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Structures, Department of Civil and Environmental Engineering, Technical

University of Darmstadt, Darmstadt, Germany; Department of Architectural

Engineering+Technology, Chair Design of Construction, Faculty of Architecture

and the Built Environment, Delft University of Technology, Delft, The

Netherlands

Thaleia Konstantinou Department of Architectural Engineering+Technology,

Chair Building Product Innovation, Faculty of Architecture and the Built

Environment, Delft University of Technology, Delft, The Netherlands
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Foreword

Building skin is one of the most significant contributors to the energy budget and

the comfort parameters of any building. As energy and other natural resources con-

tinue to be depleted, it has become clear that technologies and strategies that allow

us to maintain our satisfaction with interior environment while consuming fewer of

these resources are major objectives for the contemporary facade designs.

Moreover, life cycle considerations for facade design, engineering, production,

installation, maintenance and disassembly are integral for the future of building

skins. Therefore systematic and integrated approach for design, engineering, con-

struction and operation is essential, and collaboration between different stake-

holders is paramount for this endeavor.

Building facades perform two primary functions: first, they are the barriers that

separate a building’s interior from the external environment; second, more than any

other component, they create the image of the building. High-performance facades

can be defined as exterior enclosures that use the least possible amount of energy to

maintain a comfortable interior environment, which promotes the health and well-

being of buildings’ occupants. This means that high-performing facades are not

simply barriers between interior and exterior; rather, they are building systems that

create comfortable spaces by actively responding to the building’s external environ-

ment and significantly reduce buildings’ energy consumption. In high-performance

facade design, it is crucial to consider climate and environmental factors, materials,

components, building function, methods for improving occupants’ comfort, fabrica-

tion, construction, impacts on other building systems, operation, and ultimately

deconstruction and/or refurbishment. Therefore emerging building technologies,

systems, tools and production methods are essential in our quest to improve build-

ing skin performance and consequently performance of buildings and the built

environment.

This book presents strategies, technologies and research trajectories associated

with contemporary building facades. The primary goal of the book is to discuss

trends that can transform facade industry, including design, engineering, fabrication,

construction, operation, maintenance and end-of-life considerations. The book is

organized into introductory section that outlines the role of building facades in the

built environment and current challenges, followed by an overview of state-of-the-

art technologies and methods. Then, two major parts present different global per-

spectives on product innovation (Part A) and process innovation (Part B). Product

innovation refers to new materials, technologies and systems, new concepts and

forms, and new needs and performance requirements. Process innovation considers
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new design methods, fabrication and construction techniques, and operational

modes.

Chapters in Part A: Product Innovation discuss relationships between facades

and urban design, coatings and transparency, advanced fenestration systems, adap-

tive facades and intelligent systems, biomimicry and building skin design, energy-

producing facades, modular timber envelopes, retrofitting strategies for existing

buildings, vegetated systems and interactive media facades.

Chapters in Part B: Process Innovation present complexities in tall building

facade design, resiliency, inverse design methods, automated design and

knowledge-based engineering, additive manufacturing, mass customization and dig-

ital transformations, robotic technologies for prefabrication, life cycle assessments

and circular economy as it relates to building skin and supply-chain model.

The remarkable aspect of this book is that it provides different viewpoints and

perspectives from faculty members, researchers and industry professionals around

the world. It sets the course of action for transforming the design, engineering and

construction of facade systems. Innovation requires intense research and develop-

ment, and the current challenges facing our industry can only be solved by dedi-

cated research, technological developments and solutions that improve the

performance of building skin and ultimately our buildings and the built environ-

ment. Strategies and methods that are presented in this work can certainly help us

in our quest to create better performing, environmentally sensitive enclosures of the

future.

I hope that you will enjoy reading this important book and that you will find

inspiration for further innovations in facade systems. Ultimately, we are designing

our buildings for people � to be inhabited, used for learning, working and all other

aspects of our lives. Future innovative building skins can create beautiful, well-

performing, inspirational buildings that improve our environment and our well-

being and perhaps even impact our happiness. Perhaps in the future, we might start

measuring our buildings according to the level of happiness that they provide to

their occupants � until then, let us focus on improving their performance through

innovative design, production and collaboration.

Ajla Aksamija

Department of Architecture, University of Massachusetts Amherst,

Amherst, United States

xvi Foreword
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Preface

The world we live in today is facing unprecedented challenges which are shaking

our society and communities at their core. The health and economic crises caused

by the global pandemic together with the incremental demand for climate action

have been urging many industries to reconsider the way they operate and function

towards more sustainable models, efficient approaches and equitable and safe

practices.

Building construction is the largest industry in the global economy and one of

the great accomplishments and incremental sustained innovation. Over the last few

decades, building construction has been significantly underperforming showing on

average very modest productivity growth. The industry is highly fragmented and

risk-averse, which make it less responsive to adaptation and transformational

change. It is less digitised than nearly any other industry and historically reliant on

manual labour, both factors contributing to amplify its vulnerability to present and

future disruptions, such as, for instance, the recent COVID-19 global disruption

pandemic. The building construction sector is also responsible for considerable

resource depletion and greatly contributes global energy consumption and carbon

emissions.

The way buildings are designed, assembled, used and maintained and ultimately

disassembled needs to undergo a profound transformation in the very near future.

Recognising the complexity of the sector ecosystem is central to promote better

practices of knowledge sharing and cross-disciplinary collaboration. Systemic inno-

vation and sectoral digitalisation are key factors in driving the change and refram-

ing the construction paradigm for the industry to meet global sustainability goals

towards decarbonisation, keep up with the ever-changing needs of our society and

grow prosperously.

Building skins play a pivotal role in architecture. They determine the aesthetic

appearance of a building, its relationship with the surrounding context, and they are

the interface between the built and human dimensions of our cities. They mediate

between the indoor and outdoor environments, largely contributing to the overall

building energy performance, and to occupants’ comfort and well-being.

Ultimately, facades dramatically influence the construction process efficiency and

safety of a building, particularly in high-rises that have established a relevant pres-

ence in our highly urbanised cities. Therefore façade technologies have enormous

potential to drive change in the construction sector and represent a perfect incubator

to explore opportunities for transformative innovation.

Rethinking Building Skins: Transformative Technologies and Research

Trajectories builds up on these premises by showcasing major research trends in
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the field of façade technology throughout its entire life cycle, including design, fab-

rication, construction, operation and maintenance and, ultimately, end of life. The

book opens with the editors’ critical analysis on the development of façade technol-

ogies through the ‘fil-rouge’ of innovation, identifying main stepping-stones for

advancement over the last century and future trajectories to rethink the facades of

tomorrow. The second chapter gives voice to a rich array of highly influential

experts from the different sectors of the industry, who share their views on the

future of façades and discuss major challenges and opportunities to innovation. The

main body of the book presents a compelling and highly diverse collection of the

most forward-looking research projects in façade design and applied technologies

from top-tier international research groups. The research themes are organised into

two main domains, one dealing with product innovation and the other with process

innovation. The dichotomous structure is deemed functional to the narrative, but the

two proposed domains are not to be intended as separate entities, rather as bodies

of knowledge meant to inform and complement one another.

Part A: Product Innovation focuses on the interpretation of façade as a tangible

asset, providing an overview of the most advanced products, components, technolo-

gies and systems, being them close to market or experimental rising star innovations.

Part B: Process Innovation focuses on the façade project life cycle and value-

chain development, providing insights into different phases of a project and show-

casing novel cross-industry approaches to current and perspective challenges in the

façade world.

The look at innovation within each domain is bifocal. It includes studies which

thoughtfully address current challenges to guarantee a more sustainable, resilient,

and environmentally conscious future, as well as studies exploring new opportu-

nities brought about by the digital era to achieve a more efficient, transparent, col-

laborative and connected future.

xviii Preface
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The book is not a theoretical or technical manual nor a specialist guide for the

practice. It rather aims to be a platform for innovation, creating a fertile ground for

a multilevel, multidisciplinary discussion and contributing to the definition of an

international research agenda in this sector for the years to come. Our intent is to

reach a wide audience, encompassing academics, practitioners and students from

different discipline background and expertise, as well as innovation enthusiasts.

