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Abstract

There is a growing interest in adaptive facade technologies to counter overheat-
ing problems and well-being concerns in smart and high-performance buildings.
However, traditional literature review studies do not necessarily provide deep insights
into the future trends of adaptive facade technologies. To address these limitations,
this paper proposes a novel conceptual framework and technological classification
for adaptive facades in the future. Our research methodology includes a literature
review expert interviews and content analysis. In-depth interviews with 27 interna-
tional adaptive facade experts were conducted with a focus on the European context.
The results categorize the adaptive facade technologies under four promising fami-
lies and present a conceptual framework that identifies human-centered design, smart
building operating systems, service-driven solutions, circularity, and materials as the
main drivers of the facade technological advancements. Overall, this methodology
yields new and rich qualitative knowledge related to adaptive facades; however, it
has certain limitations, such as being time-consuming. The research provides insights
on future delivery processes and the future structural trends of adaptive facades. The
new categorization and framework articulate the multifunctionality and performance
requirements of facade technologies including smartness, automation, comfort, and

well-being.
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Particularly, the integration of passive and active design tech-
nologies in the building envelope is gaining attention from

The future of the sustainability of buildings is influenced by
three challenging factors. From a social perspective, there is
a need to achieve a high level of user well-being and indoor
environmental quality (IEQ). At the same time, from an en-
vironmental perspective, there is a need to reduce building
energy consumption and neutralize building-related envi-
ronmental impacts.l‘2 Several innovative building envelope
technologies and concepts have been proposed as solutions
to improving indoor comfort conditions and reducing the
environmental impact during the life cycles of buildings.3

the research and development community.“'8

Thus, the dynamic facades or adaptive facades, as defined
by the European COST Action TU1403 (Adaptive Facades
Network (2014-2018)), have a profound effect on achieving
the three performance requirements in terms of occupant's
satisfaction, energy saving, and environmental impact neu-
tralization. Adaptive facades are building envelopes that are
able to adapt to changing boundary conditions in the form of
short-term weather fluctuations, diurnal cycles, or seasonal
patterns.g'1 !
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The COST Action TU1403 ‘adaptive facades network’
aimed to group together the knowledge and technologies
across European countries and beyond.lo’12 Various defini-
tions for adaptive facades have been proposed including the
earliest definition of De Boer." In 2018, Working Group 1 of
the COST Action TU1403 proposed another definition.'*"
Before the above mentioned studies, the books of Knaack
etal'® and Wigginton16 define adaptive facades more broadly
as intelligent skins.'®!® Both books are written as part of an
earlier COST Action C13 on Glass and Interactive Building
Envelopes.”’Ig Adaptive facades fall under broader defini-
tions of sustainable facades or high-performance building
envelopes.'” The most recent definition of adaptive facades
was proposed by Boke et al.?* Based on the above-mentioned
studies, adaptive facades can be defined as building envelope
elements with thermal and/or solar, and/or visual properties
(eg, transparency) that vary in time, either passively or owing
to an active control. The aim of an adaptive building enve-
lope element is to improve the energy performance and/or
comfort in the building under varying outdoor conditions (eg,
weather, season), indoor conditions (eg, internal heat gains),
and user requirements.

Various studies investigated adaptive facade technologies
and products available in the market or under development
in experimental laboratories, including dynamic solar shad-
ing, electrochromic glazing, and phase change materials.
Konstantoglou and Tsangrassoulis reviewed the dynamic
operation methods of shading systems and their associated
implications in building energy balance.”' In their paper,
Konstantoglou and Tsangrassoulis documented studies on
solar shading devices that were published since 1995. Other
examples of notable research on solar shading include the
work of Tzempelikos, Kim, Valladares et al, and Al Dakheel
and TabetAoul.”>* Venetian blinds are considered as the
most popular shading devices with different control strate-
gies for different climates. Since 2005, an increasing num-
ber of studies on chromogenic glazing have been conducted.
However, these studies lack use examples and case studies
that document the performance of shading control systems
and control strategies.

In 2017, Casini provided a review on active dynamic
glazing for buildings.?® The study analyzed electrochromic
glazing technology as an alternative to shading systems and
investigated their performance in relation to solar and light-
ing control in relation to the glazing color. The study focused
on nanocrystal glass, liquid infill windows, gasochromic win-
dows, elastomer-deformation tunable window, and electroki-
netic pixels windows. As a follow-up to this study, Téllberg
et al*’ reviewed the performance of smart windows with a
focus on simulation studies of thermochromic, photochromic,
and electrochromic technologies. This study provided valu-
able insights by combining technology reviews with building
performance simulation for a theoretical reference shoebox

model. The most relevant limitation of this study is related
to the assumptions made for the control strategies of smart
window glazing.

