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Editorial

The PowerSkin conference series is a biennial event organised cooperatively between TU Minchen,
TU Darmstadt, and TU Delft, which is already in its fourth edition, having started in 2017. This
coming edition of PowerSkin has also been supported and organised with the support of RWTH
Aachen. The conference addresses the role of building skins in accomplishing a carbon-neutral
building stock. Therefore, integrating the environmental dimension of material and construction
into the design phase is increasingly essential. This is done primarily by considering the energy and
emissions linked to the building fabric's fabrication and its ability for reuse and recycling.

For this reason, the focus of the PowerSKIN Conference 2022 is the building fabric with its
environmental potential to unlock. Therefore the theme is: "Build in stock — renovation strategies:
inorganic, circular materials vs organic, compostable materials".

This theme is discussed through the following sub-themes:

Envelope: the building envelope as an interface for interacting between indoor and outdoor
environments, new functionalities, technical developments and material properties.

Energy: new concepts, accomplished projects, and visions for the interaction between building
structure, envelope and energy technologies.

Environment: Fagades or elements of fagades which aim to provide highly comfortable surroundings
where environmental control strategies, energy generation and/or storage are an integrated

part of an active skin.

This special issue of the Journal of Fagade Design and Engineering dedicated to PowerSKIN 2022
showcases the conference's most prominent and relevant papers, aiming to enhance their visibility
for a larger audience.

Ulrich Knaack - Editor in Chief

DOI
http://doi.org/10.47982/jfde.2022.powerskin.00
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Active, Passive and Cyber-
Physical Adaptive Facade
Strategies: a Comparative
Analysis Through Case Studies

Jens Boke, Paul-Rouven Denz!, Natchai Suwannapruk!, Puttakhun Vongsingha®

Corresponding author, Jens.Boeke@priedemann.net
Priedemann Fassadenberatung GmbH, Germany

Abstract

In view of the required energy savings in the building sector, there is an urgent need for innovative and
sustainable solutions to increase the performance of building envelopes. Adaptive fagades can make

an important contribution, whereby passive low-tech strategies and active high-tech solutions are
apparently incompatible. In current digitalization, new technologies and methods for the implementation
of adaptive fagcades emerge in the framework of Cyber-Physical Systems. The investigation follows the
research question: How can active and passive approaches of adaptive fagades be mediated and what
potential do Cyber-Physical Systems have for the implementation of hybrid solution approaches in

the future? The article presents a comparative case study of the two research projects ADAPTEX and
PRAKLIMA as examples of passive and active adaptation strategies in the facade industry. In this context,
the potential for further research of Cyber-Physical Systems in the application domain of adaptive
fagades as a catalyst for high-performance and multifunctional solutions, and as a mediator between
both strategies, is highlighted. The main findings are the potential application of cyber-physical system
technologies to the design and monitoring of passive adaptive fagade solutions, as well as the possible
integration of passively conceptualized components into active overall systems.

Keywords

adaptive fagade, smart material, intrinsic adaptation, extrinsic control, artificial intelligence, prototyping,
monitoring, ADAPTEX, PRAKLIMA

DOI
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INTRODUCTION

As part of the digital transformation of our society and economy, a wide range of new automation
technologies emerges with associated strategies for their application (Gupta & Bose, 2019; Nambisan
et al., 2019). Example disciplines are autonomous driving or the decentrally organized “smart
factories” of Industry 4.0 (Pisching et al., 2016). The combination of mature cloud infrastructure

and growing Artificial Intelligence (Al) capabilities is leading to a new generation of digital tools

and methods that are showing their potential in many application fields through the deployment

of Cyber-Physical Systems (Rajkumar et al,, 2010). They promise greater efficiencies and more
flexibility for architects, engineers, and developers. There is an ongoing debate as to whether they
also contribute to a more sustainable built environment or promote “business as usual”.

In view of ongoing climate change with global effects on our environment, the United Nations
formulated the increasing need for action with regard to sustainable development in their goal
definitions (United Nations Department of Economic and Social Affairs, 2021). In the European
Union, the building sector accounts for about 40 % of primary energy consumption and 36 % of
greenhouse emissions (In Focus: Energy Efficiency in Buildings, 2020). In line with global ambitions
as formulated by IEA (2021) to become climate neutral by 2050, European measures include
revising current policies by amending the Energy Performance of Buildings Directive (EPBD) and
Energy Efficiency Directive (EED), which focus on nearly net-zero buildings, energy performance
certificates, long term renovation strategies for EU countries, also taking smart and innovative
technologies for new buildings into account (EUR-Lex - 52020DC0098 - EN, 2020).

In line with the formulated energy-saving targets, sustainability is a key issue in the construction
industry and is pursued by various building strategies, like improved insulation of the buildings,
building-integrated energy generation, and application of reversible construction methods.

In addition, smart technologies are discovered as a possible contributor to improved sustainability
in the building sector. The existing building stock accounts for a large share of the energy demand,
with approximately 75 % of the total building stock being energy inefficient. (EUR-Lex -
52020DC0098 - EN, 2020)

With the building envelope acting as a barrier between the indoor and outdoor environment it plays
a crucial role in regulating the indoor environment which directly affects the energy performance of
a building. Therefore, the design of an energy-efficient fagade presents itself as one of the potential
solutions to tackle the imminent issue as various researches have shown that adaptive facades have
the potential to reduce the energy consumption of a building by up to 29 % (Bui et al.,, 2020; Shi &
Pouramini, 2022). In addition to its role as a barrier between the indoor and outdoor environment, a
high-performance sustainable facade should also serve as a building system that actively responds
to the ambient environment and contributes to reducing the building energy consumption while
providing optimal comfort to the users. (Aksamija, 2013)

ADAPTIVE FACADE STRATEGIES

In its role, as defined by Herzog et al. (2004), of an interface between the external climatic conditions
and the desired indoor environmental quality of a building, the fagade significantly affects the
energy performance of a building, as well as the provided interior comfort. Adaptive facade

systems offer considerable potential for optimization in this context, as they are able to adapt
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independently and dynamically to changing circumstances and requirements in order to provide
the most efficient configuration of the construction for the respective boundary conditions (Kasinalis
et al., 2014). In practice and according to the current state of the art, adaptive facades are mainly
project-dependent, with only selective individual adaptive features like sun shading or ventilation.
The overarching objective of holistic multifunctional adaptive building envelopes remains
uncommon as commercially available products (Boke et al., 2019; Loonen et al., 2013).

There are two basic approaches to establishing adaptability: First, via a low-tech approach that
makes use of physical effects and material behaviour. Loonen et al. (2013) classify this passive
strategy as intrinsic adaptation due to its integrated actuation feature and the autonomy of its
control. The second approach, as a high-tech solution, relies on the extensive use of automation
technologies and digital control. Following Loonen et al. (2013), such systems can, due to the required
external impulse to trigger adaptations, be accordingly defined as extrinsic.

PASSIVE ADAPTATION STRATEGIES

To tackle the immediate challenges of reducing carbon emissions and stalling global warming, it

is generally acknowledged that passive strategies should be implemented as the first strategy in
designing an energy-efficient building (Prieto et al.,, 2018). Due to their simplicity and low-threshold
approach, passive strategies have been commonly practiced in vernacular architecture, designed

to accommodate the immediate environment. Prominent examples of passive solutions include

the use of wind towers for passive air conditioning in hot and dry climates and the use of trombe
walls as a passive solar heating strategy in temperate climates (Maleki, 2011; Wang et al., 2021).
Nevertheless, due to the changes in lifestyle, technological advancement, and higher requirements
for high-performance buildings, passive features are also adapting to conform to architectural trends
and modern lifestyles (Konis & Selkowitz, 2017). This is reflected in the recent facade developments
which are multifunctional and highly adaptive systems, allowing the fagade to change its functions
to adapt to the immediate environment (Loonen et al.,, 2015).

In today's implementation of passive adaptation strategies, the application of smart materials plays
an important role, as they enable the initiation of self-sufficient adaptation processes via material-
immanent capabilities. Commercially introduced in the early 20 century, smart materials such

as Nitinol are gaining acceptance as an alternative solution to meet the technological demands of
today. Defined by Addington et al. (2007) as "highly engineered materials that respond intelligently
to their environment”, smart materials broaden the design possibilities and introduce new design
options in various sectors including the building industry. In recent years there has been increasing
investigation into how "smart materials” respond to various environmental stimuli. Hensel (2013)
defines materials with such capacities as “material systems” based on their respective ability to
react to their environment. In a similar understanding, Menges et al. (2014) explore the exploitation
of intrinsic material properties to perform adaptations through the application of digital design
methods. One example is the "HYGROSKIN - METEOROSENSITIVE PAVILION" project, in which wood
composites allow for opening and closing the structure purely in response to changes in humidity
(Menges & Reichert, 2015).

Due to the intrinsic characteristics, different research projects offer an alternative approach in place
of mechanical shading and ventilation systems. Examples are the vertically moving screen system
developed by Decker & Zarzycki (2014), an operable modular shading panel that incorporates two
sets of counteracting SMA by Payne & Johnson (2013), and the project “Bloom”, incorporating a
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thermal bi-metal shell structure which curls when heated to ventilate a specific area under the shell
(Fox, 2016). The innovative solutions allow immediate response to the environment while presenting
the potential to minimize energy consumption during operation. Nevertheless, despite operational
simplicity and intrinsic characteristic, the automatic response to the environment can also create
dissatisfaction for the users, as it limits personal control and often fails to accommodate the
demands of different users, especially in a shared space (Luna-Navarro et al., 2020).

ACTIVE ADAPTATION STRATEGIES

Adaptive facades are today mainly implemented as part of building automation systems (BAS)

on the basis of automation technologies (Boke et al.,, 2020a). Their operation is based on a set

of electrical and mechanical devices that perform automated tasks assigned through a control
network. According to the current state of the art, BAS are structured as hierarchically organized
control concepts following the idea of automation pyramids as shown in FIG 1. (Cerf, 2010; Soucek
& Loy, 2007). In a simplified understanding, they consist of a bottom assembly level with sensors
and actuators of the system architecture, the digital direct controllers (DDC) and terminal strips

for control and regulation in the middle levels, and the central control management at the top

(Merz et al.,, 2009). Different product standards and platforms exist, such as ZigBee, KNX, BACnet,
Modbus and LonWorks. Building automation systems themselves represent a potential solution to
reduce energy consumption by controlling the HVAC system during building operation, enabling
monitoring and maintenance, and thereby also providing user comfort. The development of building
automation technologies is vendor-driven, which in practice often leads to integration problems due
to inconsistent product standards and protocols (Domingues et al., 2016).

) /’ Management

/

7 —— \ g O o
/ Functions \:

/ Control and Regulation

: T drgo R

System Interface

Assemblies

FIG. 1 Concept of the automation pyramid adopted from (Merz FIG. 2 Decentralized nature of Cyber-Physical Systems
et al,, 2009) adopted from (Monostori et al., 2016)

According to the findings of Loonen et al. (2015), the main characteristic of active facade controls

is the incorporation of feedback loops which allow for the current configuration or action to be
evaluated by the desired state or a benchmark. Despite the wide range of operational characteristics
and categorization of adaptive fagades, active operations are based on three main stages: data
collection or input, processing of the acquired data and finally executing physical actions as the
output. Accordingly, automated adaptive fagades comprise of a sensor system that collects relevant
information as input data, a processing system that translates them into control parameters that are
received by the actuators, and actuators that execute the control decisions as adaptation measures of
the fagade configuration.
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One of the most common applications of active facade adaptations is dynamic shading devices.

The dynamic aspect of the facade grants a higher level of design freedom for the designer to

plan with a higher level of transparency without compromising to the limitation in thermal
performances and window-to-wall ratio aspects. Therefore, they are usually implemented as
machinal louvres, shutters, screens, or blinds, as a means to control solar gains and utilize passive
solar energy (Loonen et al., 2015). These examples are evident in projects such as Q1 Thyssen Krupp
Headquarter by JSWD architects, the Oval Offices by Sauerbruch Hutton, or a more sophisticated
application at the Al Bahr tower by Aedas architects. In recent years, chromogenic fagades gained
increased attention and are becoming more commercially available. Due to its operational approach
which relies on electrochemical reactions in the layers of semiconducting materials, mechanical
parts are eliminated, and the system can run with low operating costs (Sandak et al., 2019). Active
ventilation systems represent another example for extrinsic implementations of adaptive facades.
They are usually integrated as automated operating windows to regulate natural ventilation or within
closed cavity facades to control airflow and provide heat dissipation (Attia et al., 2020).

Automated adaptive fagades occur as in the given examples with selective implemented automated
functions and their integration into the BAS, while limitations still exist in the availability of
holistically coordinated multifunctional adaptive fagades. At this point, Cyber-Physical Systems,

as explained in Section 1.3, can make a major contribution by allowing for highly flexible and
decentralized control concepts.

Actively automated and controlled systems offer a high degree of flexibility and intervention
possibilities in digital control. At the same time, they also entail a number of disadvantages due to
the fact that they are high-tech solutions with a limited lifetime of the electrotechnical components
and their susceptibility to malfunctions. This can lead to a high maintenance effort in the operation
of actively automated fagades. In addition, while offering the possibility of reducing the building's
overall energy consumption by offsetting HVAC expenses, they are also primarily dependent on the
additionally invested electrical power supply (Loonen et al., 2013).

CYBER-PHYSICAL FACADE SYSTEMS (CPFS)

Cyber-Physical Systems (CPS) are the main driver of the current digital transformation of our society
and environment. They are based on the close interaction of physical products, plants, and systems
with their digital control (Broy, 2010). The technical requirement for this integration is the possible
embedding of physical devices with independent processing capabilities, which is possible today due
to both miniaturization and the increase in the performance of computer technologies (Wolf, 2012).
An important aspect of CPS is its shift from the former hierarchical automation pyramid organization
(FIG 1) to cloud-based networking and decentralized control as shown in FIG 2 (Monostori, 2014).

In addition to their appearance in the form of the Internet of Things (IoT), Cyber-Physical Systems
find their application in many different sectors today, such as medicine, transportation, power

grids, and industrial production (Jamaludin & Rohani, 2018). In building industry, Cyber-Physical
Systems are already being researched and deployed, as described by Bonci et al. (2019) for building
efficiency monitoring, in fabrication and computer-aided manufacturing processes as presented

by Menges (2015), and smart building automation (Karbasi & Farhadi, 2021; Reena et al., 2015).

A prominent application field is smart factories of Industry 4.0, where such systems are defined as
intelligent technical systems (Dumitrescu et al., 2013). Their implementation is closely related to the
development of digital twins (Biesinger et al., 2019; Negri et al,, 2017). According to the basic concept
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of CPS, individual plants of production lines are equipped with individual control and networked to
form decentrally organized production systems (Herwan et al., 2018). The aim is to increase both
the productivity and flexibility of the production processes (Monostori, 2014). The utilization of the
Cyber-Physical System concept is evident in various industrial sectors ranging from equipment
manufacturers, and operators, as well as service organizations such as airport facility management
(Herterich et al., 2015).

Under the similar objective of increasing flexibility and energy performance, Cyber-Physical Systems
can also be applied to automated adaptive building envelopes. The corresponding implementation

of a cyber-physical fagcade system (CPFS) was investigated by Authors in the development of a
prototype which, in addition to its physical components with deployed sensors, actuators, embedded
control, and realized communication system, also includes a representation as a digital twin for
monitoring the system behaviour. Automated individual fagade functions such as solar shading,
ventilation, and heating and cooling were part of the consideration. Based on the environmental
information provided by the integrated sensors, the instances of the automated fagade functions
make independent adaptation decisions via feedback loops on the installed microcontrollers and
coordinate these via the communication system to coordinate measures of the overall system (Boke
et al., 2020b). The result is a flexible and independently operating organism of individually automated
and cooperating fagade functions.

In comparison to other industrial sectors, the innovative automation strategy of Cyber-Physical
Systems had just been introduced in the Architectural, Engineering, and Construction (AEC) fields,
therefore, their application is still premature (Boke et al.,, 2019). Many open questions remain
regarding relevant fagade construction and automation technologies, advanced control concepts,
and current implementation strategies. This can be further specified to the following core topics still
to be investigated: In addition to the structural implementation of cyber-physical fagades, one main
aspect is to increase the efficiency of decision-making processes at the higher control level by using
Al strategies. Another open question is on the provision of project-specific tailored datasets, which
requires both the selection and component integration of appropriate sensor technology. From an
accessibility point of view, the interaction between users and the fagade is an interesting aspect that
has not yet been thoroughly explored in the field of CPFS. In this context, similar to the inability to
obtain full control over the system, relates to passive solutions described in section 1.2.1, the effects
of adaptation processes on user comfort as well as the user’s possibilities to interact with the cyber-
physically automated facade are relevant open questions. Nevertheless, in view of the technological
capabilities existing today, the research on CPFS already shows great potential for automated
system application, especially in adaptive fagades. This is due to the integrated nature of physical
construction and its embedded digital control, which enables further digital optimization strategies
like the application of Al and machine learning. Al is increasingly recognized for use in architecture
and facade engineering (Chaillou, 2022; Kraus & Drass, 2020). In this sense, cyber-physical facades
represent a door opener, especially for performance-enhancing innovations on the cyber level.

PROBLEM STATEMENT

While the adaptability of facades has been already recognized and intensively researched as a
strategy for improving the energy performance of buildings, solutions to date are mostly fragmented
and project-dependent implementations of individual adaptive functions (Aelenei et al., 2016;
Loonen et al,, 2013). The goal of holistically conceived implementations of multifunctional and well-
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coordinated overall systems remains largely unachieved in the implementation of adaptive facades
to date. In particular, a disconnect exists in the two contrasting mindsets of either a passive low-
tech solution, for example via the use of material-inherent smart properties formulated by Hensel
(2013), and an alternative high-tech approach via extensively equipped automation technologies
and digital control.

OBJECTIVE

In response to the posted problem statement, the objective of this paper is to review previous
theories behind active, passive and cyber-physical systems and compare these concepts in a
physical case study. It therefore elaborates the ongoing investigation of two exemplary Research and
Development projects, ADAPTEX and PRAKLIMA, which represent the described passive and active
approach to adaptivity and already implemented aspects of Cyber-Physical Facade Systems (CPES)
in their design framework. Insights from the research by design process and the utilization of the
Cyber-Physical system framework is described to establish a base for discussion in examining the
possibility of a hybrid adaptive fagade system.

One goal of the study is to question both ways of thinking and to explore possible interfaces. Cyber-
Physical Systems represent a new stage of development in automation in many fields of application
(Rajkumar et al,, 2010). In this context, it questions how correspondingly available technologies and
application methods can play a mediating role and contribute to future comprehensively adaptable
facade systems. Accordingly, the paper follows the research question: How can active and passive
approaches of adaptive facades be mediated and what potential do Cyber-Physical Systems have for
the implementation of hybrid solution approaches in the future?

CASE STUDIES: ADAPTEX AND PRAKLIMA

METHODOLOGY

The study discloses the experiences from the prototypical implementation of both projects and draws
a comparative balance of the two solution approaches between passive implemented adaptivity and
active control. Two research projects, ADAPTEX and PRAKLIMA, demonstrate the application of smart
materials, digital technologies, and respective methods in order to reach desired fagade performance
objectives. Therefore, they have been selected as case studies to examine the implementation of the
Cyber-Physical system through its roles as either a facilitator or a mediator, in a passive or active
implementation potential of adaptative measures in the building envelope. In both cases, the test
operation on the 1:1 scale prototype and the related assessment of the actual contribution of the
respective concept to the energy performance of the fagade are presented and discussed.

ADAPTEX is an autarkic and adaptive textile sun shading solution which implemented the smart
material, Shape Memory Alloy (SMA) as an actuator. The system operations and the employment of
the Cyber-Physical system framework as a facilitator through the series of sensors system which
enables an effective selection of 'smart materials’ that is tailored to a site-specific context and
monitoring the behaviour of the passive operation of the system is discussed in the result section.
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On the other hand, PRAKLIMA is a self-sufficient modular, unitized facade system which incorporates
an air-conditioning system and solar control with a predictive, self-learning control system.