To date, this book is unique in its genre. It brings together the expertise, creativ-

ity and critical thinking of more than 60 global innovators and leading experts in

the field of façades, both from academia and the industry.

We hope this is only the beginning of a participatory discussion on the topic that

opens wide the doors of a future where the principles of ‘collaboration’ and ‘knowl-

edge sharing’ are central in catalysing innovation in construction. Let us start

‘Rethinking Building Skins’!

Eugenia Gasparri, Arianna Brambilla, Gabriele Lobaccaro, Francesco Goia,
Annalisa Andaloro and Alberto Sangiorgio

xixPreface
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Abbreviations

AEC Architecture, Engineering and Construction

AR augmented reality

BIPV Building Integrated Photovoltaics

BIST Building Integrated Solar Thermal

GDP Gross domestic product

LCA life-cycle approach

LCC Life-cycle cost

OLEDs Organic Light Emitting Diodes

R&D Research and Development

RES Renewable Energy Sources

SME Small and Medium Enterprises

VR virtual reality

1.1 Introduction

Building construction is the largest industry in the global economy, accounting for 13%

of the world’s gross domestic product and employing around 7% of the global workforce.

However, its annual productivity has only increased by 1% on average over the last 20

years, highlighting a sectoral resistance to change and adaptation (Barbosa et al., 2017).

Innovation in construction has been a highly debated topic for decades.

However, nowadays more than ever, it is becoming pivotal worldwide as current

social and environmental challenges request rapid and far-reaching measures.

Pressing concerns around climate change and resource depletion have put the build-

ing construction sector under the spotlight, as responsible for more than 35% of

global energy consumption, nearly 40% of global carbon emissions, as well as
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ranking amongst the most wasteful industries (IEA, 2019). The magnitude of the

problem is further exacerbated by the steep growth of global population, expected

to increase by over 2 billion in the next 30 years, together with the fast-paced

urbanization that contributes to further congest our densely populated cities (United

Nations, 2019). Finally, the present COVID-19 pandemic has been shaking the

world population and is forcing to reconsider the way people live and ‘inhabit’

spaces, toward more sustainable, equitable and safer built environments.

These unprecedented and multifaceted challenges come at a time where advances

in digital technologies are opening up a whole new world of possibilities toward auto-

mation of manufacturing and industrial processes, the so-called Fourth Industrial

Revolution (Industry 4.0). New materials and technologies are rising at the horizon,

with the fields of nanotechnologies and robotics gaining momentum. New strategies

and models for value creation through circularity have started to be implemented

across the market. Global digital trends uptake and cross-sectoral knowledge contami-

nation offer enormous potential to revitalize the construction and building sector, cre-

ating favourable conditions for transformational change (Ribeirinho et al., 2020).

In this vibrant panorama, where new vast potentials meet traditional resistance

toward change, it becomes natural to question how the façade industry will contrib-

ute to shaping the future of the architecture, engineering and construction sector.

Indeed, the building envelope, other than the aesthetical, is key to the climate per-

formance, occupant’s health and well-being, construction process efficiency and

overall environmental impact. Therefore facades represent the ideal playground to

explore innovation in construction and play a pivotal role in scaling up the change.

Building on this premises, this chapter—Façade Innovation: between ‘product’

and ‘process’ —presents a critical analysis of the façade sector through the ‘fil-

rouge’ of innovation. It is organized in two main sections:

� ‘Facades today’ presents an overview of the main technological advancements in the field

of facades to date, provides a picture of the façade industry status quo and examines pres-

ent challenges and barriers to sectoral innovation.
� ‘Facades tomorrow’ discusses new opportunities and drivers for the sector to embrace

transformational change and defines main research trajectories and pathways for innova-

tion to rethink the facades of tomorrow.

1.2 Facades today

Facades, as we intend them today, have dramatically changed over the history of

building design and construction, acquiring stand-alone prominent architectural

roles with respect to the structural part of the building fabric. Over the last century,

façade design has become a central and independent technical discipline in the con-

struction industry, attracting the interest of many and initiating a series of new roles

in the field where façade experts have different backgrounds and specializations,

being them architects or designers, building technologist and engineers and some-

times also modern critics as ‘web-influencers’ (Fig. 1.1). Nowadays, the façade

industry is a fully formed, mature sector with dedicated market products,
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technologies and systems as well as an ecosystem of established professionals and

entities eager to contribute to sectoral innovation and development.

This evolutionary climax has taken place in a relatively short time frame, thanks

to the advancements in material science and production techniques brought about

by the industrial revolution. At the same time, the sudden market growth and sector

specialization has resulted in an extremely competitive environment, characterized

by process scattering and fragmentation that hinder innovation momentum. This

section draws upon these considerations in two steps:

� It navigates through major technological advancements occurred during the last centuries

that contributed to redefine and transform the façade as a ‘product’. It discusses and

reflects upon the major drivers to innovation in relationship with their enabling factors.
� It presents the ‘process’ of façade design and construction today, by identifying the rela-

tionship among main actors and activities. It discusses and reflects upon major barriers to

innovation and opens the floor to new perspectives and ideas for the sector to prosper and

thrive moving forward.

1.2.1 Façade technological advancements: a ‘product’ innovation
narrative

Façade systems classification is today vast and multifaceted and terminology

encompasses a wide range of definitions. The juxtaposition between opaque

Figure 1.1 Façade sketches from @the_donnies. Credit: Troy Donovan. Troy is Principal at

Prism Facades (Sydney, Australia) and has more than 300k followers on Instagram.
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multilayer and transparent envelopes is acknowledged by the market and is

employed within this section for the purpose of the narration. Both groups have

been evolving through history pursuing improved energy efficiency and comfort

performance, enabled by technical advancements in the field of material science,

design and industrialization.

The façade was initially a solid structural wall supporting the roof, optionally

equipped with holes for letting air or light in. Made of a single material, product, or

product combination, such as stone or bricks and mortar, it provided for structural

resistance and shelter. Rain and wind were kept out from apertures by moveable ele-

ments, such as windows, doors, or shutters. The need for optimized use of resources

brought in a transition from stacked to infill walls, which set the basis for the disas-

sociation of the façade from the sole load-bearing function. Along with novel indoor

environment comfort requirements and energy consumption concerns, the façade sys-

tem developed into a more complex system where multiple layers ensured the

achievement of better performance and climate control levels (Knaack, 2014).

The uptake of new structural concepts favouring open floor plan configurations

and higher flexibility of spaces allowed the façade to develop further as an indepen-

dent element, the architectural and technological identity of which spans beyond

any load-bearing duty. This brought to a progressive increase of envelopes’ glazed

surfaces, from window to wall size, which soon became a global trend in high rises

as a way to optimize daylight penetration, therefore maximizing floor plates’ depth

and increasing buildings’ value.

Transparency in façade evolved continuously starting from the 19th century in

America, where mass production techniques, such as the invention of the Bessemer

process, introduced the use of timber for window frames and some use of wrought iron

frames for larger industrial buildings where buildings’ own weight have been carried

by structural steel frames in place of masonry walls. Furthermore, the Industrial

Revolution witnessed the exponential growth of new factories with larger glazing area

(Condit, 1975). However, stone, bricks and iron, the structural resistance of which is

counterbalanced by heavy weight, limiting building height, were still being used to

form the spandrels or solid sections of wall, yet no longer load bearing. During the

skyscraper boom of the 1930s, steel engineering unleashed the potential of high-storied

buildings characterized by lighter weight and this form of construction has been widely

employed and developed until present times. In parallel, the advent of modernist archi-

tecture brought a gradual elimination of glazed decoration areas and moved the focus

on their functionality. In that regard, architects began to explore how the façade could

be disassociated form its structural function to achieve higher transparency.