In 2018, Juaristi, Gémez-Acebo, and Monge-Barrio pro-
vided an overview of promising materials and technologies
for climate adaptive opaque facades.”® The paper reviewed
previously published studies on the use of phase change ma-
terials in building applications and categorizing them under
opaque adaptive facade concepts.zg'34 The paper focused on
the functionalities and technical requirements of adaptive
opaque facade systems and provides insights on phase change
material activation mechanisms, reactions, and adaptation
ranges. Also, the study by Boke, Knaack, and Hemmerling
examined the comprehension of an intelligent system in the
context of the facade and in the context of the industry.20
The study provided a comparative review of responsive fa-
cade systems.5 5 Moreover, the study of HeidariMatin and
Eydghai is the most comprehensive study that reviewed adap-
tive facades for implemented technologies in relation to their
benefits and shortcomings.5

However, none of the above-mentioned studies inves-
tigated adaptive facades to address the large variety of dif-
ferent technological landscapes and assess their potential.
These studies use either literature review methods or simula-
tion-based approaches to compare the different technologies
but still focus on their past or current performance potential.
Literature reviews are a distinctive form of research that
intends to generate new knowledge about mature or new
emerging topics.”® The effort to review and analyze the ex-
isting literature tends to be limited by the complete reliance
on previously published research. The availability and qual-
ity of the existing literature influence the outcomes of any
literature review and limit its findings to the past or current
body of knowledge. Therefore, literature reviews may be ade-
quate qualitative method to create conceptual frameworks for
existing literatures. However, a literature review study can-
not allow researchers to create frameworks that depict future
trends in a field or industry.

In the same time, there is a knowledge gap in the literature
on future trends and main concepts of adaptive facades. In
general, more extensive research on future adaptive facade
technologies in smart and high-performance buildings is re-
quired.5 35 Knowledge gaps exist in terms of the market share
of adaptive facades, including the main concepts, the most
promising technologies, their categorization, their best fit-
to-purpose use, and the distinction between the short-term
cyclical and long-term structural trends of adaptive facade
technologies. Most studies on adaptive facades are either
focused on a single adaptive facade technology (eg, solar
shading or AVFs) or focus on structural aspects of adaptive
facades, like the work of Bedon et al*”3® or focus on review-
ing technologies existing currently or in the past.g No study
on the future trends of adaptive facades has aimed to identify
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their main concepts and to help understand the structural
technological trends in the field of smart and high-perfor-
mance buildings. Despite the work of Matin et al’ and Attia
et al,” both studies did not discuss the main concepts and fu-
ture structural trends of adaptive facades. There is a need to
discover, evaluate, and suggest possible or probable future
technologies, thereby helping researchers to evaluate various
alternative futures such that they can use this information in
their decision-making. In-depth interviews with facade in-
dustry experts are well-suited to capture subtleties and unan-
ticipated insights because they provide the interviewees with
the opportunities to describe their ideas, structures of think-
ing, and share their prognosis for the future in relation to the
market evolution. Once in-depth interviews are conducted,
a consistent overview on the most promising technologies
and approaches and evidence-based recommendations can be
provided to the facade construction industry.

To address the previous points—to characterize future
technologies and explain main concepts of adaptive fa-
cades—we exploited the main concepts of adaptive facade
technologies by conducting in-depth interviews. In-depth
interviews generally are subjective, but this subjectivity can
be overcome sufficiently with different validation methods
to avoid bias.*>* Overall, in-depth interviews are tools that
have previously successfully fulfilled research objectives in
building engineering.‘“'43 Thus far, in-depth interviews have
not been performed for assessing adaptive facade technol-
ogy potential. In particular, in-depth interviews are a unique
method with wealth and depth of data that has not yet been
analyzed for adaptive facade issues.

Twenty-seven facade-expert interviews are used as sources
of data to draw future-related results. Aiming to pursue new
knowledge of future trends and main concepts of adaptive
facades in buildings, the current paper was motivated by the
convergence of insightful data to gain deeper understand-
ing.44 This study focuses on identifying distinguished ideas of
the facade-industry experts, without attempting to generalize
for a large population.41 This qualitative research did not aim
to identify replicable or statistically valid results. Rather the
study aims to seek singular, particular, and unique aspects.*’
Therefore, the objectives of this paper are as follows: (a) to
determine the main concepts of adaptive facades and identify
the future trends of technology market uptake, (b) to char-
acterize the most promising technologies of adaptive facade
technologies, and (c) to generate knowledge of the future
through a novel conceptual framework of adaptive facades
in relation to qualitative methods in analyzing facade-related
reviews. The research questions corresponding to the objec-
tives are as follows:

1. What are the main concepts of adaptive facades?
2. What are the future trends of adaptive facades?
3. How to characterize and classify the future technologies?

pen Access,

Thus, a novel conceptual framework for future adaptive
facade technologies and trends is proposed. The findings
succeeded to identify the most promising technologies ac-
cording to 27 international experts working in four domains
of adaptive facade technologies. Implementing the findings
may yield environmental and economic benefits. The find-
ings of this research can inform facade designers, operators,
owners, and manufacturers and identify the most promising
technologies according to experts. Implementing the findings
may yield environmental and economic benefits. This study
applies content analysis techniques to verbatim transcrip-
tions of 27 interviews to answer the above questions.44 The
remainder of this paper is structured as follows. Section 2
introduces adaptive facades and provides a literature review
of related studies. Then, the methods used to extract informa-
tion from the interviews are provided in Section 3. Next, the
results of the research questions are presented in Section 4.
Section 5 discusses the findings, strength, and limitations of
the in-depth interviewing approach, and Section 6 concludes
the paper.

2 | METHODOLOGY

The research methodology used in this paper is qualitative and
relies on in-depth interviews and content analysis. In-depth
interviewing research method involves conducting intensive
individual interviews with a small number of respondents to
explore their perspectives on a particular topic. The primary
purpose of such in-depth interviews is to provide comprehen-
sive information to understand the underlying experience and
expectations of respondents on future trends and main con-
cepts of adaptive facades.*® As Figure 1 shows, this study is
composed of four major parts presented in the chronological
order: preparation, conducting interviews, data processing,
and validation. The following sections explain the research
methodology in detail.