[t represents an active system that enables automated and multi-functional adaptations. Hence,

the role of Cyber-Physical system as a mediator between design variables to enhance the decision-
making process of a machine learning integrated decentralized fagade system will be examined.

The potential of both approaches is reflected with regard to further investigation from the viewpoint
of a cyber-physical realization of a hybrid fagade system as illustrated in the methodology diagram
in FIG 3. Furthermore, an outlook toward a more comprehensive implementation of CPFS in the
building industry is presented in the Discussion chapter.

Passive

Facade ADAPTEX

The potential of CPFS as
an enabler and mediator

Passive vs Active
Approach
[

Egglégl;g#nd CPFS Result Discussion Conclusion

The need for modular
and flexible construction

PRAKLIMA

FIG. 3 Methodology diagram

The following two sections document the implementation of the research projects ADAPTEX,

an autarkic and adaptive textile sun shading solution, as an exemplary application of a passive
adaptation strategy, and PRAKLIMA, a self-sufficient modular, unitized facade system which
incorporates an air-conditioning system and solar control with a predictive, self-learning control
system, in terms of an automated and active control of adaptation measures.

RESEARCH PROJECT ADAPTEX AS PASSIVE
APPROACH TO ADAPTIVITY

The ADAPTEX research project focuses on the investigation and development of integrating

Shape Memory Alloy (SMA) as an actuator in textile, adaptive sun shading solutions to achieve an
autarkic operation that passively adapts themselves to the changes in ambient temperature. (Denz

et al,, 2021) Shape memory alloys (SMA) are among the so-called smart materials. They react to
temperature changes through deformation and/or shrinkage, depending on their geometry and the
predefinition of their material configuration. The ADAPTEX project takes advantage of this effect by
integrating SMAs as wires into the textile structure and using them as actuators inducing high forces
relative to its size to operate the system.
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FIG. 4 ADAPTEX textile adaptive sun shading concepts: Mesh on the left - Wave on the right.

Two concepts have been developed following the principle of the SMA behaviour. The concepts,
ADAPTEX Mesh and ADAPTEX Wave differ both in their textile structure and kinetic mechanism.
ADAPTEX Mesh consists of two identical non-woven textile layers. The operation relies on the
SMA which is integrated into the layer behind. In the inactivated state, as the identical perforation
aligns, maximum permeability is achieved. When activated, the deformation of the SMA causes
the panel behind to slide up creating an overlapping pattern that reduces the overall permeability.
The operation provides an openness factor which ranges between 63% (inactivated) to 39%
(activated) (Schneider, et al., 2021).

ADAPTEX Wave, on the other hand, is based on a geometrical deformation of wave-shaped textile
bands. The deformation is induced by the SMA wire that is interwoven along the length of the
textile bands. As the SMA shrinks, it forces the tape to buckle, enabling an open and closed state
comparable to eyelids. The operation states allow the openness factor to be configured within the
range of 70% during inactivation and 5% when activated. (Schneider, et al., 2020)

The operating principle of both concepts was investigated by the development of a 1.35 x 2.80 m
demonstrator at a 1:1 scale. After implementation and proof of general functionality, they were
subjected to various measurements and investigations of their physical performance. In this initial
phase of the project, the SMA was activated by the external introduction of an electrical current to
manipulate the required temperature change in order to initiate the adaptation mechanism where
the SMA length becomes shorter when activated. (Denz et al., 2021). This allowed for both automation
and manual control by the user. Later, as in the recent development of the ADAPTEX KLIMA+ project,
both solar shading concepts were designed to be completely self-sufficient, without dependency

on introduced electrical power, and solely activated by the changes of ambient temperature and
irradiation exposure on the textile surfaces.

This passive approach simplifies the system and eliminates previously required technical
infrastructure to control and activate the SMA. At the same time, it imposes additional requirements
for pre-planning and selecting the suitable SMA for the prevailing temperature range. Since the
properties and activation ranges of the SMAs are defined during their production process, ADAPTEX
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KLIMA+ sun shading only operates in accordance with the pre-programmed configuration with
only minor manipulations allowed. These small manipulations are possible by the adjustment of
secondary variables like changing the weight or the strength of the textile, as well as by increasing
or reducing the length of the applied SMA. The consideration of the individual needs of different
users is neglected in the current development stage ADAPTEX KLIMA+ because the focus is on
understanding the behaviour of the SMA and the textile materials. Therefore, the design of the
concepts focused on an application of the self-sufficient sunshade for use in public areas, where the
need for individual manual control was not part of the requirements.

Operation as a passive solar shading system requires a deep understanding of the textile and SMA
material properties. The subtropical and dry climate in Muscat, Oman, provides an ideal environment
for the investigation of material behaviours under the extreme alternation of prevailing hot daytime
temperatures and relatively cooler night-time temperatures. After initial tests under controlled
conditions at the Priedemann Facade-Lab in Berlin shown in FIG 5., the shading system will be
further investigated under real conditions of the outdoor climate in Oman. For this purpose, one
ADAPTEX Wave solar shading screen, consisting of three individual elements, and one Mesh screen,
consisting of five smaller individual elements were produced to be installed at the Eco House of the
German University of Technology in Oman (GUtech) in Muscat as illustrated in FIG é.

iy

|

FIG. 5 Testing of the SMA-behavior under maintained and FIG. 6 Application of the passive ADAPTEX sun shading to the
supervised temperature conditions EcoHouse at GUtech in Muscat, Oman

An important aspect of the ADAPTEX application in Oman is the monitoring of the system. The Cyber-
Physical system framework has been employed as a mediator to collect comprehensive data on the
environmental conditions and on the behaviour of the system in response to occurring changes

of the climate. Automation technologies and IoT concepts come into play in this context. Installed

as a decentral organized sensor network, the monitoring system takes solar radiation, ambient
temperature, as well as wind conditions into account. At the same time, the surface temperatures of
the SMA are recorded via thermal coupling sensors at different locations. The reaction of the system
is documented via displacement measurements and video recordings. All sensors are connected to
different Arduino MKR1010 Wifi microcontrollers, which share their data with the central Raspberry
PI 4 broker via wireless network using an MQTT communication protocol. FIG 7. shows the technical
setup of the monitoring system.
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FIG. 7 Decentrally organized sensor network for monitoring the adaptex sunshading in Oman

The Raspberry Pi acts as a broker and connects to the Internet. It enables cloud-based data logging
and access to real-time monitoring data remotely. This is crucial to the success of the project, as the
prototypes are left unattended most of the time. The monitoring system runs autonomously with
external control for maintenance and diagnostics, allowing the collected data to be accessed over the
cloud in real time.

PRAKLIMA AS ACTIVE APPROACH TO ADAPTIVITY

PRAKLIMA is a research project, developed to meet the sustainability goals to achieve a near climate
neutral building stock by 2050. Together with various partners from both academic and industrial
sectors, the formulated objective of the PRAKLIMA project from the beginning was to develop

a modular, multifunctional, adaptive and at the same time, self-sufficient fagade system with a
predictive-self learning algorithm to control the facade integrated actuators.

PRAKLIMA is developed as a double skin, unitized fagade system with two main elements: an
opaque, technical module and a transparent module. To achieve the desired multifunctionality and
self-sufficiency, the technical module is incorporated with photovoltaic (PV), LUNOS Nexxt ventilation
unit with mechanical ventilation and heat recovery system, as well as a battery for electricity storage.
The decentralized LUNOS Nexxt ventilation unit in the opaque element provides air conditioning for
heating and cooling. It is positioned behind the photovoltaic (PV) element and takes in the supply air
from the cavity space provided for the PV module - thus creating a hybrid air collector. Moreover, a
solenoid operated flap has been integrated to control air flow direction into the ventilation system.
This allows differentiated control of the ventilation behaviour, depending on seasonal requirements.
To efficiently utilize the pre-heated air in winter, it is taken from bottom of the PV panel, and to

avoid overheating during summer, the air is taken in from a shorter route from the top of the panel.
On the other hand, the transparent module consists of a mechanically operated window that provides
natural ventilation, lighting, views to the outside and the use of passive solar gains, which can be
controlled by the additional integrated automated venetian blinds. The fagade is currently installed
according to FIG 8. as a prototype in front of a 2.00 x 3.00 x 3.00 m insulated chamber, which serves
as a test stand at SOMMER Fassadensysteme in Hof, Germany. The functionality and performance of
the system are investigated using this setup in the ongoing test operation.
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FIG. 8 PRAKLIMA facade in front of the insulated chamber serving as a testbed for ongoing monitoring, the opaque element on
the right, the transparent one left side.

FIG. 9 Interior view of the PRAKLIMA Testbed highlighting main sensor and actuator devices
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Under the Cyber-Physical system framework, the PRAKLIMA facade incorporates an extensive sensor
technology serving as mediators to enable different automated functions, providing for the technical
implementation of adaptation strategies. The sensor technology is installed in various locations
including inside the test chamber as visible in FIG 9., within the facade element between the cavity,
and at the exterior of the fagade element in areas that are exposed to environmental influences.

The setup considers, among many others, the measurement of wind speed, precipitation, illuminance
in the outdoor environment, while for example CO,, air temperature, motion, and illuminance

sensors are deployed inside to provide a meaningful information base on the conditions of the

indoor environment.

The name of the PRAKLIMA project derives from its predictive and adaptive control strategy.

An installed Raspberry Pi microcomputer and a small field-programmable gate array (FPGA) form
the control unit of the facade and utilize the gathered information from the sensor system by

means of a self-learning algorithm that also takes global information like weather forecasts and
user behaviour into account. The control concept is illustrated in FIG 10. Based on the information
provided, the self-learning algorithm makes independent decisions about the control of the
automated fagade functions. Because it takes into account previous responses and data, the decision-
making regarding the optimal configuration improves during its operational lifetime.

Control flow

u Rscoheriy Pi - FPGA (machine
el puemy learning algorithm)
PV & Battery Status  Actuators - to Sensars Gateway (Controller)
resemble people

Blinds 0-100% vertically open/close

Blinds 0-100% slat angle "D "})

Window opener open/close .

Flap Summer / Winter mode

Mechanical ventilation 3 fan modes

Humidity recovery on/off H

Heat recovery on/off

Auxilliary Heating (here 3 modes) Ll :

Actuators - to control fagade and HVAC Actuators Tablet/ Mobile User Interface

FIG. 10 Control concept of the self-learning PRAKLIMA facade

Under the objective of a self-sufficient and autarkic operation of the PRAKLIMA facade, the integrated
PV module is a crucial component, as it makes the electrical operation of the technical equipment,
such as sensors and automated fagade functions, independent of additionally invested energy from
the power grid. This ideal complete autarkic operation is not yet fully achieved, as in the preliminary
configuration of the prototype the energy consumption of the Lunos Nexxt device exceeds the
provided power supply.
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RESULTS AND DISCUSSION

The ADAPTEX concepts Wave and Mesh, as described in Section 5.2, demonstrate a passive approach
to autonomous opening and closing of textile sun shading via integrated shape memory alloys.

In the PRAKLIMA project, extensive automation technologies and a self-learning algorithm were
applied in order to enable the adaptivity of the fagade. The two case studies exemplarily contrast the
passive approach of using smart materials with the active solution through the use of automation
technologies and digital control. Both approaches led to functional and effective concepts within the
framework of their respective project goals.

PASSIVE VS. ACTIVE APPROACH

Due to their operational simplicity with minimal components and the absence of high-tech electronic
components, passive solutions offer an advantage over active, automated adaptive concepts, which
essentially consists of their reduced vulnerability to technical errors as well as their independence
of an additional energy supply. Compared to an active control system however passive systems
conversely lack control options and overriding possibilities of the adjustment processes during
operation. As learned from the ADAPTEX project, the preconfigured material properties are
permanent and cannot be adapted to possibly changed requirements. However, the monitoring
system in the project, implemented via a decentralized sensor network, has shown promising
application possibilities of automation technologies in passive systems with regard to their pre-
configuration and for the purpose of their function monitoring during operation. Furthermore,

the question arises whether there are possible interfaces between active and passive solutions,
after the passive ADAPTEX sun shading concept was initially activated by the supply of electrical
energy. Thus, an override of passive adjustment processes by a digital control appears as possible
as the inclusion of the SMA as a part of the sensor system of an automated concept. Vice-versa,

it also seems possible that the integration of passive adaptation strategies can also be designed

as a component of active control systems, as long as their properties and states can be detected
during operation and taken into account in the overall control of the fagade. In this way of thinking,
the passively acting components as resilient actuators with their material-integrated intelligence
contribute to the simplicity and resilience of active automated, multifunctional adaptive facades.
Thus, the passively operating sun shading solution ADAPTEX could also be integrated into the
automation concept of PRAKLIMA, utilizing the intrinsic capacities of SMA. In this yet hypothetical
application, the performance of the shading system can be detected by sensors and coordinated
with other actively controlled components such as the ventilation system. If necessary, the non-
activated state of the sun shading could be overridden by supplying electrical energy as a secondary
mechanism. In this way of thinking, smart materials can become part of actively controlled systems,
leading also into desirable further research about the programmability of non-electric systems which
is already being pursued in various projects (Everything under Control, 2013).

THE POTENTIAL OF CPFS AS AN ENABLER AND MEDIATOR

The potential of the CPFS system as both an enabler and a mediator has been presented through
the development of ADAPTEX and PRAKLIMA. While in ADAPTEX, the Cyber- Physical system
framework has been applied only as a mediator for data collection, the automation concept of the
PRAKLIMA facade project already features broader aspects of a cyber-physical system. This includes
comprehensive data collection via extensive sensor technology, wireless communication of data
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within the system, and the application of a self-learning algorithm in the control of the system.

As described in Section 1.3, one of the main aspects of CPS is the flexibility of the system, since the
structure no longer follows the hierarchical concept of an automation pyramid, but is based on the
decentralized interaction of individual, independently intelligent system components. This opens
up a new way of looking at the intelligence of the components itself, where it no longer matters
whether it is based on material intelligence or on digital control. On the different levels of the cyber-
physical system concept, new interfaces for the interlocking of active and passive components are
emerging in the data acquisition of sensor technology, in cyber-control of the system, as well as in
the execution of decisive adaptation processes. This approach dissolves the boundaries between
previous purely passive or active adaptation concepts by expanding the pool of technologies that
can be integrated into the system, thus enabling new design freedom in the configuration of
coordinated adaptations. This paves the way for a new generation of universal multifunctional
adaptive fagade systems.

THE NEED FOR MODULAR AND FLEXIBLE CONSTRUCTION

Ensuring that shorter-lived components can be reconfigured and replaced contributes to the
sustainability of the fagade as an overall system, since it is possible to react flexibly to changing
requirements without having to replace the entire fagade. This is particularly evident in view of the
increasing integration of computer and automation technologies with short life spans. Therefore, as
defined by Kaelbling (1987), modularity and adaptivity are important aspects of intelligent reactive
systems. Therefore, a particular requirement for component exchangeability exists, for which the
research into multifunctional plug & play facades provides a possible answer to ensure modularity
and reversibility of fagade construction (Mach et al.,, 2015). Cyber-physically automated facades meet
this requirement for modularity due to their decentrally organized structure, in which individual
components such as sensors or actuators can be removed or modified without compromising the
overall operation of the system. The cyber-physical structure of the facade automation also makes an
important contribution to the long-lasting usability of the automated facade construction. It enables
software updates to be made to adapt the configuration of the structure to changing requirements
over the course of its service life, which makes the physical replacement of components obsolete

to a certain extent.

CONCLUSIONS

In shedding light on the ADAPTEX passive-adaptive concept and the extensive automation in the
PRAKLIMA project, the study concludes possible interfaces that suggest both the use of automation
technologies for configuring and monitoring passive adaptation processes and the integration of
supposedly passive technologies such as smart materials in active automation concepts. Through
the Cyber-Physical system, necessary data points such as ambient conditions, or indoor conditions
can be systematically collected. These data can be further analysed, interpreted, and utilizes as the
control signal. Due to their decentralized character and control concept, Cyber-Physical Systems
can play an important mediating role in the design of corresponding hybrid solutions in the sense of
holistically considered, multifunctional adaptive fagades, as they allow a high degree of flexibility in
the configuration and interaction of the active and passive system components.
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Abstract

Several studies performing building simulations showed that the automated control of fagades can
provide higher levels of indoor environmental quality and lower energy demand in buildings, in
comparison to manually controlled scenarios. However, in several case studies with human volunteers,
automated controls were found to be disruptive or unsatisfactory for occupants. For instance,
automated facades became a source of dissatisfaction for occupants when they did not fulfil individual
environmental requirements, did not provide personal control options, or did not correctly integrate
occupant preferences with fagade operation in energy-efficient controls. This article reviews current
evidence from empirical studies with human volunteers to identify the key factors that affect occupant
response to automated facades. Only twenty-six studies were found to empirically investigate occupant
response to automated fagades from 1998 onwards. Among the reviewed studies, five groups of factors
were found to influence occupant interaction with automated facades and namely: (1) personal factors,
(2) environmental conditions, (3) type and mode of operation, (4) type of facade technology, and (5)
contextual factors.. Overall, occupant response to automated fagades is often poorly considered in
research studies reviewed because of the following three reasons: (i) the lack of established methods
or procedures for assessing occupant response to automated facade controls, (ii) poor understanding
of occupant multi-domain comfort preferences in terms of fagade operation, (iii) fragmented research
landscape, on one hand results are mainly related to similar contextual or climatic conditions, which
undermines their applicability to other climates, while on the other hand the lack of replication within
the same conditions, which also undermines replicability within the same condition. Lastly, this paper
suggests future research directions to achieve a holistic and more comprehensive understanding

of occupant response to automated fagades, aiming to achieve more user-centric automated fagade
solutions and advanced control algorithms. In particular, research on the impact of personal factors on
occupant satisfaction with automated controls is deemed paramount.
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INTRODUCTION

In buildings, facades act as a buffer and connector between indoors and outdoors (Knaack et al.,
2014) and affect building energy consumption and occupant multi-domain environmental comfort
(Luna-Navarro et al., 2022). In particular, facades can affect occupant satisfaction with the thermal
environment (Carmody et al., 2004), acoustic (Tang, 2017), air quality (Izadyar et al., 2020), daylight,
and view out (Boyce et al., 2003; Heschong et al,, 2013).

Dynamic fagade technologies, identified as building systems or fagades that can move by forces
acting on an object, can vary the visual or solar transmittance (e.g. switchable glazings or movable
blinds) or the level of airflow through them (e.g. openable vents) (Barozzi et al., 2016) to effectively
respond to changes in outdoor or indoor conditions. Dynamic fagades can be manually controlled

by occupants (Reinhart & Voss, 2003), or react to changes in environmental conditions, either

by passively responding to them (e.g. phase change materials (Balocco & Petrone, 2017)), or by
automatedally being controlled by actuators and sensors (Bakker et al., 2014). Several automated
fagades are controlled by a semi-automated logic, which also allow occupants to override the system
when they disagree with the control logic (Gunay et al., 2017). Previous work showed that automated
controls can assist occupants and overcome the limitations of manual operation by reducing

energy consumption (Sullivan et al., 1994; Tzempelikos & Athienitis, 2007) or improving thermal

or visual comfort (Hosseini et al., 2019). Contrariwise, the automated control can also negatively
impact occupants’ satisfaction and behaviour, when the control action does not match individual
requirements (Day et al., 2019; Grynning et al., 2017).