From the post�Second World War, architectural styles pulled together several

new materials facilitating three major stages of the modern curtain wall developments.

The first stage (1970�80) sees simple designs, mainly stick systems and

on-site assembly and visible aluminium frame. Aluminium became increasingly com-

mon in construction due to its robustness and ductility as well as the advantage to be

extruded into fine and precise shapes and then tempered for higher strength, making it

an ideal material to form window sections. The following decade, 1980�90, wit-

nessed an increased application of systems designed and built according to standards
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and manufacturer recommendations, with stick systems still dominating on others.

Only from 1990, given the challenge of more and more high-rises construction,

American manufacturers developed stick curtain wall systems by employing the third

new component, widely available gaskets and seals, to form complete curtain wall

systems. This, coupled with new glass processing techniques on float glass (eg, glass

fins, point support glazing), has enabled a further push for transparency and lighter

construction wall systems. Furthermore, unitized systems started to take over in larger

buildings due to their economic benefits and ease of installation, as well as improved

energy performance. The economic driver is the main difference in development dri-

vers against opaque facades, where cost logics have not been so prominent in driving

façade system evolution.

Unitized glazed systems have recently been evolving into advanced active or

adaptive façade systems that enable increased comfort control in indoor environ-

ments. As a matter of fact, the integration of shading systems within or outside the

cavity, coupled with energy systems or distribution ducts installation in the spandrel

part of the unitized façade cell, enabled a brand-new construction concept, saving

room in the enclosed space thanks to effective allocation of active components

above and under floor slabs, leveraging through-floor connections located in the

façade space. The same space-saving driver is also being developed in opaque

envelopes, especially in the retrofit sector.

Alongside the postwar developments, façade systems continued to evolve in

complexity. The current century is characterized by multifunctional and multiper-

formance building envelopes, designed and developed to optimize building occu-

pants’ comfort together with operation costs. The façade system is now asked to

work harder than ever before: it should be able to stand up, bear horizontal loads

(ie, wind and any earthquakes), adapt to building movements, guarantee air and

water tightness, keep air contaminants out, guarantee thermal insulation and avoid

overheating, let natural ventilation through (ie, warming sun and cooling breezes),

offer views out and daylight, protect from outside noise, fire spreading through the

building, intrusion and blasts. The complex integration of all these performance

requirements, coupled with aesthetic ambitions, calls for the use of a wide range of

materials, technologies and systems, as well as the need for cross-disciplinary, inte-

grated design approaches.

1.2.2 Façade design and construction: a ‘process’ innovation
barrier

Architecture and building construction are complex and dynamic systems. The pro-

cess of designing, assembling and managing a building involves a consistent

amount of different interdependent activities, several actors and technical skills.

The façade discipline reflects perfectly the complex and dynamic nature of the

building construction sector. As a matter of fact, façade design has become a highly

specialized, multifaceted technical discipline characterized by fast progress and

evolution. New regulations, norms and standards in the field are continuously
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established, new technical competences and expertise required and an increasing

number of professionals from different backgrounds and knowledge domains

involved across the whole process of façade design and construction.

The role of the façade expert (or façade engineer) has become prominent in

building construction projects, as the one who is aware of each product’s technical

specifications and individual component’s performance requirements and, at the

same time, accountable to deploy optimal façade technological solutions through

function integration and holistic design approaches. The façade engineer is also

involved in the process of façade design and construction, overviewing all project

stages and engaging with the different actors across the value chain, including

architects and other design specialists (Fig. 1.2), as well as suppliers, fabricators,

installation teams and contractors (Fig. 1.3).

Figure 1.3 Typical contract organization chart—design and construction phase (on the left:

tender; on the right: novation).

Figure 1.2 Typical contract organization chart—design phase (on the left: engineers

employed by the architects; on the right: engineers employed by the client).
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In this context, it seems evident how the organization and management of inter-

actions among the various experts at the different stages of a project is highly chal-

lenging and requires substantial efforts in coordination. However, at the current

stage, the fragmentation of the design scope among the various designers and con-

sultants involved in façade projects, who are often scattered and/or working in iso-

lation, results in significant process inefficiencies and frictions. As shown in

Fig. 1.4, the different actors involved in the process of façade design and construc-

tion come into play at different stages of a project, often at a point in time when

their efficacy in guiding critical decisions is very limited, or design changes would

require substantial investments in time and cost. From an environmental perspec-

tive, for example, early-stage involvement of façade engineers and technical experts

can enable an integrated façade design outcome. This guarantees high energy per-

formances on a building scale, together with reduced environmental impact and

positive contribution toward more comfortable indoor spaces and sustainable urban

environments.

Today, the endemic fragmentation of the industry and the related lack of trans-

parency, knowledge isolation and productivity stagnation constitute the main barrier

to optimization and innovation in facades and building construction more broadly.

The ‘one-off’ nature of construction projects adds a second dimension to fragmenta-

tion, where the lack of knowledge transfer not only happens within the different

phases of a project, but also among different projects. Another factor hindering

innovation can be identified in the risk-averse nature of the business, particularly

affecting the large multitude of small and medium enterprises characterized by neg-

ative cash-flow patterns and low margins. This necessarily results in general under-

investment in technical skills development and research and development, with

nonhomogeneous growth patterns across the sector in favour of few players who

Figure 1.4 Typical project timeline with actors’ early-stage involvement in the design and

construction phase.
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can afford large capital investment. Finally, conversely to other technology-based

industries, the products of which are oftentimes ‘designed to fail’, the construction

sector is conservative as its assets must serve extended life spans. This logically

results in slower technological advancements and more ‘cautious’ innovation

attempts (Fig. 1.5).

In this scenario, it is clear how ‘isolated’ and ‘incremental’ innovation widely

adopted in construction so far become inadequate to guarantee the sector’s sustain-

able development and economic growth in the years ahead. The construction indus-

try will need to look at the problem holistically and move toward ‘systemic-radical’

innovation approaches (Blayse & Manley, 2004) where ‘business-as-usual’ practices

are coherently integrated within novel platform models and networks to enable the

creation of collective value.

Today, a significant shift in mindset is already permeating the industry at differ-

ent levels, with several actors embracing sustainable development goals and green

practices. Moreover, new digital megatrends introduced by Industry 4.0 seem to

offer enormous potential to overcome present barrier to innovation and open the

floor to an announced ‘construction revolution’, also known as ‘Construction 4.0’.

1.3 Facades tomorrow

1.3.1 Transformational change: drivers and opportunities

The process of innovation is generally driven by the rise of new needs, being them

of ‘economical’ nature (for instance related to productivity/profitability optimiza-

tion) or ‘sociopolitical’ nature (for instance, aiming at the improvement of societal/

environmental conditions) (IEA, 2019). In modern capitalistic economies, these two

domains are often misaligned or entwined in cost�benefit logics, as the pursuit of

the common good can become an obstacle or restrain the pursuit of private profit.

As discussed in the previous sections, facades developments so far have been

primarily characterized or enabled by material-related or technological innovations

(Knaack, Klein, Bilow, & Auer, 2007), pertaining to the broader domain of

Figure 1.5 Barriers to construction innovation.
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‘technical’ innovation, either ‘product-’ or ‘process-based’ (Blayse & Manley,

2004). Over the last few decades, since the Kyoto protocol agreement was signed in

1997, sustainability has represented the major ‘sociopolitical’ driver to innovation

in construction. However, the idea of sustainability in buildings was mainly bound

to the concept of ‘operational energy’ reduction and occupants’ comfort, achieved

through better climate control. This contributed to bring a wide range of new façade

products, technologies and systems to the market, with the purpose to maximize the

performance of the building envelope. However, the increasing demand for more

stringent requirements has today reached a point where incremental improvements

are either not sufficient or even uneconomical and unsustainable (eg, the thickness

of thermal insulation in certain climatic regions). Moreover, the concept of ‘embod-

ied energy’ across the entire building life cycle has now become prominent, bring-

ing process-based innovation logics at the centre of present and future facades

technological developments.