2.1 | Preparation
Prior to the pilot study, a literature review was performed
in order to create an initial overview on the state-of-the-art
and the state-of-technology regarding adaptive facades and
identify the major trends of adaptive facade research. The
literature review was based on a previous study by the au-
thor and was extended to focus on other specific aspects of
an adaptive facade such as its definition, its relation to well-
being, comfort requirements, connectivity, control, occupant
interactions, and the idea of materials circularity, and adap-
tive facade project delivery.9

A pilot study was carried out to identify relevant themes
and concepts related to adaptive facades. This pilot study was
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FIGURE 1

used in this research

Conceptual study framework explains the methods

created to define the main questionnaire lines and finally to
draw the final questionnaire. The authors set up a pilot study
to test and improve the questionnaire's consistency. Peer re-
viewers were asked to comment and revise the questionnaire
to provide critical feedback in order to optimize the clarity
and relevance of the questions.

During the pilot study, we realized that the questionnaire
is limited by the interviewer's knowledge; with almost every
expert interview, new insights on future trends of adaptive
facades and significant marketing realities were gained.
Therefore, we opted for semi-structured questionnaires.
Semi-structured interview questions can be created ahead of
time to allow the interviewer to be prepared but they also
allow the interviewer to ask questions that are not prepared in
advance. The final version of the questionnaire and all previ-
ous versions can be found in the report by Attia et al.*

2.2 | Conducting interviews

2.2.1 | Interview recording

After conducting the interviews, verbatim transcriptions
were prepared. Interviews were conducted with 27 experts.
Experts' answers were recorded on a voice recorder, and
handwritten notes were taken. Interview records were ini-
tially transcribed automatically. Once the interviews were

. Facade Engineer

. Facade Manufacturer

. Facade Contractor

|:| FM Operator

[ ] Architect

FIGURE 2 Distribution of the different interviewed stakeholders

transcribed, the interview transcripts were sent to the inter-
viewees for validation. Interview transcripts were sent to
interviewees for content and language checks. Interviewee
validation strengthened the transcriptions reliability and en-
sured that the interview transcripts reflect the interviewee's
ideas. However, after some quality checks, we found that au-
tomatic transcribing software failed and, therefore, we opted
for manual transcriptions. The interview transcription was a
time-consuming, but essential, step. It allowed us to precisely
go through the expert answers as most of them were not na-
tive English speakers.

2.2.2 | Recruitment process

Facade experts were identified during facade-related confer-
ences and were interviewed between 2015 and 2019. Most of
the interviewed experts represented architects, facade engi-
neers, facade contractors, facade suppliers, and manufactur-
ers. The distribution of the different interviewed stakeholders
can be found in the results (see Section 4). The final number
of interviewees and background information can be found in
the report of Attia et al.* All interviewed experts had experi-
ences ranging from 6 to 10 years and had worked on at least
one project with an adaptive facade. The recruitment contin-
ued until we reached saturation and heterogeneity.

The continuation of the interviewee recruitments was
based on data saturation and interviewee homogeneity (see
Figure 1). The recruitment processes ended in summer 2019
when insights and answers started to replicate and overlap.
Data saturation was used as a factor to judge the repetition
of answers by expert that indicated similar relevant insights.
Homogeneity was achieved after interviewing experts from
the four major subcategories of adaptive facade industries
listed in Section 4. The distribution of different interviewed
stakeholders is shown in Figure 2.
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2.3 | Data processing

Data processing followed an inductive approach where
themes and codes are induced by data, in contrast to the de-
ductive approach that assumes predetermined themes and
code. Seven questions, out of the initial 17 questions, were
selected for content analysis (see Appendix A and Attia*?).
Most of these questions include advantages of adaptive fa-
cades, disadvantages of adaptive facades, and future of adap-
tive facades interview sections. Our content analysis focused
on (a) developing a coding scheme to categorize the main
interviews ideas and concepts, (b) developing a framework
that summarizes the interview's findings, and (c) a group of
significant quotations. Coding is a way of indexing or catego-
rizing the text in order to establish a framework of thematic
ideas surrounding it.*’ For framework development, we used
the framework method, which is most commonly used for
the management and analysis of qualitative data in health
research.*®* The framework method allows systematically
analyzing interview data to produce highly structured outputs
and summarized data. Moreover, the framework method has
the ability to compare and identify patterns, relevant themes,
and contradictory data.*® The framework method is based
on seven chronological steps: transcription, familiarization
with the interview, coding, developing a working analyti-
cal framework, applying the analytical framework, charting
data into the analytical framework, and interpreting the data.
The following subsections further explain the data process-
ing method. A detailed description of text processing can be
found in the video by Attia.>!

2.3.1 | Coding scheme
We developed our coding scheme to be as consistent as pos-
sible with the interview's responses. The coding began by
becoming familiar with the data by reading and re-reading
interview transcripts and understanding the experts' opinions
better. A first version of the coding was developed, and sev-
eral discussions took place to clarify the code definitions.
The coding scheme was revised to ensure that it includes the
major concepts and determine codes that articulate these con-
cepts or topics. Unreliable codes were dropped or merged in
order to reduce the number of codes the intercoder had to
remember. The coding scheme was revised several times to
modify the codes and coding instructions; the exercise was re-
peated until an acceptable level of reliability was achieved.*
Next, qualitative data analysis software Atlas.ti (version
8.1/2017-12-04) was used to handle the interview transcripts.
Large thematic chunks of all the transcripts using the final
codes were coded. Then, the co-authors returned individu-
ally to these coded transcripts and coded the relevant chunks
again for consistency. This coding required a high degree of

pen Access,

knowledge; therefore, the coding team was acquainted with
it. Moreover, a series of separate “memos” were added to
various codes to provide explanations. The memo function
enables a second more grounded coding scheme in addition
to the first one.