In scenarios with automated fagades, the type of control logic and the occupant-fagade interaction
strategy (i.e. the level and mode of interaction) affect occupant behaviour and satisfaction, indoor
environmental quality, and energy consumption (Luna-Navarro et al., 2020). Several studies showed
that occupant requirements are subjective and individual, affecting occupant response to the control
system (Cheng et al,, 2016; Gunay et al,, 2017). These variances in occupant responses may be
explained by a different personal significance of environmental comfort domains (Meerbeek et al.,
2014; Cheng et al., 2016) or differences in the level of knowledge of users with automated control (Lee
et al., 2012). Therefore, the adaptation of the control logic to individual occupant requirements can

be important to achieve occupant environmental comfort and satisfaction, acceptance of automated
control strategies, and energy performance of office buildings (Kim et al., 2009).

Four previous studies have performed a literature review on automated controls for automated
facades. Konstantoglou & Tsangrassoulis (2016) reviewed automated control strategies of dynamic
shading systems and their effects on building energy performance and indoor environmental
comfort. This literature review concluded that, even though automated control strategies can
enhance energy performance and occupants’ comfort, their high level of complexity makes them
prone to failure and therefore they often do not achieve the predicted performance. Jain & Garg
(2018) analysed the feasibility of various daylight prediction methods and their application in
controlling dynamic shading and lighting systems, coming to the conclusion that modified and
improved closed loop systems, which include and adapt to user feedback, are better than open loop
control strategies based on sensor measurements. However, Luna-Navarro et al. (2020) examined
interaction strategies and requirements for satisfactory occupant-fagade interaction, pointing

out that achieving effective closed-loop operations by satisfactorily engaging the occupant, is
challenging since several factors play a role. Tabadkani et al. (2021) reviewed the state-of-the-

art regarding occupant-centric control strategies, showing that current interaction strategies are
ineffective in improving both user satisfaction and energy efficiency. Ultimately, there is a need to
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comprehensively review existing studies on occupant-automated fagade interaction and highlight
the current evidence of the factors that influence individual occupant response to automated facade
controls. This will facilitate the design and operation of automated fagades in an occupant-centred
manner. To achieve this, the aim of this work is to review previous experimental work that evaluates
human volunteers' responses to automated fagades, either in lab experiments or field studies, and to
evaluate current evidence to indicate the directions of future research.

Section 2 explains the review methodology, including selection criteria and the classification scheme
that structures this article. Section 3 describes the results of the review, including the discussion

of the evidence collected. Finally, Section 4 draws the conclusions, and highlights potential future
challenges and investigations based on the review conducted.

METHODS

In order to review previous work on the factors that influence occupant preferences regarding
automated fagade operation, a systematic review was conducted. This section provides a detailed
explanation of the inclusion and exclusion criteria and keywords. Advanced queries in all databases
based on terms definition were conducted. Therefore, a searching protocol through defined
keywords has been used, as shown in Table 1. As a result, all the papers must meet the following
requirements: only papers on automated dynamic facade control strategies and that monitor actual
occupant response through experiments and monitoring with human volunteers were considered.
Occupant response was considered by including the following keywords: user interaction, comfort,
satisfaction and acceptance.

The following studies were excluded from this literature review:

Studies that only considered manually controlled systems that do not incorporate

any automated feature;

studies that only considered fagades that passively respond to changes in environmental conditions
but do not have active control strategies;

studies without human volunteers.

Keywords were divided into four groups (Table 1): (1) facade operation, (2) fagade technology, (3)
experiment placement, and (4) fagade control. Consequently, references were searched (WoS (2.328),
Scopus (2.795)). Only 127 studies were selected by title and abstract, reduced to 106 after removing
duplicates. Full-text revisions assessed the eligibility of articles, applying the inclusion and exclusion
criteria described previously. Finally, we ended up with 26 studies that met the requirements for
being examined for this literature review, published between 1998 and 2022.
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TABLE 1 Search keywords

Database Date of Inclusion searching criteria in Title, Abstract and Keywords Number of
search Articles

1) Facade (2) Fagade (3) Experimental
operation technology testing

(adaptive OR
responsive OR

dynamic OR (fagade OR (laboratory OR
Web of Science 24-2-2022 kinetic OR envelope OR on-site OR 2.328
intelligent OR skin OR field OR
advance OR shading OR experimental OR
smart OR W/3 glazing OR AND post-occupancy OR
interactive OR glazed OR testbed OR
active OR window OR test room OR
Scopus 22-2-2022 automated OR venetian OR campaign OR 2795
switchable OR roller OR monitoring)
climate OR blind)
control )

Studies were not restricted in terms of geographical location since the scope of the review is also to
contextualise the research results and evaluate whether any geographical location is missing in the
research landscape to inform future research directions accordingly.

1 - PERSONAL FACTORS 3 - TYPE AND MODE OF OPERATION 5 - CONTEXTUAL FACTORS
2 - ENVIRONMENTAL CONDITIONS 4 - TYPE OF FACADE TECHNOLOGY
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FIG. 1 The classification scheme used in this review to group the factors influencing occupant response that were identified
through the literature review (after (Luna-Navarro et al., 2020)
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FACTORS THAT INFLUENCE OCCUPANT RESPONSE

The classification scheme from Luna-Navarro et al. (2020) was used in this review to group

the factors that affect users as follows (shown in Fig. 1): 1. personal factors, 2. environmental
conditions, 3. type and mode of operation, 4. type of fagade technology, and 5. contextual factors
(e.g. type of building etc.).

RESULTS AND DISCUSSION

TYPE OF OCCUPANT RESPONSE TO AF
STUDIED THROUGH PREVIOUS WORK

Before going to the evidence on factors affecting occupant response, the review results are analysed
to identify what type of user response has been considered by previous work.

Occupant response was evaluated in terms of behaviour (13 studies), environmental comfort (20
studies), environmental satisfaction (18 studies), environmental sensation (), acceptance of the
control system or of the indoor environmental conditions (5 studies), and overall satisfaction with the
automated control (4 studies). Table 2 shows the type of occupant response considered by each study.
These different types of occupant response were studied by previous authors thorugh questionnaires,
surveys, and interviews. In addition, occupant behaviour was monitored by tracking occupant
override actions (Bakker et al,, 2014; Cheng et al,, 2016; Goovaerts et al,, 2017; Gunay et al, 2017; Lee
et al., 2012; Luna-Navarro et al., 2022; Motamed et al., 2019; Sadeghi et al., 2016), or occupant actions
to deactivate the control logic (Meerbeek et al., 2014), and set-points (Clear et al., 2006; Guillemin &
Morel, 2001, 2002; Vine et al., 1998).

Some studies used the term “comfort” and “satisfaction” interchangeably (Cheng et al., 2013, 2016;
Lee et al.,, 1998; Sadeghi et al.,, 2016), while other studies used these terms to describe different states
of mind. For instance, comfort was intended as the threshold or set-point that defines comfortable
environmental conditions, which was often contrasted by surveys of the occupant perception to

the environmental quality (Bakker et al,, 2014; Cheng et al,, 2013, 2016; Clear et al., 2006; Guillemin

& Morel, 2001, 2002; Kim et al,, 2009; Lee et al., 2012; Meerbeek et al.,, 2014; Motamed et al., 2017,
Sadeghi et al,, 2016; Taniguchi et al.,, 2012; Vine et al., 1998). Satisfaction was used to indicate
occupant contentment with the visual environment (Cheng et al,, 2013, 2016; Choi et al,, 2019; Clear
et al., 2006; Day et al.,, 2019; Guillemin & Morel, 2002; Karlsen et al., 2015; Kim et al., 2009; Lolli et al.,
2019, 2020; Luna-Navarro et al., 2022; Meerbeek et al,, 2014; Sadeghi et al., 2016; Vine et al,, 1998),
thermal environment (Choi et al., 2019; Clear et al., 2006; Day et al., 2019; Lolli et al., 2020; Luna-
Navarro et al., 2022; Meerbeek et al,, 2014; Sadeghi et al., 2016; Wu et al.,, 2020), acoustic environment
(Clear et al.,, 2006; Lolli et al.,, 2019; Luna-Navarro et al., 2022), air quality (Luna-Navarro et al,, 2022),
or overall satisfaction with the automated facade (Cheng et al., 2013, 2016; Clear et al., 2006; Day et
al., 2019; Goovaerts et al,, 2017; Gunay et al,, 2017; Karlsen et al,, 2015; Lolli et al,, 2020; Luna-Navarro
et al,, 2022; Meerbeek et al,, 2014; Painter et al., 2016). Three studies incorporated acceptance as a
descriptor of the level of agreement with the control system implemented. Acceptance was studied in
terms of the different modes of operation applied to venetian blinds (Vine et al., 1998) by registering
occupant override actions that were intended as a lack of acceptance of the control logic operating
the facade (Goovaerts et al., 2017; Gunay et al., 2017). Only one study considered occupant acceptance
of the indoor environment (acceptance of the overall indoor environment (Lolli et al., 2019)).
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TABLE 2 Summary of type of occupant response reported by studies: overall response to the Control strategy & Facade
technology (CS); Occupant response to the Indoor Environmental Quality (IEQ); None (N).

Occupant response to the indoor environment

@ Em S & < a o
(Vine et al., 1998) CS IEQ CS /IEQ Cs N N
(Guillemin & Morel, 2001) Cs IEQ N N N N
(Guillemin & Morel, 2002) ) IEQ IEQ/CS N N N
(Clear et al., 2006) Cs N IEQ/CS N N N
(Kim et al., 2009) N IEQ N N N N
(Lee et al., 2012) Cs IEQ CS N N N
(Taniguchi et al., 2012) N IEQ N N N IEQ
(Cheng et al., 2013) N IEQ Cs N N N
(Bakker et al., 2014) CS IEQ IEQ/CS N CS N
(Meerbeek et al., 2014) Cs IEQ IEQ/CS N N
(Karlsen et al., 2015) N IEQ IEQ/CS N N
(Cheng et al., 2016) CS IEQ IEQ Cs N
(Painter et al., 2016) N IEQ CS N
(Sadeghi et al., 2016) Cs IEQ IEQ N Ccs N
(Goovaerts et al., 2017) CS IEQ Cs N IEQ N
(Gunay et al., 2017) CS IEQ Cs CS N N
(Motamed et al., 2017) N IEQ N N N IEQ
(Choi et al., 2019) N N IEQ N IEQ N
(Day et al., 2019) N IEQ IEQ/CS N N N
(Lolli et al., 2019) N IEQ Cs IEQ N IEQ
(Motamed et al., 2019) Cs IEQ N N N N
(Wu et al., 2020) N IEQ CS N N IEQ
(Bian et al., 2020) N IEQ N N N IEQ
(Lolli et al., 2020) N IEQ IEQ N N IEQ
(Korsavi et al., 2021) N IEQ CS N N N
(Luna-Navarro et al., 2022) Cs IEQ IEQ/CS N N N

A few studies also assessed perceived health (Choi et al., 2019) and productivity (Choi et al., 2019;
Sadeghi et al,, 2016). The least studied aspect of occupant response was sensation. Regarding the
visual environment, Glare Sensation Vote (GSV) and Illuminance Rating (IR) were used to capture
visual sensation. Thermal Sensation Vote was the subjective rating scale to capture occupant
thermal sensation (TSV), which was assessed by using a 5-point Likert scale (from cold to hot) (Lolli
etal,, 2019, 2020).

CONTEXTUAL FACTORS AFFECTING OCCUPANT RESPONSE TO AF

All of the studies provide information about the context in which the experiments or the field
measurements took place. Table 3 describes the contextual factors summarised from articles,
classifying them into location, climate, orientation, testing facility, and floor layout. Regarding
location, the studies were conducted in five European countries (14 studies), two North-American
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countries (7 studies), and three Asian countries (5 studies). Despite the variety of locations, the
climates were limited to temperate and continental conditions (Fig. 2).

TABLE 3 Summary of contextual factors described by previous works to assess the influence of fagades on occupant response.

Climate Orientation Layout
]
Location - g 2 .g
3 [ - 5 3 ¥
s z £ 8§ £ _ % 582
I Bl
(Vine et al., 1998) Oakland, California - US J J
(Guillemin & Morel, 2001)  Lausanne - Switzerland J J
(Guillemin & Morel, 2002)  Lausanne - Switzerland J J
(Clear et al., 2006) Berkeley, California - US J J
(Kim et al., 2009) Seoul - South Korea J J J J
(Lee et al., 2012) Berkeley, California - US J J
(Taniguchi et al., 2012) Hiratsuka - Japan J N
(Cheng et al., 2013) Beijing - China J J
(Bakker et al., 2014) Eindhoven - The Netherlands N J
(Meerbeek et al., 2014) Eindhoven - The Netherlands J J
(Karlsen et al., 2015) Aalborg - Denmark J J
(Cheng et al., 2016) Beijing - China J J
(Painter et al., 2016) Leicester - U J J
(Sadeghi et al., 2016) West Lafayette, Indiana -US J J
(Goovaerts et al., 2017) Brussels - Belgium J J
(Gunay et al., 2017) Ottawa - Canada N J
(Motamed et al., 2017) Lausanne - Switzerland J J J
(Choi et al., 2019) Toronto - Canada J J
(Day et al., 2019) Charlotte/Richmond/Virginia - US J J
(Lolli et al., 2019) Trondheim - Norway J J
(Motamed et al., 2019) Lausanne - Switzerland J J
(Wu et al., 2020) Lausanne - Switzerland N N
(Bian et al., 2020) Guangzhou - China J J
(Lolli et al., 2020) Trondheim - Norway J J
(Korsavi et al., 2021) Plymouth - UK J J N
(Luna-Navarro et al.,, 2022) Cambridge - UK J J

In terms of the relevance of the weather conditions, Clear et al. (2006) pointed out that two

parameters were strongly correlated to occupant behaviour, such as the variation of the sky

conditions and the outdoor vertical illuminance. Korsavi et al. (2021) have also reported that

occupant behaviour can be impacted by building-related features such as orientation and floor

level on automated window operation. Lolli et al. (2019) and Luna-Navarro et al. (2020) showed that
orientation and sky condition affect blind occlusion. Moreover, depending on the hemisphere, some
orientations can be more challenging. For example, the west and east orientation in the northern
hemisphere is challenging due to the low-angle sun situations during the late winter and early
spring (Day et al., 2019), while south orientation can be more challenging for overheating. In most
cases, the studies were conducted with south-oriented fagades (14 studies).
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FIG. 2 Climate where the reviewed studies were performed (classification according to the Koppen Climate). The climates are:
humid sub-tropical climate (Cfa); temperate oceanic climate (Cfb), cold-summer Mediterranean climate (Csc), warm-summer
humid continental climate (Dfb), Monsoon-influenced hot-summer humid continental climate (Dwa).

Concerning where the study took place, two main locations were found: laboratory and real office
building (Fig. 3). Laboratory refers to a room fully equipped with sensors and other instruments and
that can be adjusted to create the desired experimental conditions and collect relevant data from
the indoor environment and occupants. In addition, laboratories are occupied by users only for the
purpose of conducting an experiment. In contrast, real office building includes real-world occupied
buildings. The studies were split almost eqally between field and lab environments.

H Laboratory OReal Building
FIG. 3 Pie chart diagram with the number of studies performed on laboratory and real buildings.
Some studies showed that the number of occupants and room characteristics may impact occupant
response. Clear et al. (2006) mentioned that visual dissatisfaction reported by occupants was not

only produced by the level of sun exposure of the windows but also by the interior walls and object
reflection. Additionally, occupants indicated that the room's colour was a source of dissatisfaction.
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The weather conditions impact occupant response, and the magnitude of its impact depends on
other factors such as orientation, building characteristics, obstructions, window size, and indoor
features (Karlsen et al.,, 2016). Also, indoor room characteristics, such as type of layout, wall colour,
amenities, and office features have been proven to affect comfort perception, satisfaction, and
occupant response (Bakker et al., 2014; Clear et al., 2006).

Regarding the number of occupants in the same room, Cheng et al. (2016) and Bian et al. (2020)
stated that the situation of multiple persons in the general space, performing different tasks should
affect the occupant’s response to the automated control, even changing throughout the day. However,
only a few studies have studied occupant response in shared office spaces.

PERSONAL FACTORS AFFECTING OCCUPANT RESPONSE TO AF

Personal factors might affect occupants’ behaviour and perception, varying from person to person
and depending on specific occupants’ attributes (Clear et al., 2006). Based on the articles reviewed,
personal factors that might affect occupant response are shown in Fig. 4 and are grouped into:
“General characteristics”, “Personal attitudes”, and "Personal significance of the environmental
quality”. General characteristics refer to the group of features that describe each individual, such as
age, gender, profession or work performed, use of glasses, visual disability, handedness, eye colour,
and ethnicity (Karlsen et al., 2015). Attitudes refer to the predisposed state of mind of occupants,
including habituation to the laboratory or test room, enjoyment of task, pleasantness of the indoor
space, rest, and mood (Clear et al., 2006). Finally, personal significance of the environmental quality
defines the level of importance that an occupant attributes to a specific environmental domain, such
as visual aspects, thermal aspects, air quality, acoustic aspects, privacy, personal control, and room
quality, e.g. amenities or services in the room (Sadeghi et al., 2016).
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FIG. 4 The number of studies that investigated personal factors in previous works as affecting occupant response to automated
facades are shown per type of personal factor studied: general characteristics, attitude, and personal significance of the indoor
environmental condition.
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The most reported personal characteristics were age and gender, while the level of rest was rarely
considered. Five studies included occupants’ attitudes (Clear et al., 2006; Karlsen et al., 2015; Luna-
Navarro et al,, 2022; Motamed et al,, 2017; Sadeghi et al., 2016), with Luna-Navarro et al. (2022) being
the study that took into account the most attitude descriptors. A few studies considered the personal
significance of environmental characteristics, such as visual environment, thermal environment, air
quality privacy, personal control and room quality (Clear et al., 2006; Karlsen et al.,, 2015; Sadeghi et
al,, 2016). Clear et al. (2006) gave a detailed summary about all of them.

Even though most of the studies gathered personal information, the data was often not used to
differentiate the results and provide evidence about the importance of occupants’ characteristics,
attributes, and personal significance in response to automated fagades. Overall, three out of twenty-
six studies differentiated the data on one or more personal factors to evaluate their impact on
occupant response. Clear et al. (2006) reported that age, gender, and other characteristics affected
occupants’' responses to the electrochromic window operation. This was determined by finding
correlations between characteristics of the subjects and appraisals of the different test modes.

The main findings were a significant correlation (explained by the level of fitness R?) between the
importance of quiet and sensitivity to environmental noise (R* = 0.48), the importance of access to
outdoor view and the importance of windows (R? = 0.25), the importance of good lighting and the
importance of light and window control (R? = 0.22), and the importance of good temperature control
and the sensitivity to both heat and cold (R? = 0.26). Karlsen et al. (2015) analysed the percentage of
males and females who selected one of the two control strategies (simple and detailed) or the option
‘No preference’. Using a Fisher test, the analysis showed no significant dependence between gender
and preferred control strategy. Painter et al. (2016) examined the data for studying user interaction,
considering that one out of the four participants had a visual condition that affected her vision at
times and increased her sensitivity to light. However, no evidence was reported about the effect of the
visual conditions in the responses provided by the occupant.

Some authors pointed out that personal factors may determine whether the selected control
threshold would lead to a satisfactory indoor environment (Lee et al., 2012; Painter et al., 2016).

For instance, personal significance to specific surroundings impacts occupant tolerance to indoor
environmental conditions. Karlsen et al. (2015) suggested that the participants might tolerate some
glare disturbance depending on the relative importance of access to the outside view. Even the
occupants’ knowledge (regarding habituation) about the system functionality may impact their
ability to interact with the automated facade (Bakker et al., 2014; Lee et al,, 2012; Sadeghi et al., 2016).
Additionally, specific users’ characteristics, such as wearing glasses (Lee et al., 2012) and visual
conditions (Painter et al., 2016), could explain why some occupants are more likely to prefer different
lighting conditions.