Sustainability in construction has evolved (United Nations Framework

Convention on Climate Change UNFCCC, 2015) and acquired different nuances

that can lead to the realignment of ‘economical’ and ‘sociopolitical’ drivers accord-

ing to win-win logics, favouring the implementation of ‘systemic-radical’ innova-

tion pathways that bring entirely new perspectives to the façade (and construction)

industry.

The view that negative impacts are an inevitable consequence of development has

blinded us to the obvious. We could design development to increase the size, health

and resilience of natural systems, while improving human health and life quality.

Janis Birkeland.

Today, the idea of sustainability goes beyond the net-zero energy or carbon para-

digms. The reduction of the sector environmental impact is not enough anymore.

Instead, the goal of future sustainable design and construction practices is to add or

create value through the introduction of innovative platform models where eco-

nomic, environmental and social goals can thrive simultaneously and harmoniously.

Future sustainability and innovation approaches will not only be ‘systemic’, thus

embracing holistically all the different phases of a project (cradle-to-gate), but they

will have to be ‘ecosystemic’, spanning beyond the traditional life cycle of a project

to nourish future developments (cradle-to-cradle). This vision is encompassed in the

regenerative and circular economy theories, which aim at decoupling the concept of

growth from consumption, rather grounding itself on virtuous models such as resil-

ience and adaptability (UNEP, 2006).

As mentioned in the previous section, Industry 4.0 and digital megatrends uptake

represent the key to success and can be major enablers for the construction sector

transformation. Despite being at its embryonic stage, industry digitalization has

already started and research in the field has been demonstrating huge potential in

accelerating innovation processes toward breakthrough, disruptive approaches to

the way we design, build and operate facades. Digital platforms will also enable the

actualization of new design approaches that will reshape the building construction
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industry at its core, by leveraging expertise in technology, favouring knowledge

sharing and transparent processes, redefining business models for value creation

and paving the ground for transformational change through both ‘product’ and ‘pro-

cess’ innovation.

1.3.2 Rethinking building skins: pathways to innovation

In light of what explained throughout this chapter, Rethinking Building Skins would

imply the exploration of new concepts and forms, advanced materials and technolo-

gies, novel approaches to design, more efficient fabrication and construction techni-

ques, innovative operating networks and models. We have envisioned a future that

will be profoundly transformed by the digital era, where new innovation models

will enable integral economic, environmental and social sustainability to thrive.

With a two-step approach, we aimed at identifying the main research trajectories

in façade design and technology, pertaining to the proposed domains of ‘product’

and ‘process’ innovation (Fig. 1.6). First, we present a simple and intuitive classifi-

cation for ‘the façade product’ of tomorrow, through the identification of four main

macro-categories. Currently, there is no clear classification of the different façade

systems that is representative of their main functions and characteristics and termi-

nology in the field is rather contextual and often confusing (Carlucci, 2021;

Romano, Aelenei, Aelenei, & Mazzucchelli, 2018). As a second step, we illustrate

the opportunities for ‘the façade process’ to uptake digital transformation across

each different stages of a project (design, fabrication, construction) and, holistically,

by looking at the entire value chain.

Part A: Product Innovation

We have imagined a future where ‘the façade product’ can be classified in:

A.1 Eco-active facades—adopting active strategies to ‘give back to’ or to ‘repair’ the eco-

system they work within. This might include conversion and exploitation of energy or

biofuel from renewable energy resources, water capture or food harvesting, CO2 capture

and air purification. Among the technologies that could serve these functions are

building-integrated photovoltaics, building-integrated solar thermal, wind turbines, algae,

hydroponic systems for vertical farming, nanocoatings and/or bioinspired systems for

water capture.

A.2 Re-active facades—reacting and adapting to changing environmental conditions—

such as changes in temperature, wind patterns, atmospheric moisture levels and sunlight,

or even extreme weather events—to minimize buildings’ energy consumption, optimize

occupants’ comfort and well-being and guarantee safety and security. This façade systems

mimic biological systems adaptation strategies and involve different levels of user inter-

vention, from manual to fully automated control strategies. Technologies that could serve

these functions might include the use of smart materials and nanocoatings, photo- or elec-

trochromic devices, dynamic shadings, built-in sensors, artificial intelligence and machine

learning for improved building�environment interaction.

A.3 Inter-active facades—interacting, informing and communicating via interior or exte-

rior environments with humans, being them, respectively, building’s occupants or citizens.

This offers new and exciting opportunities for collaboration across the fields of
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architecture and neuroscience, so far mostly unexplored. Among the technologies that

could serve these functions might include the use of media screens for placemaking, data

feeds and sensors, organic light-emitting diodes for whole-surface illumination, aug-

mented reality (AR) and virtual reality (VR) for immersive user experience, IoT technolo-

gies, cyber-physical systems, artificial intelligence and machine learning for improved

building�human interaction.

A.4 Circular facades—reducing consumption of finite resources and designing-out waste.

This could be enabled for instance by using renewable or carbon-negative materials (eg,

timber technologies), products that can be reused or recycled at the end-of-life, plug-and-

play and reversible connection systems, modular facades and flexible components that

can be easily assembled and disassembled for programmed maintenance and repair across

their life-cycle.

The abovementioned identified categories are not meant to be exclusive. Instead,

the integration of different functions, methods and operating models is desirable (or

perhaps necessary in certain contexts) to maximize benefits and enable ‘systemic-

radical’ innovation in façade design and technology. The technologies listed for

each category are not exhaustive and they might have different levels of maturity.

Categories A.1, A.2, A.3 define the ‘façade product’ throughout a set of functionali-

ties guaranteed during operation, while the A.4 category refers to systems material-

ity and characteristics of assemblies or technologies throughout their life cycle �
being therefore inclusive of the former three.

Part B: Process Innovation

Similarly, we have imagined a future where ‘the façade process’ will integrate:

B.1 Design methods—using strategies for knowledge integration through the use of digital

twins and pushing the boundaries of automated design through artificial intelligence and

machine learning.

B.2 Fabrication processes—adopting advanced industrialized processes, which involve

for instance the use of additive manufacturing technologies, advanced prefabrication and

mass-customization methods, robotics for high-quality and efficient assembly.

B.3 Construction practices—applying advanced digital tools to increase site efficiency

and safety, such as smart helmets integrating AR and VR technologies for site activities

real-time monitoring and activities forecasting, drones providing real-time on-site control

and tracking, Building Information Modelling and robotics for efficient and safe control

and installation.

B.4 Life cycle approaches (LCA)—designing for systems’ resilience, adopting LCA and

life cycle cost approaches and implementing service platforms and business models that

aim at extending the façade service life over the traditional cradle-to-grave approach, for

instance, using the façade as a ‘material bank’.

The abovementioned identified categories are not to be considered as indepen-

dent but rather deeply intertwined, particularly when looking at new digitalization

horizons. Here again, the technologies listed for each category are not exhaustive

and they might have different levels of maturity. Categories B.1, B.2, B.3 deal

with three different stages of the ‘façade process’, while the B.4 category looks at

the whole-life process holistically � therefore aiming to ‘oversee’ and integrate the

former three.

11Façade innovation: between ‘product’ and ‘process’

Full document details: Rethinking Building Skins: Transformative Technologies and Research Trajectories

http://www.avadocuments.com/doc/rethinking-building-skins-transformative-technologies-and-research-trajectories
http://www.avadocuments.com/doc/rethinking-building-skins-transformative-technologies-and-research-trajectories


1.4 Conclusion

This chapter provided an overview of major barriers, drivers and opportunities to

innovate the façade industry. It framed the current ecosystem looking at technologi-

cal advancements throughout recent history which shaped its looks and organiza-

tion, defining the main challenges ahead for the sector.