2.3.2 | Develop an analytical framework

The purpose of the coding scheme was not to quantify the
data for statistical analysis but to develop an analytical
framework that can provide an answer to the following re-
search questions:

e What are the future trends of adaptive facades?
e What are the main concepts of adaptive facades?
e How to characterize and classify the future technologies?

Therefore, after coding, we focused on the organization of
the codes under general theme induced categories. A struc-
tural scheme was created and visualized. Our classification
resulted in new categories, and each category divided into
subcategories. In this way, the structural scheme covered all
thematic categories and subcategories of the interviewees'
answers.

2.3.3 | Quotations

The third approach of data processing involved highlight-
ing a series of separate “quotes” to various pieces of text—
an option available in qualitative data analysis software.
The quotation function enabled the coder to bracket a
portion of text where highly relevant and important state-
ments appeared. Moreover, a series of separate “memos”
were added to various quotes to provide explanations. The
memo function enables a second more grounded quote
selection.

24 | Validation

Qualitative research is primarily subjective in approach as
it seeks to understand human perceptions and judgments.
However, qualitative research remains the most substantial
exploratory scientific method that provides valuable insights
and interpretations if bias is avoided. Therefore, the valida-
tion of the in-depth interviews is important to provide reli-
able and consistent results. Several validation measures were
implemented. The study validation emphasized credibility
and strengthened the relevance of the conducted study and
results. The following quadrangulation was applied to collect
and interpret valid information.
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First, member checking was used to explore the credibility
of results.”® The interviewees had to revise and approve their
interview answers after transcription. Every interview tran-
script was returned to the participants to check for accuracy
and resonance with their experiences.

Second, a memo log was created, with handwritten notes
during each interview, allowing learning from the data and
reflecting on several specific ideas.” They were useful for
improving the quality of subsequent interviews. More impor-
tantly, the memo log was consulted several times during the
coding and quotes selection stages.

Third, peer examination of the coding took place with
another adaptive facade expert who was not involved in this
research.* The expert was a member of the COST Action
TU1403 on adaptive facades. The expert was debriefed on
the nature of the research, data collection, and validation ap-
proach, and questions were asked to a person who was not in
discussion with other experts of the adaptive facades field.
This provided a second opinion on the coding process to en-
sure higher credibility for our research outcomes.

Finally, the prolonged engagement of spending more than
4 years (2015-2019) in the field helped to learn or understand
the industrial and technical setting of adaptive facades and
validate our framework, technology classifications, and main
concepts.”

3 | RESULTS

This section reports the major findings of this study. Based
on the interviewed experts, we present a general classifica-
tion of the most promising adaptive facade technologies be-
fore explaining our coding schemes, thematic categorization,
analytical frameworks, and interview quotes.

3.1 | Classification of promising
technologies

As a first result of our interview analysis, the experts identi-
fied four major families of technologies of adaptive facades
that have promising opportunities for high market penetra-
tion by 2050. During the early recruitment stages, we did
not foresee this classification and we did not seek to find
experts representing the different adaptive facade families.
Thus, general questions were created for adaptive facades.
However, the experts shared their strong agreement to cat-
egorize adaptive facades under four main families with high
potential market penetration for the coming 20 years. The
classification was based on the experts' knowledge on the
maturity level, market presence, and market penetration
(volume of sales) of each technology. Niche technologies or

technologies under development (even with high readiness
level (7-9)) were excluded from the study scope.5 ® As shown
in Figure 3, the four categories can be categorized under:

dynamic shadings
chromogenic facades
solar active facades
AVFs

Figure 3 shows examples of buildings that fall under one
of the previously listed categories.

During the interview process, several adaptive facade
technologies were identified: shutters, roller blinds, vene-
tian blinds, CCF that are naturally ventilated, electrochro-
mic glazing, liquid crystal glazing, thermochromic glazing,
building integrated PV, double skin facade, green facade and
roof, phase change materials, actively ventilated CCF, and
automated operable windows. All these categories are listed
in Table 1 according to the new classification. There was a
consensus among experts to create two categories for (cate-
gory 1) dynamic shading and (category 2) chromogenic fa-
cades. For category 3.it was discussed whether facades for
which the main driving force is temperature difference (eg,
phase change materials) should be separated from those for
which the main driving force is solar radiation (eg, building
integrated PV facades). However, for simplification, all ther-
mal- and solar-driven facade technologies are categorized
under category 3 including passively operated double skin fa-
cades.”” The fourth classification “active ventilative” is a new
category of facades that involves active ventilation. The term
“ventilative” is inspired by the work of International Energy
Agency Annex 62: Ventilative Cooling.5 8 The interviews were
helpful in identifying the most promising facade technologies
and provided a better overall understanding of these adaptive
facade technologies and their characteristics (see Table 1). As
a consequence, we changed our recruitment protocol to seek
experts that represent the four families to guarantee higher
heterogeneity among our interviewees' samples.

