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1 Introduction

The improvement of energy performance and integration of renewable energies
(RE) in architectural design comprise a pivotal step towards European policy, strat-
egy, and legislation for 2030 environmental, energy, and climate targets and the
2050 vision for a decarbonised building stock [1].

Buildings account for 40% of final energy consumption and 36% of energy-
related greenhouse gas emissions and it is projected that the global energy demand
will increase between 2019 and 2030 because of demographic growth and a trend
towards higher energy consumption per capita [2]. As three-quarters of the existing
building stock is still inefficient, according to current building standards, it is neces-
sary to work in two directions. One refers to increasing the rate and depth of build-
ing renovations in order to improve the performance and sustainability of existing
stock, reducing energy demand. It addresses the “Energy Efficiency First” guiding
principle and the Renovation Wave' initiative. A second path looks at the increase of

"More information on the Initiative available here: https://energy.ec.europa.eu/topics/energy-
efficiency/energy-efficient-buildings/renovation-wave_en
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renewable energy sharing, according to the European guidelines by at least 27%
compared to 1990 levels [3].

The use of energy generated by renewable natural sources in the building sector
can deeply promote the reduction of greenhouse gas emissions and the improve-
ment of energy savings in buildings [4]. Moreover, the transition to a greener energy
system also has an important role in reducing the energy dependency (exacerbated
by current geo-political issues), promoting security and accessibility of energy sup-
ply, supporting technological development and deployment, and addressing the
challenges of a just transition.

Looking at the building scale, the recent revision of the Energy Performance of
Buildings Directive (EPBD)? delivers the concept of Zero-Emission Buildings
(ZEB), which is a step forward from the current Nearly Zero-Energy Buildings®
(NZEB) on achieving the long-term vision (as national roadmaps) for sustainable
renovated buildings by 2030. The ZEB is generally defined as a building with a very
high energy performance, with the very low amount of energy still required fully
covered by energy from renewable sources and without on-site carbon emissions
from fossil fuels.

In Europe, RE is mainly related to solar energy and photovoltaic (PV) is the most
widely applicable energy solution for the production of distributed electricity in
urban environments [5]. The need to introduce zero-emission buildings in architec-
ture, together with European initiatives and targets, enhanced the deployment, com-
petitiveness, and affordability of PV technology especially rooftop solar installations
(Building Applied PV, BAPV) in recent years. Notwithstanding, rooftops only rep-
resent a minor fraction of the building’s available surface area, even less if conserv-
ing the whole urban system. It is, therefore, necessary to harness the full potential
of the building stock (integrating also in fagades, windows, and external integrated
devices) as well as the urban environment and infrastructure (roads, railways, urban
furnitures, canals, or pavements) for substantial RE production in order to achieve
sustainable goals in cities [6].

Integrated photovoltaic (IPV) can address this challenge, and Building Integrated
photovoltaic (BIPV) offers the unique opportunity to take advantage of all build-
ing’s available surfaces to generate solar energy. The changing energy and economy
paradigm towards sustainable, climate-neutral, and smart cities and buildings led
designers and the whole building sector to investigate innovative technologies and
products with increasingly high-performance levels and more inclusive and sustain-
able approaches [7].

2Proposal for a recast Directive (COM/2021/802 final) (https://eur-lex.europa.eu/legal-content/
EN/TXT/?uri=CELEX%3A52021PC0802&qid=1641802763889), which is part of the 2021
Commission Work Programme “Fit for 55” package to deliver on the European Green Deal and the
European Climate Law.

3Defined by the European Parliament and the Council as “a building with a very high energy per-
formance [...]. The nearly zero or very low amount of energy required is covered to a very signifi-
cant extent by energy from renewable sources, including energy from renewable sources produced
on-site or nearby” within the Directive 2010/31/EU (https://eur-lex.europa.eu/eli/dir/2010/31/0j).