Future pathways for innovation are presented according to two domains, the

‘product’ and the ‘process’ of facades. As technical and technological innovation

has already reached very high momentum, the optimization of processes and indus-

try organizational structure are expected to gain further strength in the years to

come, thanks to the disruption brought about by digital transformation and the

adoption of Industry 4.0 approaches.

Total sustainability of future façade will be the driver for industry development

and economic growth, enabled by radical life cycle approaches to design, construc-

tion and fabrication. In this frame, advanced sectoral digitalization will unlock the

potential for façade increased integrability, adaptability and climate resilience to

meet global targets toward decarbonization, keep up with the ever-changing needs

of our society and grow prosperously.

This chapter is a progressive introduction to the book conception, organization

and innovation topics, through the narrative of ‘product’ and ‘process’ innovation

in the field of facades. These two pillars are gradually investigated within the book,

benefitting from contributions by a wide group of established experts from acade-

mia and the industry toward the definition of an international research agenda for

the façade industry to uptake transformational change in future.
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2Façade innovation: an industry

perspective
Alberto Sangiorgio

Grimshaw Architects, Sydney, NSW, Australia

Abbreviations

BIM Building Information Modelling

CWCT Centre for Window and Cladding Technology

DfMA Design for manufacturing and assembly

DGU Double Glazed Units

EC Embodied carbon

ECI Early contractor involvement

EPD Environmental Product Declaration

LCA Life cycle assessment

LCIs Life cycle inventories

NZC Net-zero carbon

PV photovoltaic

TB Text boxes

TGU Triple Glazed Units

2.1 Introduction

Innovation is seldom a unidirectional process. On the contrary, it is usually a con-

voluted process involving different drivers, players, stakeholders and constraints.

The interaction between these factors determines the pace and the potential for

innovation to flourish and spread.

Construction projects have always been characterized by a high level of com-

plexity and recent studies indicate that both technical and organizational complexi-

ties are gradually increasing (Luo et al., 2017). The effects are already visible

within the construction industry, as well as in its relationships with other sectors,

from manufacturing to information technology.

Compared to other markets, the construction industry, including the façade sec-

tor, comprises a large and growing number of stakeholders: clients, urban planners,

architects, engineers, consultants, contractors, subcontractors, fabricators, regulators

and certifiers, to name just a few. Stakeholders have different and sometimes com-

peting agendas, targets, risks and contingencies, focus on different aspects of the

process (such as design, installation, maintenance and end-of-life), have different

expertise and are regulated by a great variety of national and regional building

codes. This landscape results in a highly fragmented industry which, as a whole,
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moves and innovates slowly, often focusing on an incremental and field-specific

innovation process in which major opportunities to create radical and cross-field

innovation processes are less likely to occur.1

The process of ‘rethinking building skins’ has to start with an understanding of

the factors that drive and limit innovation within the façade industry, taking into

consideration its relationships with other industries, academia and state government.

This chapter presents a wide-ranging overview of the façade industry’s perspective

on present and future drivers, challenges and opportunities for innovation in build-

ing envelopes through contributions from leading experts and companies in the

façade design and construction industry. Its purpose is to provide fertile ground for

a multilevel discussion across disciplines and fields, to assess the engagement of

the façade industry in different research streams and to serve as a catalyst for the

development of synergic collaborations.

2.2 Method

Considering the great variety of players and stakeholders involved, the task of

rendering an overview of the façade industry in relation to innovation is chal-

lenging. The method adopted to meet this challenge was to collect the insights

of 11 selected experts affiliated to global tier-one companies, leaders in the

façade design and construction industry. These companies, due to their size and

revenue, are major players in R&D activities, since big projects and big con-

tracts are necessary to meet the initial costs of development and testing of new

ideas and, potentially, generating the benefits of economy of scale. These global

companies can be considered the highways on which innovation is developed,

tested, applied and, most importantly, spread across the market to other smaller

entities and stakeholders and, eventually, across the globe, including developing

countries.

This analysis does not claim any statistical relevance, as it interrogates a lim-

ited number of purposefully selected experts. However, it creates a multidimen-

sional overview of façade innovation that takes account of the great variety of

roles and expertise that characterize the façade industry and includes recognized

leaders in different sectors, such as architecture and design, engineering and

consultancy, façade contractors and general contractors, as well as policy

makers. Further, it acknowledges the importance of differences in geographical

context by inviting authors from Australia, the United Kingdom and the United

States.

Table 2.1 shows the complete list of industry experts, their affiliated company,

the field of expertise and country of operation.

1 Incremental innovation is defined as ‘small and based on existing experience and knowledge’; radical

or disruptive innovation is defined as ‘a breakthrough in science or technology’ (Blayse & Manley,

2004).
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The experts were asked to provide a written contribution, with an indicative limit

of 1000 words, addressing the following two questions:

Question 1: What are the most relevant innovations that you foresee will play a

major role in shaping the way the next generations of building envelopes will be

designed, procured, built, maintained and dismantled?

Question 2: In your current practice, what are the future innovations you are

actively fostering/exploring and how do you expect these innovations to change

your role, your approach to design, engineering, fabrication, procurement, construc-

tion and the outcome of the design?

The experts were asked to use these questions as guidelines, focusing on their

specific field of expertise and personal experience. The structure of the response

was intentionally flexible, leaving the contributors free to combine the answers or

address them separately.
The following section scaffolds on the industry experts’ contributions, summa-

rizing their feedback and providing a snapshot of present and future drivers, chal-

lenges and opportunities for innovation in the façade industry. In it, the author

provides a commentary that discusses the main points made by the industry experts

and contextualizes them in relation to the broader industry and relevant literature to

create a mental map of the key themes and topics that are discussed by each expert.

The 11 contributions from the experts are included in full in the ‘Industry insights’

Table 2.1 List of industry experts.

Ref Façade expert Company of affiliation Field of expertise Country

TB01 Andrew Cortese Grimshaw Architects Architecture-Design Australia

TB02 Keith Boswell Skidmore, Owings &

Merrill

Architecture-Design United States

TB03 Kieran Rice AECOM Engineering Australia

TB04 Damian Rogan Eckersley O’Callaghan—

Engineers

Engineering United Kingdom

TB05 Haico Schepers ARUP Engineering Australia

TB06 Marc Zobec Permasteelisa Façade contractor Australia

TB07 Sophie Pennetier Enclos Façade contractor United States

TB08 Saverio Pasetto Skanska UK Contractor United Kingdom

TB09 John Downes Lendlease Contractor United Kingdom

TB10 Dominic Shillington Laing O’Rourke Contractor Australia

TB11 Davina Rooney Green Building Council of

Australia

Policy maker Australia

TB, Text boxes.
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section in the form of ‘text boxes’ (TB) and are presented in the same order as

shown in Table 2.1.

2.3 Façade innovation: drivers, challenges and opportunities

2.3.1 What drives innovation? Why do we innovate?

These questions are apparently simple, but their answers are complex and embedded

in the way our global economy and society operate. During his career the Italian

design Master, Bruno Munari, championed creativity and radical innovation and pro-

posed an interesting theory: ‘Laziness is the engine of progress. It is the stimulus that

pushes us to obtain what we desire with the minimum of physical effort; the maxi-

mum result with the minimum effort is now a law of economics’.2 (Munari, 2018).

In more general terms, industrial innovation aims to improve the operations of a

specific field with reference to specific targets. In the façade construction industry,

these targets are as follows:

Economic/productivity growth: This is the type of innovation to which Munari

refers it is driven by what he playfully calls laziness, but which can be related to the

more conventional ideas of efficiency, optimization and competition between

Figure 2.1 Summary of the main topics and contributions from the industry experts cited in

the text.

2 ‘La pigrizia è il motore del progresso. È lo stimolo che ci spinge a ottenere ciò che desideriamo facendo

il minimo di fatica fisica; il massimo risultato col minimo sforzo è ormai una legge di economia’.