3.1.1 | Dynamic shading facades

e Under the dynamic shading category, four adaptive facade
technologies composed of moveable parts are present,
namely shutters, roller blinds, venetian blinds, and CCF
naturally activated, typically associated with a venetian
blind integrated in the glazing.

e These moveable parts can be motorized or manually acti-
vated by occupants.

e All of these technologies obstruct sunlight. They aim to
control daylight, participating in thermal insulation, sum-
mer comfort, or cooling savings.
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FIGURE 3 Future adaptive facade
technologies can be categorized into four
families

| Solar active facades |

\ Active ventilative facades |

3.1.2 | Chromogenic facades

e Under the chromogenic facade category, three technologies
including chemical aspects, namely electrochromic glazing,
liquid crystal glazing, and thermochromic glazing, are present.

e These technologies are not internal or external to the build-
ing but directly integrated in the glazing. Their physical
properties can change according to the level of voltage and
power changing the appearance of the glazing itself, mak-
ing it more or less transparent.

3.1.3 | Solar active facades

e Under the solar active facades, four technologies are pres-
ent: building integrated PV, double skin facades, green fa-
cades and roofs, and phase change materials.

e The first three are external technologies that are directly in
contact with sunlight.

e Double skin facades and green facades and roofs obstruct
sunlight; thus, they also achieve sunlight control and sum-
mer and winter comfort goals.

3.1.4 | Active ventilative facades

e Under AVFs, two technologies are present: actively venti-
lated CCFs and automated operable windows.

e These two technologies are based on ventilation. In the
case of actively ventilated CCF, the aim is to control the
airflow inside the cavity, whereas in automated operable
windows, the aim is to control the air entering the building.

3.2 | Coding
Analysis of the in-depth interview transcripts provided 31
codes that reflect all relevant topics, ideas, and insights of ex-
perts' answers. Figure 4 lists the selected codes. Comfort and
well-being were identified by experts as the most commonly
mentioned performance objectives for adaptive facades dur-
ing the interviews. The code reflects the priority of indoor
environmental quality in relation to thermal, visual, acoustic,
and respiratory comfort. The second most important group
of codes is related to adaptive facades control. The flexible
and interactive control and the use of sensors, controllers,
and actuators as part of the facade mechatronic systems were
highlighted as the secondly most mentioned term or domain
during the interview discussions. The variations between
manual control and automated control (with the help of artifi-
cial intelligence) were discussed intensively. Integrating the
control systems and allowing users to adjust their settings at
different time intervals in the course of different events (daily
or seasonally) were considered as a concern for future adap-
tive facades operation. The third most common code men-
tioned by the experts was related to occupants. Occupant's
acceptance and interaction with adaptive facades and their
education and learning curve when it comes to the use were
raised too. The last group that emerged from the codes group-
ing of Figure 4 is the project delivery and standardization
aspect of adaptive facades. The idea of standardization, off-
site prefabricated facade elements, and service-driven facade
solutions were highly mentioned.

Next, expert answers were coded using the qualitative data
analysis and research software Atlas.ti as explained earlier in
Section 3.3.1 (see Figure 5). The coding requires immersion
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Association of codes with their use number

Comfort and well-being
Energy management
Connected systems
Electrochromic glazing
Occupant interaction
Dynamic shading
Education/Understanding
Artificial intelligence and smartness
Control challenge

Advanced sensor technology
Advanced fagade control
Building operating systems
Operation flexibility
Environmental factors
Control strategies
Maintenance

Automated operable windows
Risk

System integration

Active ventilated fagades
Closed cavity fagade
Monitoring

Life cycle assessment
Technology robustness
User-centred design

Product to Service

Codes

Thermal environment
Thermochromic glazing
Circularity

Visual environment
Occupant acceptance
Total cost
Performance indicators/metrics
Life expectancy
Standardization
Calculation method
Personalisation

Fagade leasing
Customization
Aesthetic

High-tech

o
w
=
o

FIGURE 4

Identified codes and their frequencies

in the transcripts whereby searching for common themes
across transcripts for each theme that emerged inductively.
Figure 5 shows an example of coding the themes/concepts.
All transcripts were loaded into Atlas.ti, and the import-
ant coded themes were saved accordingly. Figure 3 quantifies
the coding of the transcripts and the most common concepts
discussed by respondents in the interviews, such as the adapt-
ability feature of a facade, the influence on performance, user/
operator education and understanding, and how respondents

[
w

20 25

Use number

w
o
w
w

40 45

interact with the facade system. The figure provides a snap-
shot of the terms and concept that were frequently mentioned
during the interviews.

3.3 | Categories

Identifying the codes allowed highlighting the main concepts
and classifying them under major thematic categories. We
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FIGURE 5 Atlas.ti allowed importing word files in order to associate sentences with codes

created four categories that group the main concepts iden-
tified in the transcripts. The following section details the
categories and subcategories that formed the creation of the
analytical framework.

3.4 | Analytical framework
Once the main codes and major categories were identified
and validated through peer examination, an analytical frame-
work was created. Figure 6 presents a graph that classifies
the major technology trends of adaptive facades under four
categories in detail.