Several studies did not report information on personal factors, both in the laboratory and in field
studies. This includes a lack of clear information about general characteristics (e.g. wearing glasses,
vision disability, handedness, eye colour), attitude (e.g. habituation, enjoyment, pleasantness, rest,
mood), and personal significance (regarding the visual, thermal, air quality, personal control, room,
and acoustic environment).
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IMPACT OF OCCUPANT RESPONSE TO INDOOR ENVIRONMENTAL
CONDITIONS ON OCCUPANT OVERALL SATISFACTION WITH AF

Occupant response to indoor environmental condition was taken into account in 26 studies when
evaluating the performance of AF. The indoor environmental conditions were evaluated by capturing
a wide range of comfort domains, particularly in the visual and thermal domains (see Table 4).

TABLE 4 Summary of environmental domains measured by sensors and occupant responses captured by questionnaires
investigated in previous works.

Visual environment

Outside view
Glare
Thermal
Environment
Acoustic
Environment
Indoor air quality
Behaviour and
Interaction

<. Satisfaction

<. Acceptance
Perception
Sensation

(Vine et al., 1998)
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<. i<2_ i<  Comfort

2
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(Cheng et al., 2013)

< iel i<l i i e i< i< i< Daylight

(Bakker et al., 2014) J
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(Gunay et al., 2017)

(Motamed et al., 2017)

(Choi et al., 2019)
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(Lolli et al., 2019)

(Motamed et al., 2019)

(Wu et al., 2020)

(Bian et al., 2020)

N A N D N N L
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(Lolli et al., 2020)

(Korsavi et al., 2021) J J

i

(Luna-Navarro et al., 2022) J J J N J N J

The visual environment was evaluated by measuring daylight levels (24 studies), glare probability (12
studies), and access to outside view (4 studies). Daylight was very often measured on the work plane
in terms of horizontal illuminance (18 studies) and vertical illuminance (10 studies). Glare probability
was calculated by measuring vertical illuminance at eye level (6 studies) and luminance distribution
from the occupant'’s point of view by HDR imaging (6 studies). Access to outside view was monitored
by estimating the visible unobstructed window area (1 study). The thermal environment was
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captured by measuring indoor air temperature (9 studies), window surface temperature (2 studies)
and vertical irradiance at the window plane (3 studies). The acoustic environment (1 study) and
indoor air quality (1 study) were not extensively described since the articles reviewed are talking
about dynamic shading devices.

Although several studies captured occupant response to indoor environment, only a few reported
that occupant response to indoor environmental conditions affected occupants’ response to AF (Fig.
5), either in terms of the visual environment, thermal environment, privacy and acoustic comfort.
Several studies showed that occupant response to automated control strategies was significantly
driven by occupant dissatisfaction with indoor illuminance control (21 studies). Regarding visual
occupant requirements, office occupants tended to prefer higher indoor illuminance levels when

the AF was activated (Bakker et al,, 2014; Cheng et al,, 2013; Clear et al., 2006; Guillemin & Morel,
2002; Lee et al,, 2012; Vine et al,, 1998). Sadeghi et al. (2016) and Goovaerts et al. (2017) reported that
override actions to open the fagcade were carried out when increasing daylight was needed, while
Motamed et al. (2017) described that the preference for the automated mode was driven by the
discomfort produced on excessive daylight indoor conditions. Additionally, it was told that occupants’
illuminance requirements differ with tasks and areas (Cheng et al,, 2016), changing even throughout
the day (Bian et al., 2020). Vine et al. (1998) indicated that occupants were satisfied not only with

the ability to control the blinds to adjust the amount of daylight but also to adjust the direction and
distribution of the daylight in the indoor space.

21
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FIG. 5 The number of studies that showed that environmental factors affect occupant response with the AF operation.

Glare discomfort is the most frequent factor affecting occupants’ responses to the automated control
(16 studies). When the automated control did not effectively protect against glare, occupants overrode
(Goovaerts et al,, 2017; Gunay et al., 2017; Lolli et al., 2019; Sadeghi et al., 2016) or adjusted the
control parameter as allowed (Bian et al.,, 2020). Glare competes with daylight provision. When the
automated control was operated based on glare, occupants intervened to improve daylight quality
(Gunay et al., 2017; Meerbeek et al., 2014). When the automated control avoided discomfort from
direct sun and or glare, occupants preferred more daylight (Lolli et al., 2019; Meerbeek et al., 2014;
Motamed et al., 2017).
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Other studies also suggested that the outside view impacts occupants’ environmental preferences

(9 studies), influencing even the choice of the preferred control strategy (Karlsen et al,, 2015; Luna-
Navarro et al,, 2022). Clear et al. (2006) and Meerbeek et al. (2014) pointed out that the outside view
was an important comfort factor for the occupants, who were operating the fagcade not only to
improve the connection with the outside but also to decrease the level of visual stimulus from the
exterior. Gunay et al. (2017) described that occupants interfered with the automated control mainly to
improve the outside view when the system worked to avoid glare.

A few studies also mentioned that occupant response was impacted by privacy (3 studies). Sadeghi
et al. (2016) mentioned privacy as the most important factor affecting lowering blind actions

together with glare discomfort. However, privacy depends on contextual characteristics such as the
surrounding environment and position in the building. For instance, Meerbeek et al. (2014) explain
that the subjects surveyed were not worried about privacy because the office was located on the third
floor, far away from the street level.

Dissatisfaction with the thermal environment was mainly related to the ability of the fagade to
control the incoming solar radiation (Lolli et al., 2019; Sadeghi et al., 2016) or to provide air flow,

as suggested by Korsavi et al. (2021) and Lolli et al. (2020). A few studies surveyed occupants to
calculate the predicted mean vote (PMV) (Kim et al., 2009).

A few studies also reported acoustic environmental conditions and acoustic satisfaction (4 studies).
Luna-Navarro et al. (2022) pointed out that acoustic discomfort was the main driver of occupant
dissatisfaction with the fagade system.

Studies have also reported that metrics used to capture occupant requirements presented problems
when implemented into the automated facade control system. Goovaerts et al. (2017) informed that
DGP underestimated the impact of direct sunlight, which generated the set-point lowered by users
when direct sunlight was present. A similar problem was reported by Taniguchi et al. (2012) when
the algorithm to evaluate indoor luminance overestimated glare sources in the afternoon. Other
authors have said people's glare sensation increases gradually from morning until midday but
becomes stable or more sensitive to glare in the afternoon (Bian et al., 2020).

The majority of the studies investigated the impact of control strategies on occupant's visual domain.
On the thermal domain, articles did not report conclusions on how an automated fagade affects the
thermal environment.

How distance from the fagade affects occupant interaction with the fagade is still undetermined.
Only Day et al. (2019) mentioned that the window's proximity improves occupants’ satisfaction.
Moreover, the impact of indoor environmental conditions on the occupant response to the automated
fagade has not been researched sufficiently, making it difficult to extrapolate results, throughout
different fagade technologies, control logics, and under different weather conditions, to improve
current control strategies.

What the main drivers of occupant satisfaction with automated fagades are, remains undetermined,
in particular whether or not there is an inherent order of importance among different environmental
domains. For example, it has been reported that occupants significantly value daylight access (Lee et
al., 2012) and outside view (Choi et al., 2019; Wu et al,, 2020) and that these factors are often the main
reason for overriding an automated facade control system (Meerbeek et al.,, 2014). The personal level
of control also influences occupant environmental requirements. Thus, occupant preferences may
be different depending on the interaction level provided by the fagcade controller (Luna-Navarro et al.,
2020). However, there is no clear evidence on whether or not a hierarchy of comfort domains exists.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10 / POWERSKIN / 2022



3.5

032

THE EFFECT OF CONTROL AND INTERACTION
LOGIC ON OCCUPANT RESPONSE TO AF

The control and interaction strategy influences occupant response to the automated fagade (Bakker
et al., 2014). As a way to improve occupant satisfaction with the automated fagade, studies have

tested different control strategies. Table b summarises the main characteristics of the control logics
studied up to now. Additionally, the table gives information on the sensor position (interior/exterior).

TABLE 5 Summary of environmental domains measured by sensors and occupant responses captured by questionnaires
investigated in previous works.
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loop information algorithm Control algorithm Sensor place
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Sadeghi et al. (2016) reported a dependency between facade configuration (shade position or window
transmittance) and occupant satisfaction with the indoor environment. Clear et al. (2006) and Day et
al. (2019) pointed out a similar situation for the switchable glazing operation. When electrochromic
glazing became opaque, occupants felt more dissatisfied with that configuration, leading to override
actions to improve daylight and outside view.

Regarding control loops, studies have described two types: open-loop (12 studies) and closed-loop
(14 studies). The control logics used three different sources of information: sensor-based (25 studies),
model-based (7 studies), and others (e.g. time, sun profile, weather file, and schedule). The low
number of model-based control cases is explained by the fact that this method is computationally
intense, lacking in algorithms to develop occupant models inside building controllers (Gunay et al.,
2017). The control algorithm implemented in the fagade control system was classified into three
categories: rule-based (20 studies), adaptive (5 studies), and predictive (3 studies). Most studies
implemented rule-based algorithms to control automated fagade systems. The adaptive algorithms
found were Q-Learning (Cheng et al., 2016) and recursive learning (Gunay et al,, 2017). Only three
studies implemented a predictive algorithm to analyse and integrate outdoor weather and indoor
lighting conditions into a model-based system (Guillemin & Morel, 2001; 2002) to anticipate occupant
interaction with the automated fagade system (Gunay et al., 2017).

Automated facade control can improve indoor environmental quality (Clear et al., 2006; Kim et al.,
2009; Lolli et al,, 2019; Motamed et al., 2019), although the effect on occupant satisfaction varies from
case to case. For instance, Lolli et al. (2020) reported that automated control improved the desired
indoor environmental quality. Similarly, Luna-Navarro et al. (2022) showed that, when the control
strategy is properly designed, automated control can provide greater satisfaction than a manually
controlled environment. However, if the automated control is disruptive to users, manual controls
outperform automated ones. On the contrary, Motamed et al. (2017) showed that the subjects’ visual
performance was not improved by automated control strategies. Therefore, the type of control
strategy is an important factor for occupant satisfaction. The impact of fagade control operation
affects the indoor space zones differently. Day et al. (2019) reported that occupants placed in the
interior, far away from the window did not receive enough daylight when the switchable glazing
became dark, and occupants were ultimately displeased with their workspaces.

In regards to determining what aspects of the control strategy most affect occupants, current
evidence is fragmented. In terms of control thresholds, Goovaerts et al. (2017) showed that different
controls could achieve equal indoor illuminance levels on a desk in the same context but still affect
satisfaction among occupants differently. Therefore, personalising the control threshold may not

be sufficient to meet individual occupant requirements. In this context, it seems well-established
that occupants have individual comfort preference (Cheng et al., 2013) and behavioural responses
under different control algorithms (Korsavi et al,, 2021). However, to what extent personalisation of
control strategies is required is less clear. The automated control's capability to predict occupant
preferences is deemed important to improve occupant satisfaction with automated controls
(Meerbeek et al,, 2014).. A predictive lighting and blinds control algorithm can significantly reduce
electric lighting consumption in perimeter office spaces whilst mantaining user comfort (Gunay et
al,, 2017). The predictive control strategy should incorporate as many profiles as there are occupants
in the indoor space (Korsavi et al., 2021). Painter et al. (2016) mentioned that a solution might be to
develop tools that allow the system to evaluate comfortable and uncomfortable conditions based on
physical measurements and occupant control actions. However, capturing more than one user profile
and integrating all that information is one of the challenges that adaptive and predictive control
strategies currently face.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10 / POWERSKIN / 2022



3.6

034

Few studies advocated for controlling and designing the fagade by taking into account the multi-
domain influence of fagades on users (Luna-Navarro et al., 2022), however, there is still discussion
on whether one environmental domain should be prioritised by the control (visual over thermal)

or visual aspect (glare over daylight) . This is particularly challenging since adjusting one comfort
domain can affect the others. For example, Goovaerts et al. (2017) showed that occupants overrode
the automated control to increase daylight when it was configured to avoid discomfort glare. Karlsen
et al. (2015) mentioned that occupants felt more comfortable with the automated control when it
considered indoor environmental parameters affecting their satisfaction perception (in this case,
thermal aspects). Gunay et al. (2017) pointed out that occupants intervened to improve the view
quality when the system operated based on glare mitigation or building energy efficiency.

Regarding the mode of operation, several studies indicated that the automated fagade might
influence occupant response because it affected not only the physical parameter defining indoor
environmental quality but also impacted the fulfilment of the occupant requirements for personal
control (Meerbeek et al., 2014). For instance, Bakker et al. (2014) reported that less frequent, discrete
transitions in fagade operation are better appreciated than smooth transitions at a higher frequency.
However, this topic is largely unexplored. Personal control is key to restoring comfort when the
system is not efficient in controlling environmental parameters (Day et al., 2019). Guillemin & Morel
(2002) reported that occupants interacted with the automated control as often as the manual control
system, reinforcing that comfortable indoor conditions are insufficient for occupants.Occupant
environmental requirements and preferences are influenced by the level of control over the system,
being able to accept automated control only if they can control it when they need to. Limited indoor
environment control has detrimental effects on occupant comfort (Lolli et al., 2020). Furthermore,
interaction strategy could work in the opposite direction, being a source of distraction if occupants
are involved in the system's operation too frequently (Bakker et al.,, 2014).

THE EFFECT OF FACADE TECHNOLOGY ON
OCCUPANT RESPONSE TO AF

The type of fagcade technology affects occupant response to automated control strategies because
each facade technology offers a different range of dynamic performances, such as controlling visual
transmittance, blocking incoming solar radiation, and redistributing daylight in the indoor space.
Additionally, different facade technologies have different performances in terms of their ability to
balance conflicting requirements, such as glare versus daylight access, solar transmittance versus
surface temperature, and privacy versus outdoor view.

Table 6 summarises the fagade systems and the position of the shading system. Regarding facade
technologies, the main shading system tested in previous work is that of venetian blinds (16 studies),
followed by roller shades (8 studies). Switchable glazing has also been evaluated (5 studies), while
window opening was the least implemented (2 studies). The automated control controlled a range

of fagcade characteristics, which depended on the technology implemented. In the case of venetian
blinds, the system controlled the slats deployment (hold/release) and slat tilt, for roller shades

it controlled up and down positions, switchable glazing allowed the modification of glass visual
transmittance, while for window opening the window aperture percentage was controlled.

The type of fagade also defines how disruptive a control strategy will be. For instance, Luna-Navarro

et al. (Luna-Navarro et al,, 2022) reported that placing the blinds within the cavity resulted in more
effective control of the solar heat gains and was less disruptive to occupants, especially in terms of
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their associated noise. Bakker et al. (2014) reported that occupants close to the operation of roller
shades were the most disrupted by them. Vine et al. (1998) mentioned that the transition from one
position to another, the activation frequency, and the sound generated was considered sources of
distraction. Moreover, Wu et al. (2020) also pointed out that the speed of switching also had an impact
on occupant satisfaction, who preferred slower and smooth transitions.

TABLE 6 TABLE 6. Summary of fagade technologies included by previous works to assess the influence of fagades on occupant

response.
Fagade system Shading device placement
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CONCLUSIONS

This work reviewed twenty-six previous laboratory experiments and field studies that monitored
occupant response to automated fagades. These studies were reviewed to gather and analyse current
evidence on the influence of the following factors on occupant response to AF: (1) contextual factors,
(2) personal factors, (3) environmental conditions, (4) control logic, and (5) facade technology.
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Throughout the evidence gathered, this literature review shows how occupant response to the AF is
captured in terms of occupant behaviour or interaction with the automated control, satisfaction with
the interaction strategy, level of acceptance of the automated control logic, perception of the indoor
environmental conditions, and sensation regarding specific environmental domains affected by

the AF operation. The focus of existing studies was limited to a few climatic conditions and similar
types of buildings. In most studies, the experiments took place in single office layouts, and data on
occupant response to AFs in open-plan office spaces is scarce.

Regarding the aspects affecting occupant response to AF operation, studies indicated that personal
factors impact occupants’ behaviour and perception of the indoor environment, varying from
person to person and depending on the specific attributes of occupants. Most of the studies reported
personal characteristics, but attitudes and personal significance of indoor environmental quality
were missed by most of the articles reviewed.

Concerning the control strategy, occupant interaction with the automated control is an essential
determinant of occupant requirements for the AF operation. Occupant requirements and
preferences are influenced by the level of control over the system, accepting automated control
only if they can control it when they need to. Additionally, occupant interaction with the AF is driven
primarily to fulfil personal environmental requirements, such as increasing daylight, privacy,
access to views, and avoiding glare discomfort. Although AF can provide “comfortable” indoor
environmental conditions, it does not properly ensure the achievement of individual environmental
requirements and preferences.

In terms of the impact of fagade technology, the type of technology affects how disruptive a fagade
is and depending on the technology, the overall satisfaction could be higher or lower. In particular,
differences in facade effects are noticeable when technologies compromise one environmental
domain in favour of another.

Overall, several barriers still exist to automated fagades that can enhance occupant response, and
further research effort is required to answer the following gaps:

relationship between personal factors and occupant response to AF, in particular there is the need to
establish common methods for gathering evidence in this domain, since the majority of the studies
do not consider personal factors;

poor understanding of occupant multi-domain comfort preferences regarding facade operation.
Unlocking a holistic and more comprehensive knowledge of occupant response to automated facades
should be used to achieve more user-centric automated fagade solutions.

the lack of research to define to what extent learning and personalised control are possible

and, in such a case, how to deal with multiple occupants in the same room operating a

unique automated fagade.

In addition, extending the test scenario to different climates or contextual conditions would be very
beneficial, since studies were mainly concentrated on a few climates and conditions. This also
undermines generalisation, since larger replication within the same conditions would be beneficial
to extend the results.

Ultimately, there is the need for new studies that can demonstrate the benefits of automated fagade

control strategies and whether personalised controls are necessary to achieve higher occupant
satisfaction whilst reducing the energy demand.
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Abstract

The article investigates the dependencies of fagade design and construction in the integration of a
sustainable solar-powered cooling system based on closed adsorption. The presented work focuses on
the possible design variants of the envelope surface of the facade -integrated adsorber. The principle

of adsorption cooling is presented and, based on this, architectural options for fagade integration are
investigated. This is done both constructively and visually. For each variant, the solar gains are summed
up and compared with each other. A functionally designed adsorber, similar to a flat plate collector,
serves as a reference and starting point for the modifications. It provides the comparative value for the
energy evaluation. The modification is limited to the visible surface of the absorber. The texture of the
solar adsorbing sheet was changed and the glazing used was replaced by ETFE cushions and by a novel
ETFE vacuum panel. Finally, the solar simulation results were integrated into the higher-level system
simulation to evaluate the resulting gain in cooling capacity. The results show that the system could
generate more than 100 W per installed square metre of adsorber fagade. Furthermore, higher solar
gains compared to the reference case can be obtained at particular times of the day due to geometry
and material changes. However, the modifications always lead to a reduction of the total cooling power.
In conclusion, the simulation results reveal that design flexibility is possible, but currently the studied
design variants have a lower cooling capacity compared to the solely functionally designed adsorber.
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INTRODUCTION

MOTIVATION

The world is getting warmer (Masson-Delmotte et al., 2021). Due to the steady progress of global
warming, we are experiencing extreme heat events on Earth with increasing frequency. In many
parts of the world, temperatures are reaching levels that are life-threatening for people. In order

to slow down the global warming that is responsible for this, the consumption of resources in the
building mass will be reduced in the future. In addition, the savings in building mass, and thus COZ2,
further increases the thermal dynamics of buildings, which in turn leads to faster natural heating
of the interior with the risk of over-heating. In the future, we will therefore not be able to operate
buildings without active cooling in both existing and new buildings. Current centralized cooling
systems have limited retrofit capability due to large pipe cross sections. Decentralized electricity-
powered air-conditioning systems cannot be used everywhere due to low heat recovery, noise
intensity, and their susceptibility to servicing (Giebeler et al., 2008). In total, air-conditioning systems
already consume almost 16 % of final energy consumption in the building sector (about 1885 TWh)
in electrical energy in 2020 (IEA, 2021). In order not to further intensify climate change, this cooling
energy must be generated in a CO2-neutral way. In this context, a decentralized adsorption cooling
system for buildings was developed as part of the Collaborative Research Center 1244 (SFB 1244)

at the University of Stuttgart (Germany), which uses the incident solar energy on the building
fagade. The use of solar energy is not only sustainable, but it is also an attractive option due to

the parallelism of cooling capacity and external cooling load (Giebeler et al., 2008). Because of the
integration into the fagade, the function of solar energy harvesting becomes a design parameter

for the architecture.

