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Chapter 29 ®)
Photovoltaic Breakthrough oo
in Architecture: Integration

and Innovation Best Practice

Guido Callegari, Eleonora Merolla, and Paolo Simeone

Abstract In the new context of the trialling and the development of the materials,
buildings systems and innovative processes required to meet new challenges posed
by environmental transition in Europe and across the globe, the construction sector
urgently needs to define more sustainable development models to achieve decar-
bonisation, as is the case in other sectors. In this context, recent experiences of
incorporating photovoltaics into architecture are a clear sign of a change in focus
on how systems are integrated into architectural design: a new way of viewing the
technological innovation of PV modules which is ever more closely linked to the
architectural design right from the initial concept stages. The study we present is
based on a critical analysis of the current international state of the art of architec-
tural design incorporating photovoltaics, selecting case studies which illustrate best
practice for technological innovation to demonstrate possible scenarios for future
developments. Therefore, all the principle approaches identified by the international
research will be described as well as the impact that these technological develop-
ments are having on architectural style and quality of life in cities. With regard to
the aesthetic and formal properties that are the dominant feature of recent practice
for the integration of photovoltaics, the study will highlight further areas of research
with a view to defining a component of the building shell in which the generation
of energy from renewable sources represents just one of the potential components
of a system integrated into the architectural style. In addition, the intention is to
demonstrate that the architectural designs analysed can be considered to be the result
of a close relationship between designers, applied research and the industrial sector;
therefore, technological innovation of photovoltaic products will inevitably be linked
to a deeper and fundamental innovation of processes leading to these results.
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29.1 Introduction

The aim of this paper is to provide some observations that have emerged from
research into the impact of technological innovation processes in defining new
formal paradigms in architecture (Conato and Frighi 2018). The research in ques-
tion is specifically focussed on interpreting the impacts of form on the perception of
architecture, and in particular the building envelope, deriving from energy and envi-
ronmental “transitions” paradigms introduced in Europe beginning with the Green
Deal. Will the objectives of the European policies lead to new generations of archi-
tecture in which formal characteristics are an expression of new potential ways of
interpreting the concept of environmental sustainability? We can already see that
change is happening in terms of the perception of architecture and in particular in
terms of building systems when analysing certain specific areas where there have
been recent regulatory and market developments, such as Building-integrated photo-
voltaics (BIPV). This paper concisely sets out the findings of in-progress research
focussed on how photovoltaics are incorporated into architecture by analysing the
evolutionary process from the 1970s to the present day and outlines an initial frame-
work of approaches to design through an atlas of “energy transition architecture” in
Europe in order to produce a taxonomy of BIPV design.

The strategic role of the energy sector in European decarbonisation is fundamental
for achieving climate neutrality by 2050 (IRENA 2021). The shift to energy commu-
nities has also been supported by new regulatory standards which in some cases
also have implications for architecture. One example is the standard Photovoltaics
in Buildings EN 50583:2016 which was the first to include the integrated photo-
voltaic module in a multifunctional construction component, in accordance with the
Construction Products Regulation (EU) CPR 305/2011. This new interpretation has
assisted with the move from PV to smart BIPV systems as innovative technological
components contributing to tackling current decarbonisation challenges (IEA 2020,
2021). These processes have stimulated the market through R&D to produce new
generation smart materials which can generate electricity, extending the surface area
of the building envelope used for this purpose. This approach has led to a change of
interpretation in how building systems are incorporated into the architectural design,
as shown in the case studies analysed in this paper.
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29.2 Investigation Outline

29.2.1 Research Field

The work of the research group at the Politecnico di Torino Department of Architec-
ture and Design is centred on developing and designing smart BIPV system building
envelope components characterised by prefabrication, recyclability and modularity.

The background to the work features two areas of research which are linked
but separate: an industrial development project for a private client (Department of
Architecture and Design 2020) and contributing as a partner on the Green Deal
project H2020-LC-GD-2020 to develop a BIPV component for a demonstration
project (ARV-Climate Positive Circular Communities 2020). The aim of the paper
is to illustrate the results obtained from the state-of-the-art analysis in order to show
new scenarios regarding the current AEC and BIPV sectors in the European context.