Based on Figure 6, we grouped the main concepts and fu-
ture trends of adaptive facade technologies under four major
categories:

e Human-centered design: Human-centric design has no
formal definition, but it intends to achieve evidence-based
facade solutions that balance the different comfort benefits
for humans' health and well-being. This includes the in-
teraction and control of the facade solutions to meet users'
needs.”” Our interviewees confirmed that human-centered
design is an important added-value driver for the devel-
opment of the adaptive facade industry. User interaction
and comfort personalization in the physical living, learn-
ing, or work environments is a cornerstone in the evolution
of adaptive facade systems.60 The digitalization, the new
ways of the working, living, and learning, and the higher

awareness regarding well-being, productivity, and health
concerns stimulate the demand for interactive, comfort-
able, and personalized environments.®*"%> Human-centered
facade design that provides overriding and interaction fea-
tures for facade system adaptation in real time and based
on users' needs is the new promising avenue of adaptive
facade systems.64

e Smart building operating (BOS) systems: Building oper-
ating system (BOS) is the cornerstone of adaptive facades.
A growing number of facade stakeholders understand that
the operation of adaptive facades must be supported by a
digitalization and artificial intelligence approaches. BOS
is the core software platform for the smart facades because
it facilitates and organizes the deployment and use of IoT
and digital applications in buildings. The BOS transforms
an adaptive facade into a digital service platform that en-
ables connectivity between diverse set of building service
systems, control interfaces, sensors, and personal devices.
BOS operates over the BMS and other field silos and
brings built-in and self-learned intelligence for an occu-
pant-centered deployment.

The smart operation of adaptive facades includes evi-
dence-based management where SMACIT (social, mobile,
analytics, cloud, smart grids, and IoT) technologies empower
user interaction.®> This requires a set of control strategies and
a complex set of capabilities in terms of storing, integrating,
analyzing, responding, predicting, and subsequently learning
from users' data to deliver value. The digitalization of working,
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FIGURE 6 Analytical framework showing the global topic structure with categories and subcategories

living, and learning spaces is a structural trend that will pro-
vide an additional layer of complexity that requires all facade
stakeholders to increase the value of their facade solutions.

e Service-driven solutions: Service-driven facade solutions
with tangible maintenance and monitoring services are the
only approach to address the complexity of digitalization
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and human-centered design. Service-driven adaptive fa-
cade project delivery shift the performance responsibil-
ity from owners to suppliers and manufactures. There
is a tendency to align the demand with different supply
business models that combines knowledge regarding fa-
cade design and engineering (supply-side approach) with
the knowledge related to client requirements and perfor-
mance criteria.®® Several interview experts mentioned the
concept of “facade leasing” as an emerging trend.%” The
service-driven business approach is emerging as a reaction
linear, interrupted facade delivery process that fails to in-
tegrate the facade technologies with the building HVAC
systems, and does not consider the user's response. The
risks and uncertainties associated with adaptive facades'
operation are pushing forward for a service delivery-based
process and transition that will be challenging for the fa-
cade industry and construction industry.

e Circularity and materials: Resource-efficient facades
and low environmental impact facades that enhance the
performance of adaptive facade will be associated with
limiting the use of materials and other finite resources. The
circular economy approach adopted by the European Union
(EU) seeks to support preservation of raw materials within
closed economic loops. Thus, the facade industry is facing
a serious demand to consider the incremental environmen-
tal benefit of facade materials during the life cycle of its
value chain. This will require different ways of thinking
regarding the materials ownership vs disposal and over-
all low environmental impact of facade solutions.®® This
will accelerate existing trends where clients and designers

adopt innovative technical solutions for lightweight adap-
tive facades.

3.5 | Quotations

The in-depth interview analysis allowed highlighting several
key sentences or sentence segments, called quotations. Based
on the extensive interview report, a list of relevant quota-
tions was created as shown in Table 2.** We selected the
most relevant and representative quotations in-line with the
created analytical framework presented in Figure 6. These
verbatim quotations were identified as playing a key role
in helping to clarify links between data, interpretation, and
conclusions, and discussed variously within concepts such as
standardization, occupant interaction, control strategies, and
customization.

4 | DISCUSSION

41 | Summary of main findings

For this study, we identified the most (a) promising adaptive
facade technologies and developed an (b) analytical frame-
work for future trends and main concepts of adaptive facade
systems. The developed categorizations and framework can
be used by architects, facade engineers, facade systems man-
ufacturers, and facade operators. The following paragraphs
summarize the main findings:

TABLE 2 Some relevant interviews quotations
Interview
Quotations number
“With electrochromic glazing, there is no more need of maintenance for movable parts or motorization of the facade” 26
“We should allow users to set up the facade preferred position for shading or glare control. Personalized and individualized 4
control is very important increase the uptake of adaptive facades”
“Adaptive facades are not remotely control gadgets that can be used without education on how to use them” 4
“We need policy and education to promote the benefits of solar shading” 11
“Comfort is the primary reason why we have building, and we should keep it in mind when designing one” 26
“If you have automation of your facades, you can anticipate what is going to happen and have the facade to react before it 18
becomes a problem”
“We need for our adaptive facade and solar control smart sensors who can monitor the current quality level, with interaction 14
for proposals of maintenance”
“The feasibility of a Take Back program is still being investigated. There are alternate methods to ensure the recycling, 27

recovery, and re-use of construction materials”

“There is substantial innovation around sustainability goals like the new concept of material leasing in an effort to reuse what 27

was once thought of as a one-time use life cycle”

“The main story is to make standard control for the adaptive functionality. There must be a control platform that will take 9

care of energy saving and user's needs”

“Standardization and prefabrication must be a common practice with a complementary integrated design process” 4
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FIGURE 7 Future trends of adaptive
facades solutions