There are several different solar-based cooling concepts for buildings. These systems are classified
according to their energy sources, which are either electrical, as in the case of photovoltaics (PV),

or thermal, as in the case of solar collectors. The electrical energy generated by PV is used for
cooling by means of compression units or Peltier elements. The former is currently the most
common type of solar-powered cooling (Alexopoulos & Kalogirou, 2022). The direct use of thermal
energy sources is divided into closed and open systems. Open systems, which can also be used for
dehumidification, are based on liquid absorption or solid adsorption. Closed systems work either
thermally and mechanically or on the principle of solid adsorption. The respective advantages and
disadvantages of the individual systems and their possible use in buildings have been considered

in detail in the past (Prieto et al., 2017a). The fact that the systems have not made their way into the
built environment is due to several reasons. The main barrier is the performance, aesthetic, and
complexity of the existing developments (Prieto et al., 2017b). In the past, the focus of research was
mostly on energy optimization, while the integration of solar thermal collectors into the fagade was
mostly limited to the constructional side. The mounting of existing collectors on the fagade rather
than integration into the fagade is still practiced today. Integration into mullion-transom fagades has
been realized in a few cases but has not gained widespread acceptance. On the component level,
there are several research projects that deal with further integration methods of different systems
(Buker & Riffat, 2015), but there is currently no work known that addresses the design and functional
integration with respect to the surface of the solar fagade. In particular, the time-dependent influence
of the surface structure on the solar gains has not been a subject of research in the context of a
solar facade until now. Yet new digital manufacturing methods enable the production of individual
elements for a specific task.
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The aim of this work is to investigate the possibilities of the novel adsorption cooling fagade (ACF)
system in terms of the visible fagade surface from a design point of view excessively reducing the
cooling performance. Publications have shown that a purely functional consideration does not
necessarily lead to an application in the building context. An important and often neglected aspect
is the design integration into the building concept (Prieto et al., 2017b). In this context, the aesthetic
of a building is multifactorial and has occupied architects since the time of Vitruvius (1% century

BC) until today. The paper “What makes a fagade beautiful?” (Prieto & Oldenhave, 2021) sorts the
often-mentioned points of fagade aesthetics into intrinsic and extrinsic aspects. Intrinsic aspects like
colour, proportions, and texture are as important for a “successful fagade” as extrinsic aspects like
logic, local context, or conceptual clarity. Due to the individual external dependencies of the extrinsic
aspects, the paper can only look at the intrinsic aspects.

As detailed in Section 1.2, there are three components of the ACF that must be integrated into the
building: Adsorber, Condenser, and Evaporator. This paper only addresses the integration of the solar
absorbing adsorber into the fagade. Due to the prevalence of element fagades in high-rise building
construction, this project assumes the integration of the adsorber into a curtain wall element.

The element frame and its material will not be discussed further.

COOLING PRINCIPLE AND PRELIMINARY WORK

The novel facade-integrated closed low-pressure adsorption system for solar cooling was proposed
within the SFB1244, which was first mentioned in Bockmann (Béckmann et al., 2022). This
adsorption cooling fagade (ACF) uses solar radiation as an energy source. It is therefore suitable

as a renewal of the fagade during building renovations or directly integrated into new buildings.

An advantage of the decentralized system is that it could be installed modularly and is resilient to
the failure of individual elements. The shifting of cooling generations to the vertical fagade reduces
the competition for space on the roof surface between HVAC systems, photovoltaics, terrace use or
greenspace applications. Vertical thermal energy harvesting has a 30% (Kasper & Heidler, 2011)
lower total energy gain than optimally aligned collectors. However, more decisive for the optimal
orientation is the time of solar energy input, to harvest solar energy in the morning for cooling the
afternoon. In this case a vertical orientation can achieve more solar energy gains compared to a tilted
collector, as the solar zenith is low in the morning. Due to the favourable ratio of footprint to square
metre of fagade and the avoidance of ambient shading, high-rise buildings are most suitable for the
proposed adsorption cooling facade (ACF).

The system consists of three main components: adsorber and condenser, both located on or in the
facade, and the evaporator, located below the storey ceiling. It runs through two main phases during
each day (Fig. 1): the regeneration phase and the cooling phase. During the regeneration phase, the
adsorber is heated up by solar irradiation, initiating the desorption of the adsorbed water. As soon as
the adsorber is no longer heated due to the repositioning of the sun, the subsequent cooling phase
starts. In this phase, the adsorber is connected to the evaporator, continuously re-adsorbs vapour and
thereby lowers the vapour pressure inside the evaporator. Consequently, evaporation is induced in
the evaporator, resulting in a temperature decrease of the remaining water and thus provides cooling
power to regulate the indoor room/building temperature
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FIG. 1 Integration of the adsorption cooling fagade system into one storey of a high-rise building during the regeneration phase
(left) and the cooling phase (right)

The simulation of a reference case yields cooling rates of 54 W per installed square metre of
adsorber fagade, cmp. Figure 2. The cooling power can be maintained for 12 hours, confirming

the applicability of the proposed cooling system. However, continuous cooling over the whole day
cannot be achieved with only one ACF as the regeneration phase is required. This could be achieved
by additional adsorber and condenser elements on the opposite fagades of the building, which will
be considered in future investigations. The temperatures inside the adsorber reach values of up to
100°C at the end of the regeneration phase, cmp. Figure 2. (B6ckmann et al.,, 2022)
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FIG. 2 Evolution of the cooling power (black line) and of the temperature (red line) inside the adsorber over time t. The
regeneration phase is shaded light grey and the cooling phase is shaded dark grey.

Additionally, a broad parameter study provided information about possible optimization to
increase the cooling rate and cooling capacity. The orientation of the adsorber fagade elements,
the surface area ratios of the components, and the design of the adsorber were identified as
promising optimization parameters. Based on these results, a best-case configuration was
identified that revealed cooling rates of up to 150 W per installed square metre of adsorber fagade
(Bockmann et al,, 2022).
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Based on the highest possible energetic gains, a reference collector was developed in a first step,
which fulfils the above-mentioned characteristics. This is based on information from the literature
for solar collectors and from the functional constraints of the cooling principle. In a second step, the
visual and absorptive effects of changes in the different layers of the adsorber are shown by means
of two examples. The solar absorptance of the variants was determined simulatively and then each
was incorporated into the higher-level component simulation in order to evaluate the effectiveness
for the entire ACF.

Rhinoceros 3D software version 7 (Robert McNeel & Associates, Seattle, USA) with the Grasshopper
plugin were used to get a three-dimensional parametric model of the Adsorber. The models

thereby fulfil the function of a visual assessment and basis for the irradiation simulation.

The modelled collectors were 1.5 m by 1.5 m. One square metre centred in it was set as the area

to be analysed, to reduce the impact of the frame. The parametric model provides the flexibility

for optional optimization steps. The simulation of solar irradiance on the absorbing surface was
performed with the plugin Ladybug and with the five-phase method of the Radiance software,

used in the environmental analysis plugin Honeybee (Roudsari, 2022) in the Grasshopper graphical
programming interface of the Rhinoceros 3D software (Roudsari & Pak, 2013). Ladybug, a tool for
analysis of climate data, allows simulation of irradiance on a given surface based on date, location,
and geometry. Due to the time-saving simulation method, the subsequent optimization is based on
this tool. For a more detailed investigation, the software Radiance was used. The simulation includes
the parameter date, location, geometry, colour, reflectance, and transmittance of each specific
material to get the hourly effective solar irradiance per square metre. Effects of the frame, back
radiation of the environment, and external shading conditions were not considered, as such factors
are secondary and must be considered for the individual integration case. The collector efficiency

is crucial for the irradiation simulation of the entire system. This depends decisively on the optical
efficiency, which relies on the reflectivity and absorptivity of the materials used. The solar absorption
coefficient of the highly selective coating is reported to be 96% (Kasper & Heidler, 2011). Since
Radiance only calculates the incident radiant energy, all results were multiplied by a factor of 0.96
for the total solar gains. For the absorption sheet, the material was set in Radiance with a specular
reflectance of 4%. Both simulations were done with the location as Stuttgart (Germany, 48°44'565.4 "N
9°06'43.2 “E) and the facade orientation of the Collaborative Research Center 1244 demonstrator is
approximately south-southeast (SSE) azimuth (-22.5°). The ASHRAE Revised Clear Sky (Tau Model),
due to its accuracy for European latitudes, was used as the sky model (Badescu et al., 2013). For th e
Ladybug simulation, the direct and diffuse radiation were extracted from this model. 26" August was
always assumed for both solar simulations.

The evolutionary optimization tool Galapagos (Rutten, 2013) was used to optimize the geometry of
the structures in section 3.3.1 with respect to maximum solar gains. The parameters that could be
changed with the optimization tool were the height z and the ratio of x1 to x2, which is described
in more detail in Chapter 3.3.1. In addition, the results were transferred to the Rhinoceros 3D
environment for visualization. The optimized structure was also again simulated more accurately
for its solar irradiance by using Radiance, with the specific material properties of each component.
The whole workflow process is depicted in a simplified manner in Figure 3.
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FIG. 3 Workflow diagram for modelling and simulation

The component simulation of the ACF was performed by co-author Boeckmann in (Bockmann et

al., 2022) and confirmed the suitability of the system for building applications. Detailed component
models were developed for the three main components adsorber, condenser, and evaporator, which
are coupled by the vapour flow. The component models describe the internal heat and mass transfer
processes as well as the adsorption and condensation/evaporation processes. Simulations of the
components were carried out under realistic boundary conditions, applying the evolution of solar
irradiation and ambient temperature over time for a summer day in Stuttgart.

3 RESEARCH SET-UP

3.1 BUILDING INTEGRATION PRINCIPLES

On a general level, there are various integration principles for integrating the adsorber element
into a fagade concept (Fig. 04). Either the system is integrated into the fagade level or into the sun
protection level. In the case of integration into the fagade level, the adsorber element can be located
within the insulation layer or in front of it.
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FIG. 4 Integration of an adsorption element
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Finally, the various principles are to be considered as both adaptive and fixed elements. With
increasing functional integration, the level of integration and also the complexity of the component
tend to increase. (Klaiber, Frohlich, & Vietor, 2019) Regardless of the selected facade system, all
principles have in common the design-determining visible surfaces of the components. Since these
are the energy harvesting surfaces, they have a large impact on the effectiveness of the overall
cooling system. This means that there are functional boundary conditions for the adsorber that must
be considered in the design of the adsorber. These are discussed in more detail in Section 3.3.

REFERENCE ADSORBER DESIGN

The preliminary work (Sect. 1.2) has shown that for the efficient operation of the system, the highest
possible temperature difference between the adsorption and desorption phases should be achieved.
For this reason, unglazed plastic or stainless-steel absorbers, as they are already installed in
facades today, cannot form the basis of our novel collector. Currently, only vacuum tube collectors
and vacuum flat plate collectors reach the temperature range of 100°C or more. (Kasper & Heidler,
2011). In contrast to the decisive maximum temperature difference, vacuum collectors are generally
only optimized for maximum energy gain. A possibility for rapid heat dissipation to the environment
is not provided. Therefore, based on the principle of a conventional flat plate collector, a new type

of collector had to be developed, which allows high-temperature differences between regeneration
(charging) and cooling (discharging) phases, which is realized through switchable heat release.
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FIG. 5 [1] Top section view adsorption element with reference design, [2] Example of a fagade integration of the reference design

Using the general model of product development (VDI 2221, 2019), a reference design (RD) has been
constructed (Fig. 5) as a starting point for the investigations. In contrast to a flat plate collector,
double insulating glazing with thermal insulation coating in front of the absorbing surface is applied
here. For optimal radiation absorption of > 90% (Kasper & Heidler, 2011), this surface is provided
with a highly selective coating (Physical Vapor Deposition (PVD) / Chemical Vapor Deposition (CVD)).
The absorbing surface is at the same time part of the vacuum adsorber and responsible for the heat
transfer. The resulting air-filled space between the glass and the absorber sheet can be ventilated
by means of upper and lower flaps. This vertical convection, which can be activated in the cooling
phase, enhances the required heat dissipation and thus facilitates the rapid temperature drop of

the adsorber, yielding higher evaporation rates in the evaporator and thus higher cooling power.
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The heat release is further enhanced with vertical fins on the absorber sheet to increase the heat
emitting surface area. The effectiveness of this approach has been verified by numerical simulations
and experimental validation is currently being conducted.

In This new development of a collector, specific to our system, gives the opportunity to consider

the design aspects in the functional design and to explore general approaches for the surface
design. As starting points, we have identified two layers on the reference adsorber, which contribute
significantly influence the appearance (Fig. 6):
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FIG. 6 Section view of the Adsorber element in regeneration phase (left) and cooling phase (right).
Layer 1,2 and 3 are discussed below.

Layer 1 is the highly selectively coated (PVD/CVD) aluminium absorber sheet of the vacuum adsorber,
which largely determines the colour of the element through the blue/black shimmering coating and
is responsible for solar absorption and thermal transfer into the adsorber. In addition, the absorption
sheet is responsible for heat dissipation to the interstitial space during the cooling phase and is thus
subject to thermal stress. Mechanically, the vacuum of the adsorber acts on the sheet.

Between Layer 1 and Layer 2 is an air gap, which is used for cooling in the cool-down phase. The gap
between them is 10mm. Layer 2 is the double insulating glazing. This determines the “materiality”
and surface feel of the element through the reflections and transparency. Both aspects, the solar
heat gain coefficient and the thermal transmittance (U), are important factors for the efficiency of

the collector. At the same time, the surface also represents the outermost weathering layer and, in
addition to thermal loads, the surrounding environmental factors also affect this layer.
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3.3 MODIFICATIONS AND THEIR EFFECTS ON SOLAR GAINS

The relevant aspects for the aesthetics of a fagade surface are colour, material, geometry, proportion,
and a continuous design logic (Prieto & Oldenhave, 2021). The colour scheme of the surface is
dominated by the highly selective solar energy absorbing PVD/CVD coating. Due to the above-
mentioned high efficiency of 90.2% in solar absorption, there is currently no adequate alternative
to its bluish-black colour. In comparison, copper has an efficiency of only 4.8% (Kasper & Heidler,
2011). Any change in the colour of the coating can only be achieved by material science and is
therefore assumed to be unchangeable. The proportion and a continuous design logic is also

not part of this paper, because these aspects are always to be seen in relation to the specific
building. The modifications are limited to the geometry and texture of the surfaces and their
material. Layers one and two were selected with regard to these aspects and their effects on solar
gains were simulated.

3.3.1 Layer 1 - Absorber Sheet Metal

In order to optimize the appearance of this surface visually and functionally, the folding of the
aluminium surface is a possible design and efficiency measure with the following positive
effects to be expected:

1 The folding structure's slope enables the targeted adjustment of the time of maximum energy input
and thus the adjustment of the fagade to the system's operating phases (Fig. 7).

2 The larger surface area of the folded structure enables higher heat exchange in the cooling phase
compared to the flat plate collector (Fig. 8).

3 Alower material consumption and material thickness due to positive static effects of folding.

4 The folding allows a specific texturing of the total appearance.
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FIG. 7 Top section view of adsorption element with folded FIG. 8 Thermal air flow through the folded structure
sheet

The design of the absorption sheet folding (layer 1), based on the results of Klett in 2013 (Klett,
2013) on modular isometric origami of folded sandwich structures and the complementary article
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of adaptive heat transport of such structures Oei et al., 2019). This folding not only increases the
stiffness of the element but can be manufactured from a simple two-dimensional aluminium plate.
The former saves the necessary material input and the latter the manufacturing effort. The origami
structure is designed to allow vertical airflow (Fig. 8) and maximize the absorbing surface in the
defined period (Fig. 7).

The research project “SolarShell” at the University of Leipzig has shown the positive effects that
parametric convolution can have on the energy income (Hiilsmeier et al,, 2017) and, in contrast to our
work, investigated the total yield of PV cells. However, due to their structure, the simulations carried
out indicate that the thermal solar gain can also be increased by an adjusted alignment. In our case,
the maximization of the solar area was performed with the simulation of the solar irradiation with
the plug-in Ladybug and optimized using Galapagos. A fagade orientation SSE was assumed as an
optimization parameter for the Stuttgart (Germany) site and the period from 05:00h to 12:00h for the
whole month of August. A width (y) and depth (x) of 100mm and a maximum height (z) of 40mm were
defined as the optimization framework (Fig. 9). The initial structure for the convolution was assumed
to be y,=y, and x,=x,. For the optimized structure, the ratio x, to x, was adjusted. In the optimized
state, the structure has approx. 50% more surface area than a flat sheet with the same base area.
This number can be increased by reducing the width/depth or increasing the height.

yle : y&i g
1 X2 X
y X1 y1 x1

FIG. 9 Optimization method for the isometric folding structure, design/approach based on (Klett, 2013)

Layer 2 — Glass Substitution with an ETFE-Vacuum-Panel (EVP)

Another possibility for design and functional manipulation is the replacement of the double
insulating glass pane. Glass is a relatively heavy material, which is in contradiction to the overall goal
to reduce resource consumption in the building sector. As a result, especially in the renovation of
high-rise buildings, the weight of the fagade means that the supporting structure has to be improved.
Due to the thermal load on the inside, most highly transparent plastics, such as PE, PP, and PET are
not suitable. With a melting point of about 280°C and transmittance of approx. 91%, ETFE (ethylene-
tetrafluoroethylene) is very well suited to the class of plastics in the use of a collector. Due to the high
e-modulus, resistance to environmental influences and the “lotus” effect of the surface, ETFE has
been used in the form of cushions in fagades for several years. It could also include, with a 2-layer
structure, into the adsorber element (Fig. 10).
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FIG. 10 Top section of the adsorber element with ETFE cushion (left) and transparent vacuum panel (right)

In order to achieve the U-value of double insulating glazing of approx. 1.1W/(m2K), cushion
constructions with 3 layers of ETFE are currently used. Since the transmittance decreases with each
layer and a pillow construction requires more space volume in the collector, a completely new type
of panel was developed with a 2-layer vacuum design (Fig. 10). To ensure the distance between the
foils, a supporting structure in between is also needed. This transparent ETFE Vacuum Panel (EVP)
thus serves as a design element. By colouring or choosing the material of the internal structure, the
appearance can change depending on the angle. This is one of the few possible colour influences,
and more complex representations are also possible as a result.

The span (Cd) of the supporting structure depends on the tensile strength (T) of the ETFE foil, the
pressure outside (P(i)) the height of the structure (h) and the minimum distance (Az) between the
two foils (Fig. 11). For ETFE the tensile strength is T=30N/mm, h is set to 30mm and Az is fixed at
10mm. These values result in a maximum span of approx. 218 mm. In the structures examined, this

was limited to 200mm.

vacuum Py hg = /

A,
UL R A A R A R AR Rnang

adsorber vacuum chamber

FIG. 11 Calculation sketch for the grid size
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Four structures were investigated which could be used as a support structure. Horizontal and
vertical lamellas, a grid structure, a hexagon, and a Voronoi structure (Fig. 12). The 2D footprints
of the structure are between 0.083% and 0.09% of the total surface. These structures are to be
considered exemplary and planners have the freedom to develop their own. The results of the
structures obtained here can be used as a reference for geometric principles of new structures.

slats 4=0,126 m? grid 4=0,131 m?2 hexagon A=0,129 m?2 voronoi A=0,118 m?2

FIG. 12 Simulative studied pattern of support structure

RESULTS AND DISCUSSION

SIMULATION 1 - SOLAR GAINS OF THE REFERENCE DESIGN

In order to classify the absorbed solar energy for the reference design, the solar irradiation of a
surface and a surface with solar glass, similar to the structure of a flat collector, were simulated.
For the whole of August 26", the energy simulation in Radiance shows with a south-southeast
orientation a total irradiation for a vertical surface of 5108 Wh/m?, for a flat plate collector with 4385
W/m?, for the reference design with solar glazing (RD - transmission 91%) of 4674 W/m? and for the
reference design with double insulating glazing (RD -transmission 83%) of 4214 W/m? (Fig. 13).