29.2.2 Criteria and Indicators

The research led to the definition of an analytical framework regarding the archi-
tectural, constructive and technological integration of BIPV components in the
architectural design, based on the following analysis criteria:

e aesthetic and formal characteristics: the main technologies for customising the
appearance of PV have been analysed;

e PV morphological integration: a classification of BIPV components that can
be integrated on the vertical envelope has been identified; the main integration
strategies will be explained;

e smart grids and smart buildings: selected case studies will be shown as virtuous
examples of plus energy buildings.

29.2.3 Analysed Sources

Reports and scientific articles published by European research institutions have been
analysed in detail, as well as major online databases for sharing BIPV best practices
were consulted; interviews have also been conducted, as a means for comparison
and critical analysis, with BIPV innovation technology researchers from a number
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Fig. 29.1 Main analysed sources for this research

of European organisations, such as the NEST' research lab in Zurich, SUPSI? and
EPFL.}

A comparison of the leading European producers of BIPV modules, such as
SwissINSO, AGC Glass and Ertex Solar, has been made to complete the analytical
framework. A summary of the sources consulted is presented in Fig. 29.1.

29.2.4 Selected Case Studies

As aresult of the analysis, 78 BIPV integrated fagades in Europe have been identified
and analysed, of which 67% relate to the residential construction sector. Both first
generation (c-Si), second generation (a-Si, CIGS, CIS, CdTe) and third generation
(OPV, DSSC) PVs have been considered. It is relevant to show how—as a result
of the technological innovation of the PV appearance started in 2010—39.4% of
the surveyed facades adopt completely camouflage solutions or coloured PV cells
(Fig. 29.2).

! Modular research and innovation building Next Evolution in Sustainable Building Technologies
(NEST) of Empa and Eawag, Zurich, Switzerland.

2 University of Applied Sciences and Arts of Southern, Lugano, Switzerland.
3 Swiss Federal Institute of Technology, Lausanne, Switzerland.



29 Photovoltaic Breakthrough in Architecture: Integration and Innovation ... 325
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Fig. 29.2 Analysis of the current state of the art of BIPV integrated facades in Europe. Original
graphics by authors

29.3 Output (or Results)

29.3.1 Aesthetic Evolution of BIPV

Recent experiences of PV integration into the building envelope represent the current
culmination of a technology which has evolved over time, since the early trials in the
1980s and 90s. The research sets out the main stages of the evolution of BIPV, with a
particular focus on facade integration. From the first instances of inserting PV cells
into glass-glass modules to later colouring techniques, the evolution of PV has been
driven by continuous scientific research and experimentation by architects, leading
to examples of PV integration which are completely organic with the architectural
design (Fig. 29.3).

The customisation of colourings, shapes and configurations of PVs has increased
interest in technical innovation of photovoltaics in terms of integration into the archi-
tectural design. Whilst these designs must achieve ever more stringent decarbonisa-
tion targets, all stakeholders now have an enormous range of aesthetic and formal
solutions available (Fig. 29.4).

29.3.2 PV Integration Forms and Strategies: Best Practices

Integrated photovoltaic systems offer new construction solutions which the archi-
tectural design can employ in order to interpret the increased energy efficiency
requirements with an expressive architectural language that features a high degree
of technological awareness. The conventional building elements such as cladding
panels, sunscreen, parapets and accessories can today be enhanced with multifunc-
tional components that are highly customised, generating electricity that can be fed
to the energy community’s network, fulfilling the building’s energy requirements.
The research has thus identified a series of PV fagade integration categories: cladding
system for cold facade, solar shading systems, balconies and solar glazing (Fig. 29.5).