Product-driven ---------

4.1.1 | Promising adaptive facade
technologies

As shown earlier in Table 1 and Figure 3, we categorized
the adaptive facade technologies under four major fami-
lies. The classification was based on experts' knowledge
on the maturity level, market presence, and market penetra-
tion (volume of sales) of each technology. The following
families are expected to lead the advancement of adaptive
facade:

e Dynamic Shading: Dynamic shading is not a new tech-
nology; however, it has the widest range of solutions (eg,
shutters, louvers, blinds) and the largest market share
among adaptive facade technologies. The market value
of advanced solar shading is high in association with the
growing overheating risk in buildings and move from
heating dominated to cooling dominated requirements.
Automation and smart readiness are the innovative parts
of dynamic solar shading. However, though it is perceived
as simple, it is complex to operate.(’9 The business growth
potential is high (currently 15 billion euros) and can reach
150 billion euros by 2050; if building energy efficiency
continues to drive the demand and if further innovations
are adopted, for example, dynamic shading can be devel-
oped with night ventilation (family 4).70

e Chromogenic Glazing: Chromogenic glazing is a rel-
atively new technology that will reach a critical mass of
market sales in the coming years. Currently, electrochro-
mic glazing is the most robust and promising technology
among other chromogenic technologies, reaching an accu-
mulated volume of sales of more than 200.000 m* of sales.
There are few huge players from the glazing industry with

convenient products
standardisation
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[OpenAcces:]

Personalised-control

Adaptive
facades

improved comfort,
occupant interaction,
smart automation

Service-driven

Static Adaptive
facades : facades
advanced automation,
effective maintenance,

optimised energy use

Centralised-control

a focused message on well-being and comfort. However,
similar to dynamic shading, automation and smart readi-
ness remain the largest challenges. However, if stringent
building energy efficiency codes continue to drive the mar-
ket demand (inciting low window-to-wall ratio building),
the market growth and penetration will be delayed, and the
cost will not be a burden for market penetration any longer.
Solar Active Facades: Solar active facades include several
new radical technologies that involve a wide range of new
possibilities. This family includes double skin facades,
green envelopes, and phase change material envelopes.
Moreover, this family includes several emerging technol-
ogies of adaptive facades that might be prornising.”’72
Currently, solar active facades do not have a large market
penetration. Their performance depends on physical and/or
chemical and/or biological reaction of materials to the sun
and temperature changes with minimal electromechanical
intervention. With the exception of double skin facades,
solar active facades have limited market penetration. Even
double skin facades are not widely used any longer as they
can be associated with excessive heat gain in relation to
their design.

AVFs: AVFs are an emerging family that will have a
high potential in the near future. They include not only
active ventilated CCFs, but also active ventilated enve-
lopes with heat recovery units and automatically operated
windows (opening). In addition, to achieving thermal and
solar control (like families 1-3), they also include active
ventilative cooling as a key feature. If the rate and depth
of building energy renovations will accelerate and over-
heating avoidance measures continue to drive the de-
mand, AVFs will have significant competitive growth
with families 1 and 2.
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4.1.2 | Future trends of adaptive facades
Figure 7 summarizes the future trends of adaptive facades
that are concentrated around four structural trends namely:

e Human-centered design

e Smart building operating systems
e Service-driven solutions

e Circularity and materials

As shown in Figures 4 and 7, occupant comfort and
well-being emerged as the most important structural trend
that influences the market penetration of certain adaptive fa-
cades technologies and solutions. Occupant interaction and
decentralized control of adaptive facades through personal-
ization and smart automation emerge as the most important
structural trend. Monitoring and coupling IEQ conditions
to connected facade elements and occupant control with
sensors in working and living spaces will become essen-
tial. There is a market demand for comfort personalization
and service-driven facade delivery for working and living
environments.

Also smart BOS will be a structural trend that will ben-
efit from the proliferation of smart sensing and building
automation technologies. Advanced automation will allow
self-learning control algorithms to make adaptive facades
more occupant centered.”” BOS will facilitate maintenance
and efficient operation, which will lead to optimized energy
use and carbon reduction in interaction with the energy grid.
BOS was identified by experts as a key enabled of future
adaptive facades.

4.2 | Strengths and limitations

We are not aware of any published study that aimed to classify
the most promising future adaptive facade technologies and
set up an analytical framework that identifies future trends
and main concepts of adaptive facade systems. Based on the
European COST Action TU1403, we developed a consist-
ent overview that characterizes adaptive facade technologies
and highlights the major structural tendencies for the future.
The methodology used in this study was based on literature
review and in-depth semi-structured interviews. The present
study's approach remains novel in assessing the market po-
tential of adaptive facade technologies based on experts' ex-
perience and views. No other scientific approach would have
allowed us to create a rich content with a prolonged engage-
ment exceeding four years of study.

The European and international facade industry must
adopt visionary thinking that can open up promising avenues
toward human-centered buildings with energy and resource
efficient new facade technologies. Therefore, this paper aims

to share knowledge on adaptive facades' state of the art and
state of technology in an open and proactive way. This can
improve the understanding of practitioners, traders, and in-
dustry members to align their designs and solutions with the
social, environmental, economic realities, and tendencies of
advanced facade technologies.