800 \
o ‘ —Vertical surface
g 600 —Flat plate collector
= ‘ —RD-T91%
400 ‘ RD - T83%
o | |
6 8 10 12 14 16 18

t [h]
FIG. 13 Solar gains of a vertical surface, flat plate collector, reference design with solarglass T91% and reference design with
double glazing T83%

This means that the irradiation on the 'RD - T91%"is 91.5% and on 'RD T-83%" it is 82.5% from

the total irradiation on a vertical surface. As expected, the result correlates with the transmission
coefficient of the two different glasses. Comparing the flat plate collector with the RD-T91%, the
solar gains are almost identical except for the period between 2pm - 4pm. This slightly higher
gain of the RD-T91% is due to the marginally better alignment by the fins on the surface of the
RD. It can be concluded that the fins on the adsorber surface have a small influence on the optical
energy gain, however a much better heat transfer in the cooling phase can be assumed because
of the double surface.
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By making a comparison between the RD with single-layer solar glazing and the RD with double-
layer insulating glazing, the latter is 10% worse overall. In order to compare the two, the thermal
losses must be considered in addition to the optical efficiency. These are assumed to be the same
except for the glazing. The useful heat output (q,) can be calculated by the difference between the
useful irradiation (E,) and the thermal losses (q,) (Kasper & Heidler, 2011).

The thermal losses depend on the temperature difference (AT) between the absorber and outside air.
[f one assumes this very conservatively with AT 60° Kelvin at 12 am, a U-value for the solar glass

of 5.8 W/m?*K and for the insulating glazing of 1.1W/m?*K (Glastrdsch, 2022), the following result

is obtained. The RD — T91% has a useful heat output at 12 am of 613 W/m? - 5.8 W/m?#60 = 265 W/
m? and the RD — T83% has a useful output of 551 W/m? - 1.1W/m?#*60 = 491 W/m?. The real power is
additionally dependent on the heat losses at the frame and backside. The single-layer solar glazing
has a very high heat transfer co-efficiency and the efficiency of the collector decreases due to heat
losses through the glass. In addition, condensation on the inside of the single-layer glazing is to be
expected, which also reduces the solar gain.

gn= Ew - qv

FIG. 14 Useful heat output to irradiation and thermal losses
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FIG. 15 Comparison RD-T83% with n-oFS and oFS aligned to FIG. 16 Comparison RD-T83% with n-oFS and oFS aligned to
south south-southeast

SIMULATION 2 - SOLAR GAINS OF THE
FOLDING ADSORPTION SHEET

The folds on Layer 1 were simulated for three directions, east (E), south-southeast (SSE) and south
(S). In each case, the reference design with double insulation glazing (RD-T83%) was compared
with the non-optimized folded sheet (n-oFS) and a folding sheet optimized for orientation (oFS).
The period considered was always the full day of August 26™. Looking to the south orientated
simulation (Fig. 15), the results are 4146 Wh/m? for the RD-T83%, 3967 Wh/m? for the n-oFS and
4053 Wh/m? for the oFS. Overall, the values are very close to each other and improvement in
energy input due to surface optimization is hardly evident. The simulation of the SSE orientated
collectors (Fig. 16) resulted in a total solar gain of 4214 Wh/m? for the RD-T83%, 4043 Wh/m? for
the n-oFS and 4146 Wh/m? for the oFS. The overall values are also very close to each other, but the
optimized surface has a higher gain in the time between 5 am and 10 am.This promotes faster
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system dynamics and can thus provide cooling power sooner. A time shift was possible by the oFS.
The results of the simulation with east orientation (Fig. 17) have a total solar irradiance of 3511
W/m? for the RD-T83%, 3288 W/m? for the n-oFS and 3641 W/m? for the oFS. The results show a
significantly larger solar gain from the optimized convolution to n-oFS with 10% and to RD with 4%.

RD - T83%
700 - n-oFS - T83% |
oFS - T83%

6 8 10 12 14 16 18
t [h]
FIG. 17 Comparison RD-T83% with n-oFS and oFS aligned to east

It can be seen that the further the fagade is from the optimal orientation to the sun in the south
during the desired time period, the greater the additional gain between the non-optimized and
optimized folding. In addition, the results show that the optimized folding can shift the solar gain
slightly more into the morning hours. It is worthy of discussion whether such a small increase
justifies the effort of an individual adjustment of the convolution for alignment and time. But the
positive properties from 3.3.1 are also given for an unoptimized convolution.

SIMULATION 3 - SOLAR GAINS WHEN USING ETFE

The aim of simulation 3 was to investigate the influence of the material ETFE and an internal
support structure on Layer 2 (Fig. 18). As with the investigations before, a fagade orientation to SSE
on August 26® is considered as an example. This shows the values 4214 Wh/m? for the RD, 4121 Wh/
m? for an ETFE cushion, 2959 Wh/m? for the EVP with a grid support structure, 2880 Wh/m? for EVP
with a hexagon support structure and 3091 Wh/m? for the EVP with Voronoi support structure.

800 . . . . . . . 800 .
RD - T83% RD - T83%
700 ETFE - cushion | - 700 TVP - horizontal slats | q
TVP - grid TVP - vertical slats
600 TVP - hexagons | - 600 F TVP - hexagons
TVP - voronoi
& L & L
g 500 g 500
~ = )
E 400 / ‘ Z 400 7
2300 f 2300 f )
I |
2001 | 200 !
I I
I I
100 - ] 100 L
i i
0 . . . L . n 0 . . . N . 5
6 8 10 12 14 16 18 6 8 10 12 14 16 18
t [b] t [b]
FIG. 18 Comparison RD-T83% with ETFE cushion and EVP FIG. 19 Comparison RD-T83% with EVP with horizontal and
with grid/ hexagons/ Voronoi structure aligned to SSE vertical slats and with a hexagon structure aligned to SSE
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Using an ETFE cushion, the solar radiation between 5 am and 1 pm is 3% higher than with the
RD-T83%. At first glance, this seems to support the use of an ETFE cushion as an outer layer, but,
as in Section 4.1, thermal losses must be taken into account. An ETFE cushion has a U-value of
approx. 3W/m?K (Knippers et al,, 2010) compared to a value of 1.1W/m?K for double glazing. With
this in mind, the EVP, with its likely better U-value, is the better choice despite the poorer solar
gains. The different results of the structures show a dependence on the solar gain and the geometry.
This dependence is further explored in Fig. 19 with vertical and horizontal slats. In particular, the
horizontal structures have a 26% negative impact on solar gains until 1 pm. There is still a high
degree of geometric optimization of the support structure webs through design minimization,

a reflective coating and also tilts adapted to the position of the sun. Further simulative and
experimental research must clarify these issues.

VISUAL IMPACT

The visual impact of a building element is always related to the entire building and its surroundings.
Thus, an evaluation is only possible individually according to integration criteria. Based on the
integration studies of solar systems (Munari Probst & Roecker, 2019), we have established the
following criteria: colour appearance, texture, depth effect, homogeneity. Depending on the fagade
context, other criteria such as gloss level, roughness and mechanical load-bearing capacity may

be of interest. Further research is needed to clarify the influence of these points, as they are more
material-specific properties than structural ones. The investigated manipulations were sorted into
an evaluation matrix (Table 1) and rated as follows: not influenceable/ low (-), slightly influenceable /
medium (o), and strongly influenceable/ high (+).

TABLE 1 Evaluation matrix of the visual criteria with evaluation of the solar gain.

reference adsorber - - - + +
Folded sheet - o -/o + +
ETFE cushion - - ) + _
ETFE vac. panel 0 + + ) -

It turns out that planners can individualize the ETFE vacuum panel the most. However, the
functional values are poor. The folded sheet is the most balanced. For a practical application,
further investigations must extend this evaluation matrix and expand it to a catalogue with the most
diverse variants. Likewise, further criteria must be added and the presented criteria must be further
differentiated. It would be important to have a direct indication of the solar gains depending on the
orientation of the building.

SYSTEM ANALYSIS

Finally, the effect of the different approaches on the cooling rates, achievable with the proposed
system, is investigated. For this reason, the different solar irradiation curves, determined in the
previous sections, are applied to the model of the system presented in Section 1.2. The focus of the
simulation studies is on the cooling power overtime during the cooling phase in the afternoon and
the results are shown in Fig.20.
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[t is found that the highest cooling rates can be achieved with the reference design. The folding of the
absorber sheet slightly increases the solar irradiation, but decreases the overall surface, compared

to the reference design with the additional fins. This leads to a decreased heat release to the ambient
in the cooling phase, which results in a lower cooling rate. Replacing the double insulation thermal
glazing with a 2-layer ETFE cushion results in higher thermal losses in the regeneration phase and
thus in a lower adsorber temperature. This limits the cooling rate, which is highly influenced by the
heat release of the adsorber. The EVP has a comparable insulation effect as the glazing, but this
cannot compensate for the much lower solar irradiation. Consequently, the adsorber temperatures
and thus the cooling power is reduced.

—-+Reference design
--Folding structure 3

g 1000 <+ETFE cushion 4
E -+ETFE hexagon #
: 50 Vi | // 1
W
A N ,,
12 16 20 24 4 8 12 16 20 24
t [h]

FIG. 20 Cooling power of the investigated reference design with double glazing T83%, folding structure, ETFE cushion and a ETFE
hexagon structure

In order to evaluate the design possibilities of the absorber, the variants must meet the necessary
cooling power per square metre footprint. This cooling power must be calculated individually for
each building and depends strongly on the location (building zone), geometry, construction method,
use (internal heat sources), and the control concept (DIN V 18599-2, 2018). Nevertheless, in order to
make an initial assessment and evaluation of the various changes, the example of the cooling load
calculations of VDI 2078 (VDI 2078, 2015) were looked at more closely and the generally used rough
formula of the cooling power calculation was taken (Hanse Handels Haus GmbH, 2021). Thereby, a
rough cooling power of 60W/m2 for residential buildings and up to approx. 100W/m2 for commercial
buildings is given. Taking these rough values as a basis, replacing the glazing with an ETFE element
is possible, but does not achieve the cooling performance for all usage scenarios. The EVP in
particular must be viewed critically, as it only provides more than 60W/m2 of cooling capacity over

a very short period of time. Since this variant offers the greatest design potential for planners due

to the additional support structures, the existing optimization potential must be further explored.
The ETFE cushions have the disadvantage that the existing pressure must be maintained. This
requires additional energy and technology and is only worthwhile in large-scale use. Manipulation
by folding the absorption sheet has the greatest potential in terms of energy, but the optical effect is
limited due to localization behind the glass pane.

CONCLUSION

In summary, the study has shown that geometric and material surface manipulation of the

ACF adsorber is always associated with a loss of cooling performance. Thus, although design
manipulation of the surface is possible, it is always subject to functional constraints. Thus,
manipulation of the colour was generally ruled out because the highly selective coating only allows
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adsorber temperatures above 100°C and was assumed to be unalterable. Any design must take into
account both solar irradiance and the fastest possible cooling of the adsorber before the cooling
phase. From the present research, trends for surface design parameters can be deduced, but need
to be confirmed by further studies. The tendencies are that for layer 1 the light transmission of the
material is crucial and any additional structure that can be used for shaping reduces it by shading.
For layer 2, the study shows that the surface geometry can have a positive influence on solar
energy gain. Unfavourable facade orientations can thus be compensated for to a certain degree.

In conclusion, the design of the energy harvesting surfaces is always a balancing act between
function and design.
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Abstract

The post-war building stock is increasingly being transformed. Even at objects protected as listed
heritage, renovation usually results in a high degree of material exchange and replacement. This is
especially the case in regard to historic curtain wall constructions. Based on the case study of the
Commerzbank High-rise and original planning documents by Gartner, the paper focuses on the applied
strategy of disassembling and reassembling the curtained aluminium sandwich elements, and the
resulting upgrading of the original fagade with a newly installed interlayer for insulation. The paper
discusses the possible transfer of this strategy, which largely depended on the existing high quality of
the aluminium components, their corrosion-resistant properties and low weight. The case study of the
former Commerzbank High-rise indicates that a long-term preservation of post-war modern building
stock can be achieved without wholesale replacement of original building components. The reuse of
existing materials and components represents a promising approach.
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INTRODUCTION

The post-war building stock is currently being heavily transformed, repaired, and upgraded.
Increasingly stringent requirements and regulations, especially in regard to energy savings, render
modern structures unsustainable. After half a century of use, post-war modern structures seem

to become obsolete. It does not help that they are generally considered as irreparable. Even with
objects protected as listed heritage, renovation usually results in a high degree of material change
and replacement. This is especially true in the case of historic building envelopes. In Germany,
prominent recent examples of thorough replacement of “light” curtain wall fagades through
improved replicas include the listed HVB Tower in Munich (1975-1981, architects Walther and Bea
Betz), where between 2013 and 2015 the double-pane insulating glass facade has been updated to a
box window fagade with a total of four layers of glass, while retaining the external appearance (Henn
Architects with the support of fagade planners R+R Fuchs). Similarly, the listed BMW-Vierzylinder
High-rise, BMW's headquarters in Munich (1968-1972, architect Karl Schwanzer) was re-clad with

a new fagade between 2004 and 2006 by architects Schweger Associates, copying the original one.
The facades of the double high-rises of the Deutsche Bank in Frankfurt (1979-1984, architects Hanig,
Scheid, Schmidt) were also replaced by seemingly identical replicas in 2011 (technical architects
Volkwin Marg and Hubert Nienhoff, gmp). The new construction allows for the hydraulically assisted
opening of windows. With an almost 90% reduction of carbon-dioxide emissions, the renewed edifice
was certified LEED Platinum and DGNB gold.

To the passer-by, these new fagades are not recognizable as such. In all cases, the greatest attention
was paid to preserving the external appearance of the listed buildings. However, it is questionable
whether replacing the building fabric so extensively after only 30 to 40 years of service is really
sustainable. Arguably and probably, the new fagades will hardly last longer. The common approach
also contradicts the usual high regard towards historic materiality in Building Heritage Conservation.
Conservation and restoration of modern building heritage started in the 1980s and 1990s. Projects
concerned largely on iconic buildings from the Modern Movement of the interwar period. Early

on, “light” metal-glass-facades were taken care for, like in the prominent examples of Zonnestraal
Sanatorium (1927-1931, architects Jan Duiker, Bernard Bijvoet, and Jan Gerko Wiebenga, restoration
between 1995 and 2008) and its contemporary Van Nelle Factory (1925-1928, architects Johannes
Brinkman and Leendert van der Vlugt, restoration 1998 - 2004), both in the Netherlands, the latter

a UNESCO World Heritage Site since 2014. Through trial and error, such projects helped to define
conservation approaches which could be applied to “everyday modern” buildings of less historic
importance (Jonge, 2017). Based on practical experience, Wessel de Jonge, an authority on the
restoration of modern architecture, distinguishes between three principal approaches in dealing with
historic light fagades. First, the improvement of thermal characteristics by adding secondary glazing
or altogether replacement of glazing, resulting in complete change in appearance and considered
unsuitable for protected fagades. Second, an upgrade of the historic facade itself, retaining some

of the original components. And third, by adding a secondary layer on the interior (Jonge, 2017, p.
100). Whereas the restored Zonnestraal Sanatorium is merely a representation of the original idea
and design intent, rather than original in material (Meurs & van Thoor, 2010), the restoration of

the Van Nelle Factory resulted in a more conservative approach. Here, a secondary internal fagade
was added which allowed for the buildings” authentic glazed envelope to be retained in place, as a
simple screen against wind, rain, and noise (Kuipers, 2017; Ayon et al., 2019, p. 114-121). In regard

to the preservation of post-war high-rise buildings in Germany, a similar development can be traced
regarding the eminent restorations of the “Dreischeibenhaus”, the Thyssen High-rise in Dusseldorf
(1957-1960, architects HPP), which was renovated in 1994 and again in 2015 by HPP. Whereas the
facade, after several previous repairs, was replaced completely by a replica of similar appearance to
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the original, but different, construction in the 1990s (Fiirst, 1998), the recent renovation was careful
not to replace the fagcade again and instead enhanced it with a new interior layer for isolation.

Preservation of modern architectural icons in general in recent years has proven the significance

of original building materials to their conservation, despite them often being machine-made and
industrially mass fabricated. Such materials can hardly be reconstituted today and are of essential
historic and artistic value to these objects. Considerations of preservation are less alien to the subject
of curtain-walled fagade and high-rises than one might at first assume. According to a hitherto
unpublished analysis of their protection status, the proportion of listed buildings among historic
high-rise offices in Germany is higher than average (Rung & Putz, 2021). Of more than 400 such
structures built between 1950 and 1980, about a quarter is today legally protected as heritage. Only
10% have been demolished. The extent of the protected fabric is even higher if one looks at envelope
surface instead of building units, as mostly large and prominent high-rises have been considered
for protection. These results correspond with a parallel statistical survey, also unpublished thus

far, of curtain-wall fagades built by the prominent manufacturer Josef Gartner GmbH between

1955 and 1985, of which about 10% are currently legally protected as building heritage (Grom, 2021).
It is expected that the number of protected edifices of this kind will rise in coming years due to
ongoing inventorisation.

With the high percentage of protected heritage objects among curtain-walled high-rise buildings,
and increased attention given to the preservation of original appearance and materiality, we
conclude that new approaches for the upgrading and conservation need to be developed, but in such
a way that these approaches also allow for necessary energy and comfort related improvements.
The recent renovation of the former Commerzbank High-rise in Diisseldorf might show a feasible
way. Designed by architect Paul Schneider-Esleben and built in the period 1959-1962, it was
renovated and preserved in 2021 as one of the city's most outstanding post-war architectural
monuments. Whereas the interior was converted into a hotel and lost its original features, the facade
was renovated according to building conservation standards. Planned by HPP architects, an office
strongly engaged in adaptive reuse and conversion of existing structures in recent years, with the
support of Bollinger+Grohmann for structural engineering and facade engineering, the upgrading of
the fagade was carried out by the same company responsible for the original construction, renowned
facade manufacturer Josef Gartner GmbH. It was possible to maintain the original components

and appearance while still meeting increased building physics requirements. With its reused and
upgraded envelope, the new hotel high-rise was certified as DGNB platinum in 2021.