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021PC0802&qid=1641802763889
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021PC0802&qid=1641802763889
https://eur-lex.europa.eu/eli/dir/2010/31/oj
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2 BIPYV for Low-Carbon and High-Aesthetic
Renovated Buildings

Building integrated PV technology is a strong asset for improving living conditions
and increasing resilience against climate change and disaster risks in European cit-
ies. However, the potential of these systems remains largely untapped due to the
limited adoption of them in current urban landscapes.

Based on European Standard EN 50583-1:2016, BIPV modules are construction
products and skin materials (or cladding elements) of the building envelope. They
can vary in terms of typology, configuration, technology, surface treatment & mate-
rial, colour, and shape. Their performance is strictly connected to the functions typi-
cal of the building’s envelope and requirements of the architecture.

As an external technological unit of the building envelope, BIPV modules con-
tribute to the thermal and acoustic insulation, while the photovoltaic component has
an active function generating on-site renewable energy that can be directly used for
the electrical needs of the building. Its modular design, coupled with the variety of
design options and high degree of customisation, allows for adaptation to almost
any urban setting and building type. This flexibility offers the advantage of integrat-
ing urban planning requirements with efficient and versatile building components.

Since the 1990s when experimentation and commercialisation of the first BIPV
modules began, many studies have been focused on the visual impact of photovol-
taic to address issues related to social acceptability and established design practices
and culture [8]. Perceptual/aesthetic aspects of the building component have been
investigated in order to identify parameters that can be useful in guiding the design
of a “beautiful” BIPV system, as well as define appropriate criteria for the assess-
ment of BIPV ex post [9]. One of the most recent areas of study and experimenta-
tion concerns, for example, glass treatments, coloured filters and layers interposed
between module layers, or examples of “invisible photovoltaics” [7].

BIPV technology thus goes beyond technological and energy aspects, also inte-
grating aesthetic features related to an architectural language and ‘rules’ of compo-
sition relative to the context. Compared to standard PV modules, BIPV solutions
combine flexibility, versatility, and aesthetic values that fit perfectly with the
requirements of zero-emission buildings and positive-energy buildings, on the one
hand, and on the other hand, allow cities to preserve their architectural identity and
respect heritage conservation [6].

3 The Med-EcoSuRe Pilot Project in Florence

In the context of the Med-EcoSuRe project (Mediterranean University as Catalyst
of Eco-Sustainable Renovation, financed under the ENI CBC Med Programme
2014-2020), the pilot retrofit action developed in the School of Architecture of the
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University of Florence addressed the challenge of integrating photovoltaic technol-
ogies in an historical context.

Aiming to valorise the role of universities in driving the green transition of public
buildings in the Mediterranean area, the Med-EcoSuRe project financed the realisa-
tion of three pilot projects, developing innovative building renovations also in
Palestine and Tunisia.

The pilot experimentation in Florence is deeply rooted in the parallel experience
of the Living Lab (beXLab), activated in the framework of the project to support
university building and energy managers in the implementation of the pilot actions,
by engaging a wide range of local stakeholders (innovative companies, experts) and
the strategic end-users (students).

Typical of public buildings in Mediterranean cities, the location in historical
heritage contexts is considered as a challenge for ambitious energy renovation proj-
ects [9]. Given the main peculiarity of the prestigious site in the historical city cen-
tre of Florence, the pilot project has been intended as an occasion to demonstrate, in
the strategic university context where the future generation of architects studies, that
innovative and eco-sustainable building renovations can reach, beyond energy effi-
ciency, significant additional social benefits and values, such as a new architectural
aesthetic.

Exploiting the Living Lab context, based on the alignments between decision
makers and stakeholders of renovation objectives, the presence of architectural con-
straints has been considered as an opportunity to explore a new typology of energy
efficiency interventions, combining the protection of the heritage built environment
with the production of solar energy, along with the reduction of energy consump-
tions, the improvement of comfort for occupants, and the search for a new architec-
tural quality.

4 The Pilot Renovation in Santa Verdiana

The building selected for the pilot renovation, and for the physical setting of the
Living Lab, is a distinct building block in the historical complex of Santa Verdiana.
Located in the Santa Croce district in the UNESCO city centre of Florence, the huge
complex dates back to the fourteenth century, when the first nucleus of the monas-
tery was settled. After centuries as a female convent, the site hosted a female prison
from 1865 up to the late 1980s. The pilot building block belongs to the last expan-
sion of the early nineties, when the new destination of use as Faculty of Architecture
required a significant requalification.