As mentioned earlier, qualitative research, methods gen-
erate subjective results. When we study the ideas of people
inside their own community, we do not generalize for a large
population. We avoid looking for what is a replicable, reli-
able, or statistically valid outcome. Rather, we look for what
is singular, particular, and unique.45 Therefore, our verbatim
transcriptions from the 27 experts bring new insights based
on our subjective approach. To avoid bias, we performed
quadrangulation to validate our scientific findings. The inter-
views have been conducted during a prolonged period of four
years with experts from different nationalities and different
core specializations. The selection of international experts,
the long period of conducting study (prolonged engagement),
the creation of write-ups and mini-analyses related to what
one thinks one is learning during the interviews (memo logs),
seeking informant or respondent feedback (member check-
ing), and discussing our coding with another adaptive fa-
cade expert (peer examination) are all measures that ensured
credibility of our findings. With 27 interviewed experts, we
succeeded to characterize the existing technologies and we
stopped out interviewing process when the data reached sat-
uration and homogeneity among the four proposed adaptive
facade families.

It is acknowledged that the methodology was time-con-
suming and involved several trial-and-error processes. Once
reliability for coding was established, the peer examiner
helped us to return to these coded transcripts and coded the
relevant text again but with more detailed explanations. This
coding required a high degree of knowledge and experienced
coders. Thus, without the support from the peer examiner
and another expert of qualitative methods in health care, this
study would not be possible. This is common when analyzing
in-depth semi-structured interviews especially when study-
ing phenomena for which there is little previous research. 874
Moreover, our proposed overview and presented framework,
in this study, remains only relevant when explored in the con-
tent of a previous recent study.9’19’20’61’75

43 | Implications on practice and research

To convert adaptive facade technologies into mainstream
technologies, significant market uptakes must be initiated.
This includes innovations in low-impact and climate-respon-
sive renovated buildings through unexplored collaborations
between advanced multidisciplinary design teams and inno-
vative facade engineering. Moreover, the market is moving
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from a product-based business model to service-driven busi-
ness model. Embracing the service business model is the
most determinant factor for the future development of adap-
tive facade technologies. It will help Europe grasp leader-
ship early in promising future adaptive facade technologies.
Under the new Green Deal, the EU is looking forward to
becoming the world's first climate-neutral continent by 2050.
Moreover, the European Energy Performance Building
Directory (EPBD) highlights the importance of comfort,
smart readiness, and high-energy efficiency of buildings
will be renewed.”® The smart readiness indicator developed
by the EU mandates the use of dynamic building envelopes
with intelligent and connected devices, smart sensors, and
controllers, supported by the development of new business
models for new energy services.”” With climate change and
increasing overheating risk, there is high potential for the
facade industry to renew the basis for its future competitive-
ness and growth and increase the uptake of adaptive facade
technologies in the future. The proposed categorization and
framework can allow the facade industry stakeholders to un-
derstand the key concepts of adaptive facades and focus on
the development relevant future facade technologies. They
are based on COST Action TU1403 and are in line with the
ISO/AWI 52022-5 that provides calculation procedures for
adaptive building envelope elements.

On the scientific level, further defining integrated fa-
cade technologies and their control strategies are required.
The use of new control technologies emerged as one of the
least scientifically explored and researched topics in rela-
tion to adaptive facades. A conceptual and theoretical basis
for occupant-centered facade control strategies is required.
Self-learning control methods are emerging as a potential
solution. Self-learning algorithms and an occupant-cen-
tered controller approach can be a viable solution to miti-
gate the discrepancy between occupant comfort and energy
efficient control research. Currently, the effects of using
advanced control strategies for adaptive facade operation
can be overestimated or underestimated. Therefore, future
research should investigate the automated controllability
and responsiveness of adaptive facades. In the near future,
comparative research projects that allow assessing the po-
tential of adaptive facades environmentally, socially, and
economically are required.

5 | CONCLUSION

The future and emerging technologies of adaptive facade sys-
tems can make a difference with the overheating risks due to
climate change and the reduction of energy demand for cool-
ing in existing and new buildings. The main concepts of adap-
tive facade systems and future trends presented in this paper
represent a consensus view of facade experts and technology

Energy Science & Engineering
Op

developers from approximately 20 European countries. The
paper provides simple, yet sound categorizations and analyti-
cal frameworks for promising and market available adaptive
facade system designs and operations (dynamic solar shad-
ing, chromogenic facades, solar active facades, and AVFs,
see Table 1).This study provides a broad framework, which
considers the human-centered design approach of adaptive
facades, emerging smart building operation systems (includ-
ing digital platforms and control strategies), and the transition
towards service-driven business solutions within Europe, al-
though it is also likely to be applicable outside Europe.

It will help Europe be the early leader in these future
promising technologies and focus on human-centered and
smart building operating systems to renew the basis for fu-
ture competitiveness and growth. This can make a difference
in building energy efficiency and occupant productivity and
well-being in the decades to come. The study provides valu-
able insights for facade industry specialists to focus on when
facing the challenges of digitization and advanced control
and attain a better understanding of human expectations. The
study may assist in the implementation of EU standards on
adaptive building elements (52022-5/TC 163/SC2 - WG 15
task group) by providing a consistent approach toward cat-
egorizing and describing the promising families of adaptive
facade system characterizations.
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APPENDIX A

Questionnaire 5. What needs to be done for a better adaptive facades pro-

1. How do you define an adaptive facade? What is the ject delivery process and better performance quality?
purpose of an adaptive facade? 6. What features would you like to find in the future of adap-

2. What are the strengths of adaptive facades? (Strength) tive facade?

3. Do you think that adaptive facade technology is mature to 7. What are the opportunities to increase the use of adaptive
penetrate the market? And Why? facades in buildings in the future? (Opportunities)

4. What are the risks regarding life expectancy and mainte-
nance of adaptive facades? (Threats)
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