Translated by the author from Munari (2018).
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companies. One example is the innovation that aims to find new fabrication processes

to improve a product or reduce its time and cost of production (Slaughter, 1998).

Social/environmental drivers: In this case, innovation aims to improve humans’

personal and social conditions with respect to comfort, safety, health and well-

being. It is enabled by the adoption of policies or codes. Innovation as a means to

achieve higher targets in sustainability and building performance can be included in

this category (Slaughter, 1998).

Creativity: There are innovations that do not target growth from an economic

perspective, nor from a social/political one. A good example related to façade con-

struction is research that focuses on the achievement of new architectural lan-

guages, including free forms and which is justified by aspects of our society that

have more in common with fashion and creativity than with the rationality that

characterizes the previous two categories.

In the process of rethinking the facades of the future, innovation will find its rai-

son d’être in one or more of the three categories listed earlier. The same applies to

all the innovations mentioned by the industry experts in their contributions.

The following sections summarize the key topics and concepts mentioned by the

industry experts and divide the discussion into themes. It starts from the most popu-

lar topic—sustainability—and moves to the other recurrent themes, linking them

with one another in a continuous discussion. References are given to the respective

TB in which these topics are mentioned (Fig. 2.1).

2.3.2 Sustainability

Today, buildings are responsible for up to 39% of global emissions, a figure that is

expected to grow by 50% by 2050, despite the global effort to minimize their

impact (D. Rooney TB11). In this context, facades are pivotal in determining the

final energy and carbon consumption of a building. This fundamental role is

acknowledged by all industry contributions, which indicate that sustainability is a

trending topic and driver for future innovation. The major role played by sustain-

ability comes as no surprise, considering that the market has been increasingly

focusing on this topic over recent decades, due to the growing impact of environ-

mental policies. This awareness found new strength during 2019 and 2020, when

increasing temperatures and the unprecedented spread of bushfires ramped up the

discussion on effects, causes and solutions to climate change, while the global pan-

demic put health and well-being in the built environment under the spotlight.

The aftermath of the Paris Agreement and the Sustainable Development Goals

released in 2015 saw an increase in global awareness of sustainability across all

fields and especially in construction. In a strong response, most of the signatory

countries committed to delivering net-zero carbon (NZC) new constructions by

2030 and to operate within a completely NZC by 2050.

To facilitate this process the private industrial sector and, more specifically, the

construction industry reacted with the creation of voluntary organizations such as

the World Green Building Council and Architect/Engineers/Contractors Declare,

among others. The aim is to raise awareness of climate and biodiversity
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emergencies, to advocate for faster change in the industry toward sustainable and

regenerative design practices and to promote the exchange of knowledge and

research. The ultimate goal is to reduce greenhouse gas emissions in the construc-

tion industry, in alignment with the international commitments.

The success and relevance of these initiatives across the construction sector and the

increasingly tight building codes and certification requirements, demonstrate a grow-

ing social responsibility toward the environment, which is reflected in the industry

experts’ contributions: today and in the next 30 years, innovation in building skins

will primarily focus on reducing energy and carbon emissions. ‘Creating a pathway to

net carbon zero is most likely the biggest challenge that the property industry has ever

faced’ (J. Downes—TB09), but not enough has been done in designing toward the

NZC goals. However, the industry as a whole is slowly moving in the right direction,

acknowledging the urgency of the problem and upskilling to reach the set targets.

From a building and façade design perspective, the journey toward NZC is already

creating a paradigm shift, gradually moving away from a design-for-compliancy approach

—where a building’s energy and carbon performances are assessed and eventually

adjusted only after the completion of the concept design phase—to an integrated design

approach. In the latter, architects and consultants work together to achieve a holistic bal-

ance among performance against all targets, optimizing the consumption of energy and

carbon ‘without losing focus on the other fundamental qualities of buildings and facades,

such as amenity, variety, experience, visual connection, etc’. (A. Cortese—TB01).

In this context, innovations that focus on only one of these aspects, overlooking the

others, will be unlikely to succeed (K. Boswell—TB02). Finding a balanced approach to

innovation will require novel early-stage data-based design methods and workflows, as

well as multidisciplinary environments and procurement routes to allow designers and

engineers to work together with contractors. In such a truly integrated design approach, it

is possible to make informed decisions and align design and construction performances.

This new arrangement will be necessary to achieve good and holistic zero-

energy building design and it will require a reassessment of the role of the architect

and the design team in general. These will have to extend their scope of work from

concept to completion, expanding their knowledge and expertise to include deeper

awareness of performative design, construction processes and advanced methods of

research (K. Boswell—TB02). The advent of new high-performing envelopes will

also be an opportunity for architects to renovate the façade design language, so that

‘the array of architecture and sustainability elements [. . .] are rationalized and used

to build the tectonic and the filigree of the facades’ (A. Cortese—TB01).

In any analysis of the relationship between sustainability targets and innovation

with a focus on the NZC goals, it is important to identify the main parameters in

the façade design and construction process that have an impact on carbon emis-

sions. These are as follows:

� operational energy and embodied energy;
� ‘circular economy’, that is, the use and disposal of resources;
� durability and comfort, resilience and adaptation; and
� policies and frameworks.
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Operational energy and embodied energy

In the last 20 years, one of the primary objectives of building policies and, conse-

quently, of façade design, has been to improve the thermal performance of the

building skin as a means of reducing the heating and cooling energy consumption.

However, very little focus has been given to a whole-of-life carbon approach (K.

Rice—TB03; D. Shillington—TB10).

This has resulted in a focus on the development and diffusion of a new generation

of high-performance facades, designed to suit the new challenging targets in opera-

tional energy. Different strategies have proved successful in addressing low energy

targets, leading to the development of new façade typologies that include, for exam-

ple, high-performance defensive, reactive and active (A. Cortese—TB01), as well as

dynamic facades. Dynamic facades in particular are repeatedly cited in most industry

contributions, which acknowledge their great potential in managing and optimizing

daylight and solar gains under changing weather conditions. This is due to their

responsive behaviour, which works similarly to human skin (M. Zobec—TB06).

In the future, this new generation of high-performance dynamic facades will

require sensors, motors, moving components and, ultimately, integration with the

building management system and smart home appliances, or the Internet of things

(H. Schepers—TB05). These components will allow the façade to meet the needs

and comfort requirements of the building occupants while decreasing the building’s

operational energy usage and carbon emissions. The development of smart solutions

to manage the increasing complexity of future static and dynamic facades will be a

fundamental step to ensure the success of these technologies, especially when the

operational energy benefits are compared to the potential downsides in relation to

service life, maintenance costs and increased embodied energy (D. Rogan—TB04).

In recent years, growing interest in embodied energy and carbon has prompted

new policies and pathways intended to limit the CO2e embedded in building compo-

nents, especially facades and structures, which are recognized as the main contribu-

tors to the total embodied energy content (Azari & Abbasabadi, 2018). This has

allowed new tools for carbon accounting to be implemented and led to the develop-

ment of new life cycle inventories (LCIs).

Today, the use of life cycle assessment (LCA) software as a design tool is still

subject to debate, due to its limitations. Indeed, LCA software and embodied calcu-

lators are limited by many factors that can jeopardize their use, especially in the

early stages of façade design. The first factor is represented by the market’s limited

knowledge of embodied energy (J. Downes—TB09). A second limiting factor is the

low accuracy of the input and the lack of accurate, consistent, local-specific data

and standard methodology. Both factors affect the reliability of the tools: assessing

the same design with the different tools that are available can lead to great differ-

ences in the embodied energy accounting (Dixit et al., 2012). To respond to these

challenges, the next generation of building skins will need more precise and local-

specific LCIs, a shared definition of the scope of investigation (scopes 1, 2 and 3 of

embodied energy as defined by the Green House Gas protocol) and an agreed

method of accounting.
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Last but most importantly, one of the great issues associated with the use of

embodied energy accounting as a design tool is the number of assumptions required

at an early design stage, whereas decisions about materials procurement are final-

ized only at a later phase, when the contractor is involved (D. Rogan—TB04). This

issue touches the foundations of the design process and its resolution will require a

deep organizational shift, forcing designers and contractors to work closely to deter-

mine façade systems and procurement much earlier in the process.