The block with the pilot building has the south facade prospecting the most pre-
served early Renaissance central cloister, maintaining well-preserved arches, col-
umns, well, and environment, surrounded by greenery. In the decades as an
architectural school, this space represented the pivot of the students life, as the privi-
leged place for meeting and staying between academic lessons and workshops.
Working in this protected environment represented a huge challenge, requiring to
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deeply consider the feasibility of retrofit to cope with the existing architectural heri-
tage and relative authorisation process.

The definition of the pilot project followed, and tested, the methodology devel-
oped to support innovative and eco-sustainable renovation processes in Living Lab
contexts [10] and based on a BIM workflow as the best path: Phase 1. Knowledge
framework; Phase 2. Analyses of criticalities; Phase 3. Co-design of renovation sce-
narios; Phase 4. Intervention—construction works; Phase 5. Post-management.

With a total surface of 412 m?, the two-floor building block selected for the reno-
vation pilot action is characterised by a symmetrical and opposite north-south expo-
sition. The envelope is composed of opaque vertical walls in tuff finished with
plaster, with transparent elements made by a single glass layer at the ground floor,
where they are prominent in fixed archways, and by double glasses in the windows
of the first floor. The roof is made by prefabricated sandwich panels, covered by a
mantle of traditional clay tiles.

Under an energy point of view, the functioning of the building is guaranteed by
the presence of a heat pump powering heating and cooling with a standard ventila-
tion system,; the artificial lighting is provided by old neon lamps.

On the basis of the data and information collected, a BIM asset model of the pilot
building has been created, supporting a deeper analysis of criticalities with simula-
tions of the energy and environmental performance with different applications
(dynamic calculations). Simulations showed the low energy performances of the
pilot building with major consumptions referable to air conditioning and artificial
light, in line with the energy audit. Focusing on the thermal behaviour of the build-
ing, simulations consented to calculate the impact of the passive thermal contribu-
tions of the envelope on energy consumptions for heating and cooling, showing that
the most impacting negative contribution regards solar radiation on the south
facade [11].

Given the destination use, a big attention has been given to the quality of the
visual environment, with simulations run on the distribution and intensity of solar
radiation inside the spaces (daylight factor and illuminance). The analysis revealed
the uneven distribution of natural light, with the overexposure to solar radiation
from south in particular in the ground floor due to the dimension of the arched win-
dows, and under-lit conditions in the central part of the first floor.

4.1 Co-Design and Evaluation of Integrated Scenarios

Working digitally, a wide range of retrofit technologies and scenarios have been
integrated in the BIM model to simulate the energy and environmental performance
(phase 3—planning and design); it was possible to observe the contribution of the
single/mix of technologies to the achievement of energy savings and improvement
of indoor environmental quality conditions. For example, the need to protect the
south front from the impacting solar radiation has been evaluated with different
shading devices, consenting to define the best configuration.



894 G. Calcagno et al.

For this purpose, a co-design workshop has been launched in the School of
Architecture and inserted in the calendar of the New European Bauhaus activities of
the Department of Architecture, with students called to propose innovative solutions
for the building renovation, highly contributing to the definition of the final solu-
tion [12].

Considering the peculiar heritage context and the results of the analysis of criti-
calities, the pilot renovation project has been defined in the three main interventions
(Fig. 1):

* Creation of an external 3d structure hosting innovative PV panels as shading
devices (focus in paragraph 4)

* Opening of skylights

* Re-lamping

Beyond the production of solar energy, the external 3D structure has been
intended as a shading device for the overexposed south facade of the building that,
due to the prevalence of transparent surfaces, highly contributes to the energy con-
sumptions for cooling and, at the same time, causes visual problems of overlit in
both the building floors. The second intervention related to the opening of skylights
has the objective to solve the underlit conditions in the first floor (while overlit is
present closed to the windows facing south), where the huge aula magna suffers
overall dark visual conditions in the central part determining the continuous recourse
to artificial lighting. Finally, the substitution of existing neon lamps with more effi-
cient LED-lamps further contributes to energy savings, considering that a LED
lamp can save 65% of energy in comparison to a neon one.