Research has found that the most widespread integration approach involves the PV
component being inserted into the architectural design in a bounded way, interacting
with the other elements of the envelope and shaped by the system of solar shades
and balustrades. In this way, the integrated photovoltaic system can cover part of
the building’s energy requirements (Fig. 29.6a). However, on the other hand, a fully
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Fig. 29.3 Evolution in technological innovation of building-integrated photovoltaics. The graphic
depicts the evolution of integrated PV in architecture, identifying the main stages and the respective
dominant PV technologies. The relationship between the increasing global average temperature
curve (NASA 2021) and the current BIPV experiences is shown. These reference buildings refer to
the 78 surveyed facades cited in Fig. 29.1. Original graphics by authors

active envelope configuration can be highlighted where the photovoltaic compo-
nent constitutes the main cladding material and, through camouflage components, it
creates a more conventional architectural language or, through components which are
identifiably as technological, a more innovative image with emphasised PV system.

This strategy ensures that the building generates power more uniformly across the
whole day, thanks to the variety of PV exposure to the transit of the sun, sometimes
even achieving a positive energy balance so that the surplus can be fed back to the
grid (Fig. 29.6b).

The research has selected best practices which represent the different strategies
for PV fagade integration, extended and bounded, respectively, to demonstrate the
quality of the architectural design. A few case studies selected by the authors are
examined in more detail below (Figs. 29.7, 29.8, 29.9 and 29.10).

29.3.3 Buildings as Small Power Plants

The active envelope concepts of BIPV architecture can change the distribution model
for the local power network, viewing buildings as energy community power stations.
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a/ MAIN PRODUCTS CONSULTED FOR THIS RESEARCH

product it PV technology color* dimension [rmiruarm] shape cells visibility efficiency ** [%]
Kromatix™ SwissiNSO =] c1 custom rectangular NO 16,5175
Solaxess Solavess | CSEM c-5i [ CIGS B2 custom custom NO 14

VGS Design PV Ertex Solar c-Si A1-C2  custom; max 240005000 custom NO na
ColorBlast Kameleon Solar cSi c2 custom custom NO 815
Kaleo CSEM cSi 82 custom cuslom NO na
DSD-PV Dutch Solar Design  ¢-Si C4 800x1200 rectangular NO na
SunCol Glassfer&Sunage c-Si Ccs5 cusiom cusiom NO na
Lacobel T Active  AGS Glass cSi cz2 nja nja NO na
eForm unichrome  Sunovation ¢S ca max 35001500 rectangular  NO 15
colored PV cells  LOF Solar c-5i Al custom nfa YES 15

a-5i module Onyx Solar aSi Az custom; max 40002000 nfa / nla
PS-CT-series PolySolar CdTe A2 standard 12000600 rectanguiar / 612
PS-ASG-sefies PolySolar a-Si A2 standard 1400x1100 rectangular o 510

b/ CUSTOMIZED PV APFEARANCE
| alteration of PV material application of filters or thin films | modified front glass

["antireflection coating Y dark films on the back spectrally selective
on solar celis ‘ of cells coating
cSi cSi c-5i /a5 | CIGS
cedl visibilty / YES cell visibiity / YES cell visibility | NO
opaque N [opaue opaque
coloured and or [ special solar fiters coloured enamelied
semi-ransparent as layers glass
P\-active layers c-5i/ CIGS c-5i
thin film cell visibility f NO cell visibility / NO
L semr-transparent Lopaque opaque
coloured polymer sandblasting
fims as the back c-5i
encapsulant of PV cell visibility / variable
thin film opagquo
* “color” in fig. 4a refers 1o the technologies |
adopted fo customize the appearance of PV S
modules that are shown in fig. 4b Gigital glass printing
*= “afficiency” in fig. 4a refers to that of the s
customized module compared to that of a = cell visibility / variable
standard module equal 1o about 20% f;"a;"'i‘u“w INO opagque

Fig. 29.4 PV products overview. The table shows the main available products and related aesthetic
and technological features (a). The graphic illustrates the current colouring technologies for PV
components and the range of different formal interpretations (b). Original graphics by authors

67,9% 14,1% 12,8% 5,1%

g = = g= =

cladding system solar shading balconies solar glazing

Mutti-story bulding in Bratien

¥ building in Altstatien

Zinke + panner, 2017

Fig. 29.5 PV facade integration forms. The percentages refer to the 78 studied facades. Original
graphics by authors
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Fig. 29.6 PV fagade integration categories. The areas shaded darker denote PV integration strate-
gies in the architectural design, such as claddings, balconies and shades. Original graphics by
authors

KINGSGATE HOUSE (UK) Dest Affordable Iousing Secheme ar 21
HCL Architects Housing Awards 2614

BIPV INTEGRATION

INTEGRATICN FORM SOLAR SHADING

INTEGRATION STRATEGY BOUNDED

PV SURFACE 188 m?