In the path toward a more informed and truly energy- and carbon-sensible design

resolution, another issue that must be addressed during the design phase is the some-

time competing nature of embodied and operational impacts. Kieran Rice (TB03)

provides a practical example in the form of a project-specific research undertaken by

AECOM Victoria (Australia), which aimed to compare the use of triple-glazing unit

(TGU) and double-glazing unit (DGU) on a full LCA, measuring the costs/benefits in

relation to operational factors and embodied carbon (EC) consumption for both alter-

natives. The results showed that, for that specific project and climatic context, despite

the fact that the TGU seemed to offer operational advantages, the additional glass

panel would take 33 years to offset its additional embodied energy, leading to a negli-

gible carbon emission saving over the design life of the building.

The design of future facades will have to address this problem through a whole-

of-carbon design approach which relies on multivariable optimization processes

necessary to achieve the lowest energy and carbon intensity in the LCA and, ulti-

mately, a zero carbon design.

Circular economy

Another sustainability-related concept that has emerged in recent years will likely

be a major driver of future innovation and research in buildings and facades. This

concept, the ‘circular economy’, represents the shift from a linear pattern of con-

sumption that starts with material extraction and ends in disposal to a circular

approach, where materials are reemployed at the end of their life (MacArthur,

2013). This shift has the potential to minimize both waste disposal and the demand

for new materials (D. Rogan—TB04), with significant benefits for the environment.

The basic principles of circularity were embedded in the economy and construc-

tion as long ago as the Middle Ages, or even earlier in the architecture of the

Roman Empire. Due to the high cost of materials and craftsmanship, construction

materials were a valuable resource, so recycling was most often cheaper than the

use of new resources. For this reason, buildings were designed and built to last and

their components often reused at the end of the building’s life (S. Pasetto—TB08).

The industrial revolution contributed to an increase in the availability of con-

struction materials through the employment of a highly engineered mass production

chain, resulting in a reduction in the cost of new materials for the end client. As a

consequence, the strategy of ‘reuse and recycle’ became a less appealing solution,

breaking the circularity and opening the door to the current consumerist ‘throw-

away’ model. Of course, this is a crude simplification of a process that took a cen-

tury to change the way our economy and society work.
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The presence of ‘loops’ in the economy was formally theorized for the first time

in an EU report commissioned in 1976, called ‘Jobs for Tomorrow: the potential for

substituting manpower for energy’, which focused on car manufactory and building

construction (Stahel & Reday-Mulvey, 1981). Some 30 years later, new ideas in rela-

tion to ‘circularity’ and ‘cradle to cradle’ were introduced, but very little has been

done to implement them in the industry (Braungart & McDonough, 2009).

Some steps have been undertaken on the recyclability front, with increasing the

use of recycled material in the fabrication of aluminium, steel and glass. However,

most current façade systems employ a variety of materials with unique provenance,

making it very difficult to deploy a responsible reuse and recycle process at the

end-of-life of the façade elements (D. Rogan—TB04).

A simple example is again provided by DGUs, whereby glass is processed and

combined with other components and materials (such as solar control/low-e coat-

ings, sealant, space bar) to improve its thermal performance. Although glass is gen-

erally recyclable, its use in a complex product makes the recycling process more

complex, expensive and less convenient. A similar point can be made in relation to

durability performance: simple float glass has a much longer design life compared

to the more complex multiple-glazed products that are the market’s standard and

which have a lifespan of only 25�30 years (Patterson et al., 2016).

Considering that a more durable and easy-to-recycle product has a higher poten-

tial to save energy for fabrication and reduce the amount of material that needs to

be disposed of, it can be concluded that the increased complexity necessary to

achieve higher targets on operational energy competes with the targets on circular

economy and embodied energy.

As a consequence of these intercorrelations between operational energy, embodied

energy and circular economy, the façade industry will have to make a ‘fundamental

reappraisal of what constitutes a carbon efficient building skin’, shifting the present

focus on operational energy to a more ‘nuanced appreciation of what gives the most

optimal overall carbon foot print across the building’s lifecycle’ (K. Rice—TB03).

Durability and comfort, resilience and adaptation

In this fast-changing reality in which the façade systems or ‘species’ appear to be

in competition to increase their success in the market in some kind of Darwinian

model, ‘threat, adaptation, survival’ will be other important drivers for innovation

(S. Pennetier—TB07). In the process of ‘rethinking building skins’, considerations

of durability and comfort, resiliency and adaptation of facades will be central in

efforts to reduce embodied energy and optimize the use of resources. A durable

façade is capable of matching all minimum performance targets established during

the design phase, from the beginning to the end of its intended service life.

Today more than ever, we live in an environment characterized by unprece-

dented rates of change in economic and climatic conditions. In imagining the façade

of the future, designers and researchers will have to foresee these factors and take

them into account to extend the adequacy and durability of façade solutions,
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making them resilient and capable of adapting to constant and sudden changes

within and outside the building construction industry.

An example of a long-term trend that is already impacting the durability of

facades and buildings is the pursuit of higher energy efficiency. Increasingly tighter

provisions have confronted indoor environmental health and quality with unprece-

dented challenges, not always successfully. Evidence can be found in the dramatic

increase over the past 50 years in the number of cases of ‘sick building syndrome’

and mould growth. It has been estimated that the proportion of buildings currently

damaged by mould is 45% in Europe, 40% in the United States, 30% in Canada

and 50% in Australia (Brambilla & Sangiorgio, 2020). These statistics are the result

of multiple factors that include the rapid uptake of new façade systems and materi-

als in the absence of sufficient understanding of their hygrothermal performance,

the increase difference in the hygrothermal conditions between internal and external

environments due to the broad diffusion of air conditioning systems and more gen-

erally poor design practices that fail to address the mid-long-term consequences of

these problems.

Over the design life of a building, all these factors have a negative impact on the

durability of materials and building components, with consequences for the finan-

cial, energy and carbon budgets and a detrimental effect on the building’s air qual-

ity (Brambilla & Sangiorgio, 2020). Future research will have to address these

problems not only to increase the durability of the envelopes but also to improve

the health and well-being conditions for the building’s users.

An example of sudden change outside the industry that has heavily impacted our

lives and the way in which we utilize our buildings is the global pandemic of

COVID19, which has escalated discussion around resiliency and adaptation of

spaces and facades to suit different functions and occupation patterns. A further

source of long-term impact is represented by climate change, which will heavily

impact the selection of the new ‘species’ of building envelopes. In the next 50

years, new buildings and facades will have to respond to restrictions on energy/car-

bon consumption, while dealing with a range of environmentally related emergen-

cies, such as the increase in temperature and urban heat island effects, the growing

level of urbanization and the problem of food security, together with the likely sce-

nario of new global pandemics and economic crises. In this fast-changing environ-

ment, design and innovation for ‘resilience’ will be fundamental for the new

generation of facades and, more generally, for the future of façade industry opera-

tions (A. Cortese—TB01; D. Shillington—TB10).

Policies and frameworks

All experts agree on the major role that increasingly aspirational sustainability tar-

gets will play in reshaping building skins. Nonetheless, high-performance facades,

which employ innovative and advanced technologies and materials and sophisti-

cated investigative and data-based design processes, usually imply higher initial

costs, which can conflict with the industry’s basic principles of competitiveness.

Although in most cases this initial investment is balanced if not exceeded by the
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savings in operational costs—something that is well understood by inspired and

well-informed clients—the systematic development, diffusion and success of inno-

vation driven by sustainability/energy performance is still strictly dependent on

building codes and policies.

