C—20 cells C—20 cells
Cell configuration (125 x 12.5 cm) (125 x 12.5 cm) D—21 half-cut cells (15.8 x 7.9 cm)
PV tile power 58 Wp 58 Wp 60 Wy,
PV laminate: black PV cells, PV laminate: black PV cells, PV laminate: black PV cells, black
black backsheet, clear glass clear backsheet, clear glass —
Color . ) backsheet, orange glass
Plastic substrate: Plastic substrate: .
— —_ Plastic substrate: terracotta-colored
terracotta-colored terracotta-colored —
Total plant’s power 8.8 kW, 15.66 kW, 12.8 kWp,
Orientation/tilt South—-West/24° South-East/27° South/26°
Expected productivity 9300 kWh/y 14,100 kWh/y 14,300 kWh/y

As can be noticed, the incremental optimization process was mainly aimed at maximiz-
ing the aesthetic integration of the component (with particular reference to the view from
the street), going from the version with a completely black photovoltaic laminate of the
first installation through to the one with a transparent backsheet that increases the visibility
of the terracotta color of the plastic substrate, and finally, the last version made with a
color-optimized laminate to achieve the perfect chromatic integration, without excessively
penalizing performance. As can be seen, in fact, the slightly lower performance of the
colored laminate was compensated for by the optimized layout of the photovoltaic cells as
well as by the use of cells with higher efficiency. It must be underlined that the third demo
is a historical building for which the installation had to obtain permission from the local
superintendent; thus, the obtained result can be considered particularly relevant.

The testing on real case studies also allowed to:

A.  Confirm the goodness of the technological choices made under actual installation and
operational conditions, including collecting feedback from the installers regarding
the ease and speed of the installation. In more detail, three different teams worked
on the three case studies. Thus, each team foreman was interviewed at the end of
the installation process. The feedback gathered (mainly in the first and the second
case studies) and proposed improvements are summarized in Table 7. Most of the
improvements were already positively tested in the third case study.

B.  Verify the expected performance in the field, with particular reference to water tight-
ness and producibility. In particular, regarding this last aspect, the first demo was
connected to the grid in April 2022 and, to date, has recorded an average annual
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production of about 9400 kWh, thus confirming the expected producibility. For the
other two plants, however, data for at least 1 year of production are not yet available,
so they are currently still being monitored.

15t demo (Bagnolo) 27 demo (Lyon)

i 2

3 demo (Milano) - view from above

34 demo (Milano) - street view

Figure 6. View of the three demo plants.

Table 7. Main feedback collected from the installers.

Installers Feedback

Proposed Improvements

The interlocking assembly process of the 4 plastic pieces of
every tile takes more time if done on the roof.

The 4 plastic pieces were assembled in a factory and shipped in
a unique element.

The cables of the PV modules have the length strictly necessary
for their longitudinal junction; however, a longer length of a few
centimeters would allow for easier connection.

The length of one of the two cables was extended by 5 cm.

The upper fixing elements of the PV laminate on the plastic
substrate are overabundant. There are, in fact, a total of eight for
each laminate. Fixing them with screws is the most

Structural calculations were revised, and the fixing elements
were reduced to four per tile.

time-intensive phase of roof assembly.

The obtained results demonstrate that the adopted methodology allowed us to suc-
cessfully design, develop, and test a new PV component that has competitive features
compared to the current market products. Furthermore, the developed solution proves
that the R&D activities carried out within Horizon research programs could effectively
lead to market products (e.g., TRL9) in a short timeframe. For these reasons, the same
methodology can be replicated for other PV products.

The testing phase proved that the features of the obtained components achieve the
defined requirements, ensuring competitiveness compared to existing market products.
In detail, the intermediate size between traditional PV modules and small tiles, as well as
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the lightness, the flexibility to adapt to irregular existing roofs, the high functional/visual
integration level, and the reduced environmental impact, represent the main novel charac-
teristics.

However, some limitations of the study must be highlighted, as follows:

The study focused on pitched roofs with the tiles’ typologies mentioned in UNI 9460;
Although the literature review of the market products is exhaustive, it is possible that
some niche products with limited distribution were not analyzed;

e  The development only considered crystalline cells because the aim was to have good
power densities and a limited cost;

e The on-field testing activity was carried out in a quite limited timeframe (less than
3 years), and more long-term results are needed to prove the stability of the system’s
features under real operating conditions.

5. Conclusions

This work describes the results of an articulated research project focused on the design,
development, and testing of a novel roofing PV system based on photovoltaic tiles that were
specially designed for pitched roofs. The research analyzed the requirements/constraints
of typical pitched tile roofs and the market’s needs and, through a methodological process,
developed a universal photovoltaic tile for easy and quick integration into such a type of
roof, ensuring an excellent compromise with flexibility, costs, power density, and aesthetic
performances. The research also aimed at minimizing the embodied energy of the compo-
nent and promoting disassembly and recycling at the end of life, fully in line with a circular
economy perspective.

The developed component has undergone several testing phases and a related opti-
mization process. The obtained results, demonstrated through three different representative
case studies, confirm the achievement of the research objectives and show promising fea-
tures for future development. In particular, additional research on the color and texture of
the laminate, also considering different observation angles, is forecasted for the prosecution
of the work, along with further optimization of the plastic parts to decrease the amount of
material for each tile and further speed up the on-site assembly process.
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