TLT ANGLE 90 i 1 I |
CRENTATION S0UTH

TECHNOLOGICAL SYSTEM EHADOWVDLTALS SYSTEM S COUT

PV TYPOLOGY

MANUFACTURER

P TECHNOLOGY L

P MOOULE 4SS MODULE

PV APPEARSNCE EMPHESIZED PY

TRANSFARENCY SEV-TRANGPRRENT

COLCURNG TECHNOUDGIES  ANTREFLECTION COATING ON S0LAA CELLS
NOMIRAL PORYER -

MODULE EFFICIENCY 17,60-15,20%

ENERGY DATA

ENERGY PRODUCTION 13145 kiWhiyr

NOAINAL POWER -

SELF-CONSUMPTION - 0 %

Fig. 29.7 Kingsgate House—case study. Original graphics by authors
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MFH SONNENPARKFLUS (CH)
Arento Architektur
BIPV INTEGRATION
INTEGRATION FOMM GLADDING + BALCONIES
INTEGAATION STRATEGY EXTENDED
PY SURTACE 280 m ragace (+ 215 m? Roor)
TR ANGLE %0
CRENTATION WEST (FAGASE) SOUTH (RALCONES)
TECHNOLOGICAL SYSTEM COLD FAGALE
PV TYPOLOGY
MANUFACTURER ERTEX 0143
P TECHROLOGY MONCCAVSTALLINE
PY MODULE GLASE/GLASS MODULLE
Py APREARANCE CAMGURLAGE (FAGADE) | RECOGNIZABLE PY
(Baucones)
TRANSPARENCY ORACUE
COLDURIMG TECHNOLOGIES  DAAK FILM ON THE SACK OF CELLS (FAGADE)
HOMINAL POWER 150 Wolm? (ragace) 150 Wi (gaucones)
MOCULE EFFICENCY
EMERGY PROCUCTION 23173 KWhiyr ragace (+ 45426 Roce)
MIMANAL POWER 36,1 WP ragare + |24 6 KWp Aoos)

SILF-CONSMFTION

e
100% +39%

Fig. 29.8 MFH Sonnenpark Plus—case study. Original graphics by authors

SOLARIS 416 (CH)
Arento Huggenberge:

Schweizer Solarpreis 2008 / Inusvation Award for

riries Architekten Building-Integrated Mhotovellaics

BIPVINTEGRATION sversemssoramsmiranssatssssnsntnsns ongasssssonstassissasakssssn s ing shisassss sssssssssaiasasians

INTEGRATION FORM CLADOING

INTEGRATION STRATEGY EXTENDED

P SURFACE 420 m? Fagaoe [+ 200 M7 ROOF)
THT ANGLE 20°

ORENTATION SOUTH | EAST f WEST | NORTH

TECHNOOGICAL SYSTEM COLD FAGADE

PV TYPOLOGY s
MANURACTURER ERTEX SOLAR

P TECHNCLOGY MONCCRYSTALLINE

P MOCULE GLASSIGLASS MODULE

P APPEARMNCE CAMOUFLAGE

TRANSPARENCY OPADUE

COUCURNG TECHNOLDGIES  DIGITAL CERAMIC PRINTING
NOMPLAL POWER 116 Winim?

MODULE EFRCENCY 13%

ENERGY DATA

ENERGY PRODUCTION
NOMIPRAL POWER
SELF-CONSMPTION

31832 KWhiyr Fagace + ROOF
46 KWp ragsoe + (25 kWp Rocr)

Fig. 29.9 Solaris 416—case study. Original graphics by authors

I 147%

With this smart grid principle, the power surplus generated from buildings can be used
to recharge electric vehicles or fed back to the network from which these buildings
receive electricity when they cannot generate it independently.