SKYLIGHTS
opening

PV/shading’

Fig. 1 Retrofit actions in the Santa Verdiana pilot project
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5 The Experimental 3D Solar Facade

As anticipated, the pilot project was the occasion to experiment with an external
“not touching” infrastructure as an innovative typology of building integrated pho-
tovoltaic systems (BIPV).

The totally prefabricated and reversible tridimensional steel structure hosting the
PV system has been positioned in front of the southern facade of the identified
building block, detached 1.5 m. The design of the framed steel structure is derived
from the reading of the existing facade and of the renaissance cloister, following its
geometry and modularity. The steel structure consists of four vertical and prefabri-
cated portals (modules) completed by two half-modules at the ends, divided into
horizontal bands that highlight the facade elements following a principle of compo-
sitional harmony. The overall dimensions of the steel structure are 19.7 m in width,
7.46 m in height, and 0.80 m in depth (Fig. 2).

The module has been designed with a principle of reversibility, featuring a frame
composed of prefabricated steel profiles assembled dry, allowing the place to return
to its original state after use and having a low impact on the existing environment.
The structural components of the frame are HEB 100 steel profiles, with the orienta-
tion of the flanges concealing the passage of cables from the photovoltaic panels.
The foundation of the structure is achieved through a system of seven prefabricated
pedestals in reinforced concrete accommodating two vertical elements, with plan
dimensions of 1.20 m x 0.30 m and a limited depth of 0.40 m. The project foresees
the absence of infill elements in the modules at ground level, to maintain open
access and views from the ground floor classrooms.

Credits
(@ETA-Florence

Fig. 2 The solar 3d fagade in the historical cloister of Santa Verdiana
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The innovative glass-glass PV panels (described in the next paragraph) have
been organised vertically in the two upper bands of the metallic tridimensional
frame (panels in amorphous silicon), and horizontally on the top of the structure
(panels in monocrystalline silicon).

The fagade PV panels have been arranged in a pattern of vertical blades charac-
terised by varying rotations relative to the vertical axis, in order to ensure proper
shading and energy collection at different times of the day. The middle band houses
40 panels (1.80 m x 0.45 m) with 20% of transparency to provide better shading for
the two glass classrooms on the ground floor. The upper band integrates 40 panels
(2.40 m x 0.45 m) featuring 10% of transparency to ensure proper lighting level and
comfort inside the main classroom on the first floor. On the upper part of the struc-
ture, slightly overlapping the roof projection, the pilot project also comprised the
installation of additional 10 panels (1.70 m x 1.00 m), arranged with an inclination
on the horizontal plan of about 15° for the optimisation of the performance of the
overall PV plant system.

Answering to the architectural constraints and to eco-sustainability criteria, the
project considered modularity, prefabrication, dry construction, and full reversibil-
ity (pre-requisite of the intervention in the historical context). This solution opti-
mised not only the sustainability and feasibility of the intervention but, contextually,
sped up the time for the realisation timeline (intervention phase), to just 20 days.

On the other hand, the administrative process to comply with the authorisation
procedures and with the activation of the public tender required unexpected long-
times, slowing down, and delaying the start of the construction works.

5.1 Innovative PV—Integrated Architectural Design
with Innovative Technology Application

The pilot renovation project adopted glass-glass photovoltaic panels. Even if experi-
mented since the 80s, in the last years there is a growing attention to this solar
technology for the recognised aesthetic value and high integrability, with a large
application in BIPV solutions, also ideal for the installation in historical heritage
contexts, such as in this pilot project.