CONSTRUCTION HISTORY

In a brief historical outline, the development of panel constructions is described to place the
Commerzbank's facade within the history of construction. In curtain wall construction, a series

of developments in the post-war decades basically resulted in two feasible types of construction:
stick systems or ladder systems and panel constructions, from which mullion-transom fagade
systems and unitized systems have been developed. In America, the development of these types of
construction took place almost simultaneously, while in Europe, stick systems were increasingly
used, mainly due to economic reasons. A fagade in stick system construction can be produced
economically without expensive machines and in smaller series. For panel elements made of sheet
metal, large punches and presses with expensive tools are necessary, which are only worthwhile for
large buildings with very high quantities of elements (Gockell, 1964, p. 8).
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After World War II, the steel skeleton construction method with a curtain-wall facade of extruded
aluminium profile frames - infilled with panels of aluminium sheets and glass — became established
in high-rise building construction in the US for weight reasons. Panel constructions made of metal,
in aluminium or steel, have been used there since the early 1950s. In Germany, comparable facade
constructions made of panels can only be observed a decade later. The architect Schneider-Esleben
gained inspiration from various building projects on a study trip to the USA. He ultimately broke
away from the idea of a conventional grid fagade, as can be seen from numerous preliminary
designs. The idea of the Commerzbank fagade can probably be traced back to the Alcoa Building

in Pittsburgh (USA), designed by the architects Harrison & Abramovitz, which was built between
1950 and 1953 (Gartner, 2021). The Alcoa fagade is one of the first high-rise fagades worldwide
consisting of storey-high anodised aluminium sheet panels with punched-out window openings.
Reversible sashes with frames made of extruded profiles are inserted into the openings; the
corners of the openings and reversible sashes are rounded and sealed with a compressed air hose.
The vertical joints of the panels are made of panel edges butt-screwed together, which allow a
component movement when the length changes. At the horizontal joints, the panels overlap. Overall,
a fairly even joint pattern is created despite the different joints. The panels are fastened to the faces
of the floor slabs with steel brackets. The sheet metal shells are backed with lightweight concrete
for thermal insulation, creating a ventilated space between them. In addition, the metal sheets

have a striking design feature. They are embossed with a prismatic concave pattern, two square
embossments per panel element, which simultaneously create spatial rigidity against wind loads
(Schaal, 1961, p. 214). Other American examples of metal panel facades were also mostly made of
single-layer sheet metal, stiffening profiles, and initially without integrated insulation. In comparison,
the Commerzbank fagade of 1962 in Diisseldorf is one of the first examples with a completely
prefabricated and flat fagade consisting of insulated panels without stiffening profiles or a frame
construction. Regardless of this, the French architect, metal construction pioneer and inventor, Jean
Prouvé, had already been experimenting with insulated elements made of sheet steel in the 1930s.
A first significant application can be found at the Maison du Peuple in Clichy in France from 1935-
1939 by architects Eugéne Beaudouin and Marcel Lods. The first curtain wall “mur Rideau” made of
industrially produced, double-skin panels of formed and folded sheet steel is installed in the office
wing of the building, to which the Alcoa fagade in Pittsburgh surprisingly bears some similarities.
Prouvé's facade was well known among American architects (Sulzer, 1991, p. 23). Prouvé designed
the first noteworthy aluminium facade in Europe in 1951 for the Fédération du Batiment building in
Paris (France), consisting of insulated, completely prefabricated wall units equipped with horizontal
sliding windows and ventilation strips (Aluminium-Zentrale e.V., 1959, p. 12).

This selection of examples can be used to demonstrate the basic construction types of panel
constructions. The sheet metal panel of the Alcoa fagade stands at the beginning of the
constructional development. Here, the embossing stiffens the panel. It has no frame and no
insulating layer. The wall units of the Jean Prouvé in Paris are built from a stiffening frame
construction, while the insulation is integrated into the panel in spaced shells. The fagade of the
Commerzbank represents another stage of development, the panel is constructed as a composite
element without a frame, the insulation layer alone serves to stiffen it. On closer inspection, however,
the Alcoa fagade in Pittsburgh is actually a simple cladding made of aluminium sheets, which

at first glance can hardly be distinguished from a classic curtain wall. The even more ground-
breaking wall unit of the Jean Prouvé in Paris is a skeleton infill, as it was placed between the storey
ceilings and not curtained. The fagade of the Commerzbank however is a real curtain wall made

of sandwich elements.
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FIG. 1 Mounting of the wall elements in Paris in 1951. Photo in Aluminium-Zentrale e.V., 1959, p.12. (left). Mounting of the wall
elements in Pittsburgh in 1953. Photo in Schaal, R. 1961, p. 217. Photo: Alcoa Pittsburg Pa. USA. (right)

In contemporary literature, the fagades of these three examples are typologically assigned to panel
constructions (Schaal, 1961, p. 213-235; Hofmann, Griese & Meyer-Bohe, 1973, p. 140-141), which,
however, are referred to as fagade elements or unitized systems according to today's general
understanding. However, the designation “facade element” alone says nothing about the constructive
structure, the degree of prefabrication and the assembly, because facade elements can also be
made from muntin constructions. Rolf Schaal wrote in 1961 that "the construction elements of

the panel constructions - like the panels - (...) are in principle enlarged panels of a similar type to
those used in muntin constructions. Their construction is essentially the same as that of the panels.
In contrast to muntin walls, where the panels rely on the load-bearing and connecting effect of the
muntins, the panels are joined together directly without the aid of a visible and dividing muntin
framework.” (Schaal, 1961, p. 213) The term panel construction is used here to refer to a second
type of construction of fagade elements. (Gockell, 1964, p. 7) The curtain wall systems that emerged
in Germany from the mid-1950s onwards are mostly made of muntin constructions, which are
either assembled from individual components or from prefabricated frames. Over the decades,

the prefabricated frames, which are possible in a wide variety of variations, have been developed
further to create facade elements as we know them today. Unitized systems or fagade elements

are characterized by a high degree of prefabrication. They are either partially or completely
prefabricated, depending on the panel or frame construction. They thus enable an assured quality of
production in the factory. They are usually storey-high and one window axis wide. Faster assembly
on site is possible with a small number of personnel compared to pure muntin constructions.

CASE STUDY: COMMERZBANK HIGH-RISE

THE FACADE OF 1962

The new high-rise office building designed by the architect Paul Schneider-Esleben was built
between 1959 and 1962 as an extension to the existing Commerzbank headquarters in Disseldorf
from 1912. Next to the new building, a free-standing concrete tower with lift and stairs was attached,
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which was connected to the existing building opposite with an acrylic covered pedestrian bridge
above street level. The building was placed with its narrow side facing the street; the parking areas
on the right side of the building interrupted the perimeter development allowing for a free view of
the structure, with the neighbouring development also being set back. On the left side of the building,
Schneider-Esleben designed a two-storey parking garage with a car workshop attached to the rear.
Almost covering the entire site, the parking garage continued in the basement. An open drive-in
bank counter was built below the high-rise on the ground floor - the chosen static system meant
that it was free of supports — which enabled customers to carry out banking transactions smoothly
without having to leave their cars. Only a small part of the ground floor was closed-in or glazed.
Access to the underground car park, among other things, was behind the drive-in counter.

FIG. 2 The Commerzbank high-rise in Diisseldorf of 1962 by Paul Schneider-Esleben. Photos in Calendar Josef Gartner GmbH,
1963 April 21.-27. (left) + May 19.-25. (right). Photos: Inge Goertz-Bauer. Gartner archives, Gundelfingen (Donau)

The supporting structure of the high-rise office building consists of a twelve-storey structure
elevated on three cantilevered concrete slabs. Allowing for free floor plan division without supports
in the normal storeys, reinforced concrete slabs — made of prestressed concrete beams — rest on
cantilevered ceiling girders. A circumferential reinforced concrete beam and concrete parapets
served to reinforce the edges. All structural shell parts of the building and lift tower were finished in
exposed concrete, both inside and out, and the monumental supporting structure remained visible in
the plinth area (Lepik & Hef3, 2015; Schneider-Esleben, 1963). The fagade manufacturer Josef Gartner
developed a fagade made of aluminium panels according to Schneider-Esleben’s ideas, which was
new at that time in Germany.

Gartner had been responsible for many inventions and standards in facade construction.
Traditionally, Gartner developed a customised fagade for each client. Schneider-Esleben had

already worked with Gartner on the construction of the Mannesmann high-rise in Diisseldorf

in 1958 (Gartner, 2021). The futuristic appearance of the new building was in stark contrast to

the neoclassical stone fagade of the opposite Commerzbank’'s main administration building.

The anodised aluminium fagade consisted of lightweight and storey-high elements that were
prefabricated in one piece with integrated windows and insulation, as in car body construction,
without an additional frame structure, and hung in front of the reinforced concrete skeleton structure
(Schneider-Esleben, 1963).
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FIG. 3 Working drawings by Josef Gartner GmbH: Horizontal and vertical detail section of the Commerzbank Diisseldorf, 1962.
Gartner archives, Gundelfingen (Donau). #40040/20a - 1

The facade of the high-rise consists of 600 identical, 1720 x 3100 mm, flat and jointless wall
elements, the inner and outer shells of the elements each made of 2 mm thick aluminium sheets.
All aluminium parts are technically anodised in a natural shade of at least 20 um and are thus
particularly resistant to all weathering influences and are maintenance-free. Window openings

are pressed out on a factory metal punch and deep-drawn under a press. Air-comb honeycombs
from Douglas Air-Craft Corporation, Santa Monica (USA) were used as insulation filling. The paper
honeycomb structure was developed for sandwich panels in aircraft construction for its low weight
and high rigidity. However, since these panels were less suitable for insulation, the Gartner company
developed a process to fill the air spaces of the honeycombs with synthetic resin foam. For the
sandwich construction, Gartner built its own heating press to hot-bond the inner and outer shells
with the synthetic resin foam-filled Air-Comb honeycomb core to form a thermal insulation panel.
The panels achieved an insulation value of 0.05 W/(mK). The stabilizing paper honeycomb core was
originally impregnated with phenolic resin, which acted as a moisture and fire retardant. In addition,
a concrete parapet was built to prevent fire flashover. The panel shells were edged on all sides in
order to achieve the most airtight closure possible through bonding.

The horizontal sliding joints of the panels were sealed with a surrounding neoprene flap and were
very wide in order to compensate for possible dilatation caused by the projecting concrete slabs.
The horizontal joints were additionally backed with polystyrene boards to compensate for thermal
bridges. The sandwich elements, which were only 60 mm thick, were fixed exclusively at the vertical
joint using clamping strips enclosed in Neoprene, which were screwed to the flange of a vertically
continuous steel U-profile. To compensate for the structural tolerances, a steel fagade anchor
patented by Gartner was encased in concrete into the edge beam, which also allowed adjustment in
all three axes. The resulting gap, an air space of over 130 mm, was closed in the area of the window
openings with aluminium profiles and neoprene seals. Rounded “railway windows" were integrated
into the punched openings of the aluminium sheets at the corners.
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FIG. 4 Working drawings by Josef Gartner GmbH: Horizontal and vertical detail section of the Commerzbank Diisseldorf, 1962.
Gartner archives, Gundelfingen (Donau). #40040/20a - 2

The reversible sashes of the windows consisted of single-pane glazing and were dry-glazed with roll-
in neoprene profiles; conventional window putty was dispensed with. Plastic external venetian blind
slats on the room side served as sun protection. Consistently following the curvature, insulated and
round aluminium elements were also developed for the rounded corners of the building. The glazing
of the elements was already carried out at the factory in Gundelfingen in Bavaria before being
transported to Dusseldorf, where the elements were assembled ready for installation. The assembly
work was carried out swiftly using relatively few workers (Schneider-Esleben, 1963).

RECENT UPGRADING OF THE FACADE

Due to its innovative and full-surface aluminium fagade, as well as its solitary position in the urban
fabric, the Commerzbank Tower was listed as a historical monument in 1998. After remaining
vacant for many years, an American investor bought the building in 2015 with the intention of
revitalizing it and converting it into a sustainable hotel. The goal and challenge of the revitalization
was to preserve the historic appearance of the fagade insofar as possible according to its protected
status and to upgrade the main components of the structure according to current requirements.

The architects who were commissioned for the renovation involved the Josef Gartner company very
early on in the redesign process of the fagade, and were able to draw on the planning documents
from the company's own drawing archive and use them to develop an initial renovation idea (Roming
& Rothkopf, 2022). Initially, only the upgrading of the existing facade was discussed. During the
planning process, a completely new construction of the fagade was also considered, but was rejected
for economic reasons. Moreover, an identical reconstruction would hardly have been technically
feasible (Roming, 2022).
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An initial renovation concept by Gartner considered retaining the existing fagade, while adding

to it a contemporary layer with appropriate structural-physical properties. For this purpose, new
fagade elements were to be installed in the 130 mm wide space between the existing panels and
the concrete parapet. The existing panels were to be integrated into this to preserve the outer shell.
The existing panels were not to be dismantled and the honeycomb insulation would not be exposed.
The windows were to be replaced with the same external geometry. For this purpose, parallel
opening windows with insulating glazing were proposed. The ready-to-install elements were to

be transported to Dusseldorf and installed on site. In order to be able to implement this renovation
concept, the shell structure and the existing fagade anchors would have to be able to bear the
additional loads of the new fagade elements, with a higher weight of glazing and an integrated new
insulation layer. Before the new substructure was to be installed, the fixings were to be reworked
for new structural protection so that they could be used further. The steel substructure was to be
completely removed, and the new fagade elements were to be hung directly on the fagade anchors.

FIG. 5 The upgraded fagade. Drawing by Josef Gartner GmbH: Vertical detail section of the Commerzbank Diisseldorf, 2022. Josef
Gartner, Gundelfingen (Donau)
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In the implementation of this concept, the existing panels would be brought to Gundelfingen, the
existing window wings dismantled and disposed of. After inspecting the individual panels for
damage, individual panels would be remanufactured. All aluminium surfaces were to be cleaned
and resealed. Subsequently, the new fagcade elements were to be manufactured and the refurbished
panels mounted in or on the new fagade elements. Before the elements were delivered back to
Dusseldorf, the new window sashes were to be mounted. Insulation of panels that could not be
reused were to be disposed of (Gartner, 2016).

The renovation concept was not implemented as described because of major deviations in the

fixing anchors on site, the position of which did not match the as-built plans, among other things.
The new fagade could simply not be mounted directly on the old fixing anchors. New facade

fixings were required, which then also had to be modified because the concrete structure was
dimensionally very inaccurate. Therefore, the fagade elements including the steel substructure first
had to be dismantled and transported to the main factory site in Gundelfingen. After dismantling
and disposing of the existing window casements the elements were opened, disassembled, and
inspected for damage. The paper honeycomb construction used for insulation was intact, even after
more than 60 years, except for a few damaged panels; these were exposed and could be removed
without leaving any residue, and then disposed of according to regulations. Non-combustible and
dimensionally stable rock wool insulation panels were now used as new insulation. The aluminium
sheets with the aged aluminium surface were resealed after abrasive cleaning. Even though the
metal surface could not be compared to the natural and irregular grain of a material such as wood
or stone, at the time of completion in 1962 there are nevertheless very slight colour nuances that can
be attributed to the chemical surface treatment. After cleaning, however, the differently patinated
and aged surface has a detrimental effect on the new facade appearance, which now appears slightly
blotchy and less homogeneous in its new shine. After the fabrication of a new aluminium supporting
framework, which is thermally broken, the repaired metal sheets could be put back in place.

The shoring is attached to the back of the newly refurbished panels and thus almost completely fills
the gap of more than 130 mm between the aluminium panel and the concrete parapet. Prior to this,
sealing was carried out inside and outside and a parallel extension sash was installed in the element.
After inserting the insulation and inlaying the rubber, the newly prepared elements were sealed.
Afterwards, the elements were delivered to Dusseldorf. Before the new substructure was installed,
the fagade fixings had to be reworked. The elements are now fixed using newly placed stainless-
steel anchors. The existing reversible sashes with single-pane glazing were replaced with parallel
vent windows with double insulating glazing. This type of window is suitable for natural ventilation
concepts; above all, mirror effects in the fagade are avoided in comparison to tilt and turn windows.
Gartner developed a special fitting here in the form of a xy-scissor, which enables manual operation
with a continuously adjustable opening width of up to 200 mm. The old fittings of the reversible
sash, which were also part of the facade elevation, were replaced with rubber dummies similar to
those of historic appearance. By using the parallel opening windows, it was possible to preserve

the very narrow view of the original optics. In total, the area of the new facade covers approx.

3100 m? the size of the elements remained unchanged, but they now weigh up to 280 kg. Since

the new elements were hung in the same position, the exterior cubature remains unchanged
(Roming & Rothkopf, 2022).

However, the conversion of the office tower into a hotel brought with it a number of constraints.
Newly required ventilation ducts were laid in two shafts on the western front sides of the building,
and the service core originally located there was removed and now provides a new room for
housekeeping. A new second escape staircase in accordance with fire protection regulations is
located on the south-west side, resulting in the breaking through of all ceilings. The integration of
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the new, necessary staircase into the building also means a loss of over 130 sq.m of hotel space.

The free-standing lift tower next to the building was also upgraded and continues to be used for
access to the individual floors.

The formerly open ground floor now contains the hotel lobby with reception and dining area. It was
enclosed with a 6 m high fully glazed facade with stiffening glass gravity beams. Following the
rounded corners of the upper storeys, curved glass was installed in the corners of the ground floor
glazing. The thick glass wall and glass fins are connected to each other via special toggle brackets.
The frameless glass construction creates a quite homogeneous glass band, and the vertical joints
are thus almost completely recessed. The refurbished exposed concrete supporting structure was
selectively covered with acoustic panels in a few places; the character of the monumental supporting
structure remains somehow intact and visible. The idea of a base that is as glazed as possible is
understandable, but the new glass envelope set flush with the outer edge of the aluminium elements
completely changes the original appearance and design intention of the elevated structure.
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FIG. 6 The former Commerzbank high-rise after the recent upgrade and conversion, 21.11.2021. Photos: Rouven Grom

CONCLUSIONS

The 1960s fagade of the Commerzbank in Disseldorf was remarkable for its significant innovations
in facade construction. The Josef Gartner company developed one of the first elemental fagades

of its kind in Germany. At the time, specially developed insulation was bonded between two
aluminium sheets. A special feature is the fagade skin, which was completely insulated at a very
early stage and runs in one plane. The panel construction can hardly be compared with the frame
constructions common at the time, referred to in a broader sense as “facade elements”. In the 1960s,
stick systems or ladder systems were very common in Germany. In comparison, thermally broken
profiles were only increasingly used from the 1970s onwards. Gartner is known for its high-quality
fagade constructions, and this fagade also proved to be particularly durable. For the most part, the
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old fagade was still functional at the time of the renovation, but no longer complied with updated
thermal insulation regulations. The preservation of the shell and the fagade could be achieved with a
minimally invasive intervention within the existing gap between raw structure and envelope, leading
to little replacement and loss of original material substance. The fagcade was indeed refurbished
according to heritage conservation aspects, and, according to a rough calculation, a value of more
than 200 tons of carbon dioxide was saved by reusing the existing aluminium sheets.! This value is
even higher when considered in terms of the transport and further processing of aluminium from
the semi-finished product to the finished element. Carbon-dioxide of approximately 600 tons bound
in the raw structure of the tower also contributes positively to the ecological balance.?