Aktiv-Stadthaus (Fig. 29.11). The Aktiv-Stadthaus, a building designed by HHS
Planer + Architekten in Frankfurt (2015), is based on the Effizienzhaus Plus energy
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s’

COPENHAGEN INTERNATIONAL SCHOOL (DK)
C.F. Moller Architects

BIPV INTEGRATION

Fig. 29.10 International School—case study. Original graphics by authors

efficiency standard and complies with the requirements imposed by the German
Federal Ministry of Transport, Building and Urban Development (BMVBS). The
electricity generated by the PV components integrated into the south facade, along
with the photovoltaic system on the roof, is collected in storage systems and used
to charge electric vehicles or fed back to the network. The project falls under the
subsidy scheme launched by the Federal Office for Building and Regional Planning
(BBR), which finances research and development projects relating to the energy
consumption of buildings (Kraubitz et al. 2018).

MFH Hofwiesen/Rothstrasse (Fig. 29.12). The same active envelope approach,
generating electricity to meet the requirements of users and for the community,

Fig. 29.11 Newly built apartment building Aktiv-Stadthaus
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has been adopted in a Swiss pilot project to demonstrate a possible renovation
and energy efficiency improvement method for existing building stock; the MFH
Hofwiesen-/Rothstrasse residential complex in Zurich (2016), designed by Viridén
+ Partner AG (SD, Pd 2017), financed by the Canton of Zurich as part of the Federal
Energy Office’s (UFE) programme, is notable for the use of camouflaged photovoltaic
modules integrated on all sides.

Stacken (Fig. 29.13). The renovation work carried out on the Stacken residential
complex (2017) in Gothenburg (Norwood et al. 2016) in Sweden, also supported by
public and private financing, demonstrates the potential of integrated photovoltaic
systems for renovating the existing building stock through the application of a BIPV
facade with external insulation retrofit.

NN m

Nl =

L T
Mrm

Ty

Fig. 29.13 Renovation of Stacken apartment building
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29.4 Conclusions

The recent shift to energy communities for the generation of power represents a
conversion for end users too, who become “generators” rather than “consumers”
of energy via a decarbonisation, digitalisation and decentralisation model; for the
authors, this model is also evidence of a social evolution which architecture is begin-
ning to interpret and translate to new formal configurations; the potential relations
between the building envelope and the building systems mean that architecture can
be equated to energy infrastructures of high architectural quality.

In addition, this research paper seeks to demonstrate how the move over the last
20 years from the European target for a high energy efficiency building stock to
the current aim for NZEB low carbon footprint buildings represents not so much a
challenge as a change of paradigm in the AEC sector, with many consequences on
potential innovation models that the market, the research sector and the profession
are still seeking to interpret. It is based on this approach that researchers, manufac-
turers and designers are collaborating to pursue common objectives, representing the
stakeholders in a technological innovation process which is having repercussions on
the construction sector.

The construction sector—slower in innovation compared to other industrial
sectors (Bellicini 2019)—now therefore has a greater opportunity of technolog-
ical innovation that the market is gradually accepting. Within this transformation
scenario, the contribution of the research has tried to highlight further directions
of technological innovation aimed at contributing to an increasing industrialisation
and prefabrication of the construction sector and in the specific case of the BIPV
market. Among these, the authors support the thesis that integrated PV systems can
move away from the dry construction systems to which they now belong in order to be
conceived as three-dimensional prefabricated components belonging to Industry 4.0,
integrated with additional systems and directly installed on the building envelope in
an off-site production logic. Based on this reflection on the relationships between the
building envelope, plant components and architectural languages—and within the
broader framework of digitisation and technological innovation outlined above—the
applied research activity is conducted by the Politecnico di Torino Department of
Architecture and Design for the development and industrialisation of smart BIPV
systems solution.
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