As an evolution of traditional PV panels, their peculiar characteristic is the pres-
ence on each side of the module of a glass sheet instead of the traditional opaque
polymer backsheet. The glass-glass structure provides for a wide range of advan-
tages in comparison with traditional opaque solutions:

— Durability: the presence in both the faces of glass sheets significantly boosts the
robustness of the panels, reducing deformation and the probability of micro-
cracks, making them resistant to humidity and moisture, such as to adverse
weather conditions such as extreme rains, hails, snowfalls and extreme tempera-
tures. This limits the damage and the wear and tear and increases the protection
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of the PV cells (high resistance of glass to chemical reactions) and the durability
over time, with a lifetime of 30 years consenting a long-term return on investment.
Flexibility: can be adapted to different typological solutions where glasses are
usually adopted, such as on building facades, windows, curtain walls, canopies,
or shading systems.

Visual quality: allows the passage of sunlight, but according to the types of glass,
can filter UV harmful solar radiation.

Aesthetics: considering the possibilities of glass customisation, panels can be
realised with different shape, colour, thickness, size, and degree of transparency,
allowing a wide freedom in the design phase.

It has to be noted that glass-glass PV panels have a higher initial cost if compared

to traditional panels; yet, the potential for increased energy production, the longer
lifespan, and the most advanced characteristics (flexibility, integrability, and aes-
thetics) can offset the higher upfront expense, making them a worthwhile invest-
ment in time. Glass-glass panels (Fig. 3) can integrate different photovoltaic cells.
Two of these technologies have been adopted in the pilot project:

1.

Monocrystalline silicon cells are composed of silicon, a semiconductor material
that captures irradiation from the sun and converts it into electricity. They are
made from single crystals silicon (vs polycrystalline), consenting to a high effi-
ciency in the energy production, which can reach up to 22% (16% in the pilot).
Single cells composing the panel are visible and their order into a grid is the typi-
cal appearance.

Fig. 3 Amorphous silicon PV panels (left) and monocrystalline PV panels (right) installed
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2. Amorphous silicon PV cells are made by a layer of not ordered silicon with a
thin-film structure, which is deposited onto another material (float glass in the
pilot). As tiny and uniform sheets, their appearance highly depends on the sub-
strate, with the flexibility to be integrated in curved surfaces. Even with good
performance in diffuse-light conditions, their efficiency ranges from 5 to 10%.

With a total of 90 modules covering an area of 92.6 m?, the photovoltaic system
is organised in three photovoltaic generators, the two groups of vertical panels in the
facade (40 + 40) and the horizontal group on the top [10] (Table 1), connected with
three inverters to the low-voltage three-phase grid. In the following table, the data
of the three groups of panels installed:

5.2 Energy Generation and Savings: A Final Balance

The total peak power reached by the PV system is about 6 kWp, resulting in an
annual production of 7000 kWh/year. The installed PV system consents to reduce
the emission of pollutants in the atmosphere equivalent to a thermoelectric produc-
tion, in particular 3.66 t of carbon dioxide (CO,), 4.91 kg of sulphur dioxide (SO2),
and 6.18 kg of nitrogen oxides (NOXx).

The contribution of these three interventions in terms of energy savings has been
evaluated through simulation tools, consenting to appreciate energy savings and the
improvement of indoor comfort, mainly in visual quality. The most important
energy saving can be attributed to the shading PV structure, highly reducing the
cooling load in the summer period thanks to the passive shading. Simulations con-
sented to quantify the decreasing of energy consumption in the pilot building from
114 kWh/m? year before the renovation action to 65 kWh/m? year with the three
interventions. Moreover, considering the energy production of the PV panels (7000
kWh/year), the energy needs of the pilot building are reduced by 44%.

Table 1 Technical data of the PV panels installed

Nominal | Number | Nominal

peak of peak
power installed | power
Group | Cell type Panel dimension | Thickness Transparency | (panel) panels (group)
1 a-si 1800 x 450 mm | 8 +32+8mm | 10% 32 Wp 40 1.3 kWp
(amorphous
silicon)
2 a-si 2400 x 450 mm |8 +3.2+8 mm | 20% 37 Wp 40 1.5 kWp
(amorphous
silicon)
3 c-si 1000 x 700 mm | 4 + 4 mm - 295Wp |10 3kWp

(crystalline
silicon)
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6 The Lessons Learned

In the light of the pilot project experience, and of the lessons learned, four main
recommendations can be provided to approach and deliver innovative and eco-
sustainable pilot-renovation actions:

1. Engage people—share and align the target: innovative practices require the
alignment of needs, aspirations, wills, and capacities of all the interested parties
(decision makers, stakeholders, and users). Involving/engaging them since the
beginning of the project in a Living Lab context, sharing the aim and the targets,
is the best path for a successfully result.