For example, a building developer is less interested in reducing the operational

energy and carbon of the building if it is intended for sale or rental after construc-

tion. In this kind of scenario, among others, sustainable policies are essential to reg-

ulate the construction industry and will play a major role in improving the energy

performance of future facades, increasing the minimum standards and then incentiv-

izing the industry to do better (D. Rooney—TB11). A recent example is provided

by Sophie Pennetier, who witnessed an instantaneous change in façade glazing

from DGU to TGU when New York’s Law 97 passed in 2019, placing carbon caps

on roughly 50,000 residential and commercial properties across NYC. This case is

a perfect example of adoption issues, rather than the lack of technology and knowl-

edge (S. Pennetier—TB07).

Innovation of appropriate technologies driven by sustainability depends on the

ability of institutions to respond progressively to climate change (Rodima-Taylor

et al., 2012). Regulators and policy makers have a primary role in reestablishing the

complex balance between ‘economic/productivity’ and ‘social/environmental’ dri-

vers and in the definition of the innovation agenda, including targets and implemen-

tation strategies.

In accordance with the recent trends identified by the industry experts, it is cer-

tain that future envelopes will have to comply with increasingly stringent regula-

tions and policies, which will not only provide tighter operational energy

consumption targets but also thresholds for embodied energy (or carbon emissions)

and more specific metrics to measure performance related to the circular economy.

In the future the current so-called green or sustainable design approach, which

focuses on the mitigation of a building’s environmental impacts, will be implemen-

ted with the new regenerative design principles, which interpret buildings as a

whole in their social�cultural and environmental context (Cole, 2012). Hence, as

part of this trend, we will witness the rise of new regenerative design policies,

frameworks and tools aimed at encouraging innovative design solutions capable of

shifting the focus from ‘green’ and ‘sustainable’ toward regenerative design

thinking.

In conclusion, the reappraisal of all sustainability design and construction

metrics and parameters has the potential to drive and promote innovation in archi-

tectural expressions, materials, fabrications and construction processes. The magni-

tude of this potential will depend on how well researchers, policy makers and

industry work together to define targets, frameworks and pathways to achieve them.

2.3.3 Organizational innovation: collaboration and education

The façade construction sector and the building industry in general innovate at a

slow pace (S. Pasetto—TB08). Slow innovation and operational inefficiencies have

common causes and these must be identified both within and outside the façade
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industry. From an internal perspective the fragmented supply chain, the lack of

coordination between design, supply chain and construction and the low level of

investment in R&D are definitely among the major problems (Dubois & Gadde,

2002; Dulaimi et al., 2002). This fragmentation is the result of multiple factors,

including the multidisciplinary design process typical of façade design, the typical

one-off nature of the projects and the use of multiple products/materials assembled

in complex and highly customizable systems, which involves a highly specialized

supply chain with several different stakeholders, such as designers, consultants,

contractors and subcontractors, organized in a compartmentalized chain of sepa-

rated entities. In this panorama, every player in the game has a limited scope of

work and, at the same time, has to rely on the work of many other stakeholders;

this increases the risks and contingencies while reducing efficiency at every step of

the design and construction process.

This environment also reduces the parties’ ability and willingness to innovate

(Blayse & Manley, 2004), curtailing any opportunity of collaboration along the

design/supply chain. The result is a systematic failure of cross-field innovation, which

increases the risks and constrains the development of novel facades (M. Zobec—

TB06). Risk management will be key to the success of innovation (H. Schepers—

TB05) and reducing the inherent risk of innovation will require (1) a reconsolidation

of the market toward the development and coexistence of new forms of collaboration

and cross-fertilization between different parties; and (2) new standardized digital

management tools and workflows. The first is often defined in the literature as ‘orga-

nizational innovation’ (Blayse & Manley, 2004), as it aims to change the organiza-

tional structure by introducing advanced management techniques and implementing

new corporate strategic orientations. Changing the inner structure of the market to

foster a positive climate of change is an essential step to enhance opportunities for

exchange and, ultimately, support a paradigm shift in the way the market works

(Demircioglu, 2016).

Further research in this field will be fundamental to define the new generation of

business models, project management strategies and tools, tendering processes, con-

tracts, scope-of-works and responsibilities, insurance schemes and procurement sys-

tems. These will bridge the gap between designers, contractors and subcontractors,

minimizing the existing barriers to innovation.

In the future, new contracts and project management schemes will transform the

design methodology, paving the way for the achievement of ambitious sustainability

goals in relation to EC and circular economy by forcing procurement choices at ear-

lier stages of the design (D. Rogan—TB04). An example is provided by prefabricated

mega-panels, which have the benefit of supporting local manufacturing and reducing

transport costs, but which cannot be developed without an ‘earlier coordination of

designers and contractors’ and an ‘earlier engagement with the client’ (D. Shillington

—TB10). Hence, it is clear that new strategies for involving all stakeholders form the

early design stage will be key to a radical transformation of the market.

A first step in this direction is represented by the increasing use of early contract

involvement (ECI) practices, although these are not sufficient on their own to drive

change. A more radical shift will require a deeper integrated design approach and
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will represent, for example, a new opportunity for architects to play a fundamental

role in this transition (A. Cortese—TB01).

Another notable direction in policy change is represented by the shift toward the

façade-as-a-service model, where the façade is ‘leased or offered as a service, rather

than bought’ (S. Pasetto—TB08). This might also be an interesting way of encour-

aging the reuse and recycling of façade elements and, ultimately, reduce buildings’

environmental impact.

Nevertheless, organizational innovation must be supported by the development

of new management tools that can facilitate the change. In the construction sector,

this may include a holistic integrated design, fabrication and management tool that

can be employed across the field, allowing a more effective and standardized plat-

form for collaboration between different parties. Current R&D projects are working

in this direction, aiming to develop ‘total façade management systems’ (M. Zobec

—TB06), ‘digital twins’ (J. Downes—TB09) and the technical tools necessary to

support design for manufacturing and assembly (DfMA).

To support multidimensional and multidisciplinary information flows within the

industry and across different sectors, it will be necessary to establish new highways

for data and knowledge exchange. Indeed, the fragmentation of the façade market

is reflected in a discontinuous knowledge development process, both within and

between organizations, which prevents the development of an ‘organizational mem-

ory’ (Blayse & Manley, 2004). In the past, little effort has been devoted to transmit-

ting data, knowledge and experience between projects, disciplines and companies,

resulting in a system that penalizes the spread of advantageous mutations to stan-

dard products and processes (Dubois & Gadde, 2002).

However, the development and diffusion of innovations resonates with the way

‘we develop our skills, our knowledge and our relationships’ (H. Schepers—TB05).

Today, intellectual capital is becoming as important as financial capital as the basis of

future economic growth (Etzkowitz, 2003) and institutions, such as Arup University,

are already investing in the creation of innovative internal learning platforms to bring

global experts together and enable the creation of an ‘organizational memory’.

External learning platforms and opportunities are also key to sharing knowledge

and innovation between companies (J. Downes—TB09; S. Pennetier—TB07) and,

therefore, enabling innovation. Examples include the involvement of Lendlease

UK, Skanska UK and other contractors in the Centre for Window and Cladding

Technology (CWCT) and the strategic committee on Sustainability and Embodied

Carbon (J. Downes—TB09), or the growing number of industry�academia research

programmes that constitute ‘a very fertile soil for open source, tax supported collab-

oration and innovation’ (S. Pennetier—TB07). The development of internal

knowledge-capture platforms and external knowledge-generation opportunities will

increase the already compelling need for the identification of more efficient ways

of extracting/distilling codified knowledge from experience, overcoming the pro-

blems given by the project-specific nature of the market and making this knowledge

easily accessible and transferable.

Today, the main opportunities for cross-field multidisciplinary innovation are

found in temporary coalitions of firms enabled by large-scale projects and in the
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