2. Renovate well—renovate together: high quality renovations require a solid
methodology to acknowledge, analyse, and design the best architectural and
technological solution fitting the specific needs of cultural heritage buildings,
but also able to taking into account, and valorise, the multidisciplinary contribu-
tion of all the people engaging in the Living Lab in co-design processes.

3. Focus on sustainability—not only energy efficiency: the primary goal of innova-
tive renovations is to foster the level of ecology, quality, and sustainability in
buildings. Co-design practices, supported by evidence-based data, are intended
to find suitable solutions (low tech/high tech) to improve the energy efficiency of
the existing building and to reduce its environmental impact (e.g. integration of
renewable energies, passive solutions, etc.).

4. Raise awareness—facilitate the real experience: for their demonstrative nature,
pilot projects stimulate not only the dialogue about energy renovations but a real
experience of technological solutions, mostly if supported by an ad hoc com-
munication and data visualisation system showing the sustainability perfor-
mance of the new infrastructure (Digital Twin—Immersive experience—tactile
and visual experience, etc.).

7 Conclusions

According to the EPBD, it is important to define an outline of financing measures,
the investment needs, and the administrative resources for the implementation of
their building renovation plans; also, a roadmap to prioritise the intervention.

The pilot renovation initiative in Florence showed that it is possible to achieve
significant energy savings and a relevant production of renewable energy also in
historical contexts. The success of the pilot project has been possible through the
implementation of a robust methodology, relying on the collaboration within the
Living Lab. The synergies created with local stakeholders and the involvement of
decision makers since the beginning, and across the whole renovation process, con-
sented to create consensus and raise awareness not only on the environmental ben-
efits deriving from the retrofit, but also on the architectural possibilities to create
high quality and aesthetically appropriated solutions. Thanks to the load of
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innovation and creativity that emerged in the Living Lab, the pilot project chal-
lenged conventional beliefs on the achievement of energy savings, such as the need
to intervene directly on the envelope.

The rich and multidimensional knowledge framework on the existing building
and the dynamic analysis of criticalities allowed a wide exploration of different
scenarios of retrofit solutions (with the integration of different mix of technologies)
in the planning and design phase (also enriched by the contribution of students
involved in the Living Lab), leading to the identification of the detached “solar
active facade”. In particular, the collaborative network established by the Living
Lab consented to transform the existing architectural constraints, linked to the heri-
tage built context, into greater opportunities for innovation.

The innovative solar technologies adopted (glass-glass crystalline and amor-
phous PV panels), also exploited as shading devices, have been integrated into an
innovative construction process characterised by modularity, prefabrication, dry
construction, and full reversibility (pre-requisite of the intervention in the historical
context). This optimised not only the sustainability and feasibility of the interven-
tion but, contextually, to speed up the time for the realisation timeline (intervention
phase), consisting of just 20 days.

On the other hand, the administrative process to comply with the authorisation
procedures and with the activation of the public tender required unexpected long-
times, slowing down, and delaying the start of the construction works.

Confirming the vision of the Med-EcoSuRe project, the most important lesson
learned from the pilot project is that the location in the university context is an
excellent occasion to catalyse attention, stimulating awareness and engagement, but
also debate about the increasing need to couple with public buildings renovations,
also in historical areas. In direct contact with the new infrastructure, students and
the academic community, but also people walking in the historical city centre, can
not only observe innovative technologies but also be informed on the benefits they
bring in terms of sustainability, in terms of clean energy production, enhanced
energy efficiency, improved comfort, and reduced environmental impact.
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