In order to be able to discuss the transferability of the executed fagade renovation concept, we
define the following conditions and criteria that should be fulfilled. First, the building's owner

and involved planners must, in general terms, aim for the preservation of the existing building;

in the case of the Commerzbank, this meant a voluntary, and probably also financial, additional
effort for the investor, who was comfortable with the conservation of the fagade. Another driving
force was the existing monument protection of the property, which additionally obliges the owner

to care for the edifice. Demolition is actually only permitted if the costs of renovation cannot be
recovered, or if the property is in poor structural condition. Responsible protection agencies should
ask for preservation of material and structural properties and not just aesthetics. A historical and
constructive understanding on the part of all those involved in the planning and construction process
is of absolute importance. In addition, historical investigation and a thorough building survey on
site are necessary to clarify the fagade system and the condition of the fagade. It must be possible,
as has been the case in Dusseldorf, to dismantle the fagade. High quality building components in
good condition and of sufficient material thickness are helpful. In Dusseldorf, the aluminium sheets,
for example, showed corrosion-resistant properties and were of low weight, and thus offered great
potential for further reuse. Inserting a new layer for isolation as substructure asks for sufficient
space between raw structure and original skin, a feature which often can be found in curtain walled
fagades of that period. However, irregularities and tolerances of the concrete structure are common
and have to be identified in advance. Last but not least, it should also be mentioned that the builder,
in this case the fagade company, must have a high degree of professional and technical know-how
in order to be able to plan and implement this type of special solution at all. Even if these conditions
cannot be met in all respects, the reuse of existing materials and components for future renovation
tasks represents a promising and transferable approach.
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A standard aluminum sheet wall element of the Commerzbank has an area of approx. 7 m% The density of aluminum is 2,700 kg/
m®. A 2 mm thick aluminum sheet weighs approx. 5.4 kg/m? The production of 1 kg of aluminum generates approx. 8-10 kg of
CO,.
The structure of the building has a volume of approx. 1,800 m?*. The production of 1m?® of reinforced concrete emits approx.
320 - 340 kg of CO,.
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Abstract

Timber-based fagade technologies have the potential to effectively reduce the carbon footprint,

reduce water use in construction, and minimize waste, when their manufacturing process is highly
prefabricated. Additionally, avoiding glue parts can enhance the sustainability of the fagade as its
elements can be replaced (extending the durability of facades and therefore buildings) and separated
once that they reach their end of life (to re-use or recycle them). Thus, the connection between materials
might have a considerable impact on the facade’s sustainability. Moreover, timber-based fagades can
have different claddings, impacting on the water needed for the technology and their Global Warming
Potential (GWP). This paper assesses, through a novel methodological approach, materials’ reusability,
water use, and GWP for different fagade connections and claddings. Four prototypes with different
connections (staples, screws, timber nails, and geometrical assembly) were built. Experimental activities
representing facade elements’ substitution and disassembly provided qualitative and quantitative
information about production, extraordinary maintenance, and end-of-life phases. Through these tests,
the quantity of material that could be re-used and disposed in such phases was quantified and then
inserted in a Life Cycle Analysis (LCA). LCA was conducted using EF v.3.0 impact method and components
were modelled with EPD information and Ecoinvent cut-off 3.7 database. According to the results, a
timber-based fagade with timber nails and wood cladding is the most promising of reusable facade
materials, decreasing the water use and GWP,
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INTRODUCTION

According to the Circularity Gap Report of 2022, to keep the planet on a 1.5b-degree trajectory,
Greenhouse Gas Emissions (GHG) should be reduced by 39% from 2019 levels (Circle Economy, 2022).
To reach such an ambitious target is of paramount importance to shrink global material use and
extraction by 28%. As highlighted in that report, buildings and construction industry are one of the
most impacting sectors in this regard, and thus interventions related to them are critical in reaching
the aforementioned reductions. The Circularity Gap Report detected highly impacting interventions
involving fagade technologies: (i) treating construction materials in a circular way (reusing, recycling,
or reducing the quantity), (ii) having resource efficient construction, and (iii) increasing durability of
the fagade technologies and thus of buildings.

With this evidence, when developing or comparing fagade systems, special attention should be paid
to (a) the emissions related to the selected technologies during their whole life cycle and water use,
a precious resource, (b) the durability of facade elements, and (c) the possibility of reusing the fagcade
materials once they reach their end-of-life. While a well-known method to quantify the emissions
and water use exists, i.e. environmental Life Cycle Analysis (Hildebrand, 2014; Pittau et al,, 2019),
there are few works giving methods to measure the potential re-use of materials (Gubert et al., 2021;
Heesbeen et al,, 2021) and their application is not widespread. Moreover, end-of-life modelling might
heavily impact the overall LCA results, and thus needs to be carefully investigated. LCA methods
have already been used to compare a single-use facade against a reusable one (Cruz Rios et al,,
2019). Yet, understanding which elements of the fagade systems are reusable in a second life is still
a difficult task and increases the uncertainty of modelled end-of-life scenarios. To overcome the
lack of experience in fagade reusability, Cruz Rios et al. (2019) proposed to evaluate the impact of the
reusability rate thanks to hybrid LCA approach based on sensitivity analysis.

Facade systems should be designed not only for assembly, but also for their effective disassembly to
(i) decrease the disposal of facade materials when their reach their end-of-life and (ii) to lengthen the
lifespan of the fagade system by substituting and upgrading their elements during their service life.
However, the literature on design for assembly and disassembly is scarce. Denis and Dogan (2014)
proposed a pioneer methodology to design fagade systems with increased deconstruction capacity.
According to this work, the connection types of fagade systems influence assembly and disassembly
sequences, and they suggest simple mechanical and dry jointing connections to allow disassembly
without the destruction of adjacent parts. Another research work proposed an end-of-life tool for
building product development, structured following the 4Rs of the Circular Economy Concept:
Reduce/Reuse/Recycle/Recover (Gubert et al., 2021). This tool establishes a set of indicators to map
the impacts of the evaluated building technology. From the technology point of view, Gubert et al.
proposed connection systems, lifespan of the components and separability of the elements as the
main parameters defining the suitability for the 4Rs .

The sparse literature on design methods boosting detachable facade systems and the lack of
practical experience to evaluate replacement, disassembly, and reuse potential, makes it difficult
to frame which connection systems and fagade features are the optimal ones for the effective
separation of the facade elements and future materials reuse. To face this gap of knowledge, the
aim of this work was twofold: (i) developing experimental tests and LCA approach to assess facade
technologies options’ reusability and sustainability; (ii) evaluating the environmental performance
of timber-based prefabricated fagcade systems with different connections among layers thanks

to the new approach.
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To the state of the art, these kind of assessment methods including prototyping and experimental
tests are still uncommon but necessary to understand the disassembly and reusability potential of
facade systems, to update facade elements through materials’ substitution (increasing the overall
facade service life), and to gain knowledge on the possible end-of-life scenarios for the facade
elements, thus having more reliable data for the LCA modelling of this phase.

METHODOLOGY

This work assesses materials’ reusability, water use, and GWP based on two methodological pillars:
(i) prototyping and experimental testing of assembly and disassembly activities of different timber-
based prefabricated fagade options and (ii) LCA assessment of environmental impacts, using the
information gathered in the experimental tests for the end-of-life modelling. The assessment
compared timber-based prefabricated fagade technologies with variations in the two key-features:
the connections among facade layers and fagade claddings.

The research activity was structured as follows:

Prototyping:
a Identification of possible connections among the fagade layers of a timber-based prefabricated
fagade system and design of the functional prototypes.
b Monitoring the duration of the manufacturing process for each facade prototypes with
different connections among layers.
Testing maintenance (removing and replacing) and end-of-life disassembly phases:
a Installation of the prototypes in the experimental test facility
b Monitoring the duration of the on-site partial disassembly, removal and substitution of
materials. Visual control to identify damaged and non-reusable materials and quantification
(% of the total area).
¢ Monitoring the duration of the off-site disassembly. Visual control to identify damaged and
non-reusable materials and quantification (% of the total area).
Life Cycle Analysis
a Quantification of GWP and water use for the variations of timber-based prefabricated facades
with different connections and cladding materials. LCA without and with a window.
b Illustrating the benefits of reusing facade materials: merging the impact of their second life
with the first life-cycle.

PROTOTYPING

According to the literature exposed in section 1, different ways of assembling the fagade layers
impact on the elements’ substitution and separation activities. To quantify the impacts of ways of
assembling with experimental data, this research compared a state-of-the-art multi-layered timber
based prefabricated facade technology (Fig.1) with facade systems with alternative connections.
The proposition of the alternative connection system came out from the iterative discussions among
the researchers and a timber-based facade manufacturer.
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FIG. 1 Prefabricated timber-based muti-layer facade

TESTING

Four prefabricated timber-based fagade prototypes were designed and manufactured as specimen
for being tested through a dedicated experimental campaign. The duration of each activity related

to the prototypes’ manufacturing was monitored to quantitatively compare the differences between
the fagade connections. The specimens were then installed onto a metallic structure which emulates
the slabs of a building, in order to carry out a partial on-site disassembly and insulation materials’
substitution (Fig. 2).
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FIG. 2 Experimental activity to test the replacement of a fagade layer. Image by Fiorentino.

On-site partial disassembly and substitution of materials aimed at emulating a possible
extraordinary maintenance activity. Even if nowadays the removal or substitution of the insulation
layer is an uncommon maintenance activity, it might be a realistic operation in the future to optimize
the fagade performance to adapt to changes in boundary conditions or indoor requirements.

For instance, it could happen that the original insulation levels are no longer the optimal ones
because of climate change and/or due to a change in the building use. Eventual technology
developments could also bring novel insulation systems and replacing the existing static insulation
layer could be a good strategy to reduce the energy demand of the buildings (Juaristi et al., 2022).

If the other fagade materials are still in good condition, as a result of extraordinary maintenance
activity they could be kept until they reach their end-of-life. Thus, this experimental test enabled the
understanding of the separability of the different fagade layers with different connectors when the
fagade is installed on the building. It also enabled the identification of the materials that could be re-
installed once the insulation panel was replaced.

Afterwards, end-of-life activities were emulated to test the ease of separation of materials and their
potential future reuse. For this activity it was assumed that it would not be done on site, but in a
dedicated facility. Therefore, the four prototypes were dismantled from the metallic structure (Fig. 3)
and the prefabricated fagade elements were transported to a shed. There, the four prototypes were
completely disassembled by workers, who were asked to separate the majority of the undamaged
material in a reasonable amount of time (Fig. 4). The duration of this activity was monitored. Once
the fagades were disassembled, it was possible to visually check the materials that were damaged
and to quantify the % of the area which was damaged by measuring the amount. Thanks to this
qualitative and quantitative evaluation, potential reuse of material and the eventual reasons that
could lead to a downgrading were established.
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FIG. 3 Prefabricated fagade elements were disassembled and transported to a shed to separate materials, to realistically emulate
an end-of-life scenario.

ISR AL

FIG. 4 PEmulating disassembly activities in the end-of-life phase.
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LIFE CYCLE ANALYSIS: BOUNDARY CONDITIONS & ASSUMPTIONS

To understand if the effective separation of the facade elements and reuse of future materials has
a significant impact in the GWP and water use, a LCA must be done. Thus, OpenLCA software was
used to quantify the aforementioned impact categories. EF v.3.0 adapted method was implemented
along a cradle-to-grave/cradle life cycle and the four fagade systems were modelled by using

the EPDs of the fagade elements, as provided by the supplier to the timber facade manufacturer.
When EPDs were not available, Ecoinvent cut-off v.3.7 database was used. The information in this
database was also used to model the “standard” processes related to the fagade (e.g. transport,
disposal activities...). The durability of each facade element was considered thanks to the EPD
information and German information portal for sustainable buildings (Nutzungsdauern von
Bauteilen Fiir Lebenszyklusanalysen Nach Bewertungssystem Nachhaltiges Bauen (BNB), n.d.)

[Lifespan of building components for Life Cycle Analyses according to the Sustainable Building Assessment System].

Table A, available in the Appendix, summarizes the characteristics of the multi-layered timber-based
fagade systems and the information used for LCA modelling, and highlights the parameters that
were changed for each fagade system. When analysing the differences between the connectors, no
cladding system was modelled at all. This is because analysed prefabricated facade technologies
offer high flexibility in terms of the cladding system. To assess the impact that the selection of

the cladding would have, three representative fagade claddings were modelled for a timber-based
prefabricated panel with state-of-the-art connectors: two options for the ventilated facades, HPL
claddings and wood claddings, and plaster claddings with no airgap.

The variations of the timber-based prefabricated fagcades were modelled for a functional unit of

15 m? and a U value of 0.15 W/m?K. The system boundary considered the following life cycle phases:
Production, Construction, Maintenance, and End-of-Life. These phases were modelled according to
the following assumptions:

Production: Facade manufacturing site is in Brixen (Italy). All the facade materials are purchased
ready to be integrated in the facade systems. The origin of the materials was established based on
the current suppliers of the timber-based fagade manufacturer. This information was also used

to model the transport accordingly (from the selling point to Brixen). EURO 3 transport of different
dimensions were modelled according to the material's weight and dimension and the distance never
exceed the 500km. On the other hand, the information from providers’ EPDs enabled the modelling
of the transformation processes from raw materials to fagade elements. Specific manufacturing
processes to transform fagade elements into a timber-based prefabricated fagade include cutting
these elements to fit the size of the prefabricated module and to connect the different layers. In this
phase, some mineral wool and plastic-based waste is generated (from insulation, joint-sealing
tapes, water-tightness membrane, and packaging). The energy needed for this transformation
included the electricity of the turning table and hand machines. 30% of this electricity comes from
the photovoltaic panels installed in the factory, while the remaining 70% comes from a medium
voltage electricity grid.

Construction: a hypothetical construction site is located 300km from the factory. Thus, a >32tonnes
EURO 3 lorry transport was modelled. In the installation process, the electricity consumed by the
crane placing the prefabricated facade and the diesel for the lifting platform was considered, based
on the calculations made by the timber-based fagade manufacturing company. This phase also
included the waste related to the packaging.

Maintenance: according to the EPD, only wood claddings need maintenance activities. Two different
analyses were carried out for two possible maintenance scenarios:
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— Coating treatment of the wood cladding 7 times during its lifespan. For this activity, the diesel
for the lifting platform was considered.

— Deinstallation of the wood cladding at the middle of its lifespan, substituting it with a new
wood cladding and incinerating the old one. For this activity, the diesel for the lifting platform
was considered. The transport was modelled considering a 16-32 tones EURO 4 lorry, both for
the new cladding and old cladding transportation.

End-of-Life: in this phase, it was hypothesized that prefabricated fagade panels would be
dismounted as a single element to be transported to the manufacturing factory in which disassembly
and waste separation are expected to happen. Therefore, this phase includes a >32tonnes EURO 3
lorry transport, the electricity consumed by the crane removing the prefabricated facade, and the
diesel for the lifting platform. To determine the way in which separated damaged material needs to
be modelled, EPD information regarding disposal and recycling processes was considered. Not all of
the materials are disposed or recycled; end-of-life phase was modelled considering the disposal and
recycling of the materials that were identified as non-reusable in the experimental tests.

Initial LCA results referred only to the first life cycle of the facade systems and their materials. Re-
usable materials were expected to have a second life and therefore, the impacts of using re-used
materials instead of virgin materials would be accounted for when modelling their second life cycle.
However, this way of illustrating the results did not highlight clearly enough the potential reduction
of GWP and water use when the re-use of facade components is boosted. Therefore, the benefits of
reusing facade materials were illustrated by merging the impact of their second life into the first life
cycle. To do so, the positive impacts of integrating re-used materials in future fagade systems were
directly subtracted from the total impacts of the first life cycle.

RESULTS

POSSIBLE CONNECTIONS AMONG LAYERS

Currently, staples are used as connectors among layers. However, they do not allow such an
effective disassembly of the different facade layers with the minimum harm, which is an essential
characteristic of reused materials in their second life. For this reason, three timber-based facade
systems with different layers’ connections were proposed and compared with a state-of-the-art
timber-based multi-layered facade. Proposed alternative connectors were (i) screws, expected to
increase the duration of assembly and disassembly phases but causing less harm to materials
when separating the fagade elements; (ii) timber nails, expected to be similar to staples in terms
of assembly and disassembly, but would have a lesser impact when disposing of them, and (iii)
geometrical assembly (with milled mullions and no connectors at all), which is a more complex
fabrication but the materials are not harmed when disassembling them.

PROTOTYPING AND EXPERIMENTAL TESTS: DURATION
OF EACH PHASE AND ASSESSMENT OF REPLACEMENT,
DISASSEMBLY, AND REUSABILITY POTENTIAL

The fabrication of the prototypes and experimental tests enabled the production times to be
monitored as well as the validation of the hypothesis with which they were proposed. This production
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was mainly based on handcraft. Therefore, the results shown in Table 1 could be slightly different if
specific automatized machinery was used for each process, adapted to each connection types.

TABLE 1 Duration differences for fabrication, extraordinary maintenance and disassembly activities (the percentages represent
the difference of that fagade option respect the fastest solution in each phase)

Connections Stapples Screws Timber Nails Geometrical
(1_SA) (2_8) (3_TN) assembly
(4_NC)
Production time Best opt +36% +7% +67%
Maintenance (Removing) +500% +125% +50% Best opt
Maintenance (re-installing) +22%* +111% + L4%** Best opt
End-of-Life Disassembly +98% +35% Best opt +6%

* The same outer planking panel could not be re-placed in the fagade again. A new board and staples were needed for the
extraordinary maintenance activity
** New timber nails were needed in the extraordinary maintenance activity

The results demonstrate that state-of-the-art connections, the staples, are the fastest options to
manufacture. However, as expected, they also are the slowest options when the components of this
facade system need to be removed in an extraordinary maintenance activity (Fig. 2) or separated
when they reach their end-of-life (Fig. 5 a). Fig. 2b highlights how the outer enclosure panel cannot
be replaced if removed in an extraordinary activity because the holes of the staples are too many and
too big. If staples are substituted with screws the disassembly time is shortened, and the same holes
might be used for re-fixing the layers. Yet, the extraordinary maintenance (removing the insulation
layer and re-installing disassembled elements) remains time-consuming. Timber nails showed
overall better results, their production time being almost comparable to the staples; they are easily
separable when reaching their end-of-life and need a reasonable time in an eventual extraordinary
maintenance activity. The best option to ensure a fast and effective extraordinary maintenance was,
as expected, the facade with geometrical assembly. However, it was also the most time-consuming in
terms of its fabrication and the fagade with timber nails had similar disassembly times.

Visual check of the fagade components after the substitution and disassembly activities was
essential to understand the reusability potential of the different types of connections of the four
fagades. Fig. b illustrates how, when disassembling the fagade with the staples, part of the material
was lost, such as the internal finishing plasterboard and the borders of the 0SB and medium-
density wood fibre boards (which were cut for a faster disassembly process). Moreover, part of

the plaster remained attached to the wood mullions. On the contrary, when disassembling the
fagade with no connectors at all, the panels remained complete and free of damage. Only part of
the waterproof membrane remained attached to the mullions. Regarding the fagade elements with
screws and timber nails, they were separated without harming them, except from the holes of the
connections (Fig. 6).
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FIG. 5 Facade layers after the disassembly activity, for a prefabricated multi-layer timber-based fagade joint with (a) 1_SA staples
and (b) NC geometrical assembly. Images by Fiorentino.

The outcomes of disassembly activities were a useful input for the Life Cycle Assessment of
different timber-based prefabricated fagade options, as it enabled the detection of the material
quantity that could be reused or recycled in the end-of-life phase. The measurement of the waste
from disassembly process stated that for the fagade with staple connectors, 75% of the area of the
medium-density wood fibre boards and OSB panels could be reused, whereas for the other three
connector types 100% would be reusable if the holes were not a problem in their future applications.

FIG. 6 0SB panels and wood mullions after the disassembly activity. The tests were carried out for four different connections
between fagade layers (a) staples and nails, (b) screws, (c) timber nails, and (d) interlockings. Images by the author.
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LIFE CYCLE ASSESSMENTS FOR DIFFERENT
OPTIONS OF PRE-FABRICATED TIMBER-BASED
FACADES AND END-OF-LIFE SCENARIOS

Life Cycle Assessment results show the GWP differences of the analysed variations of timber-based
prefabricated fagades (for different connections and cladding materials). As illustrated in Fig. 7,

the production phase is the one with the highest impact in the equivalent kg of CO, emissions.
Surprisingly, when looking at total GWP results (Fig. 7a), the timber-based prefabricated facade
with a plaster cladding (4_SA_P) is the one with the lesser impact during production, even less than
the evaluated fagade technologies with no cladding at all (1_SA, 2_S and 3_TN). This is because
4_SA_P does not have a medium-density wood fibre board panel as a front enclosure, because it is
not commonly used when plaster finishing is adopted. Instead, the insulation layer is closed with
wood fibre insulating boards, to which the outer plaster is applied. Thus, this result highlights the
significant impact that medium-density wood fibre boards have in the GWP of the studied facades.
Regarding the total GWP of the evaluated cladding materials, HPL panels are the most impactful
ones. However, it should be noted that, according to the information given by the fabricators in

the EPDs and the German information portal for sustainable buildings (Nutzungsdauern von
Bauteilen Fiir Lebenszyklusanalysen Nach Bewertungssystem Nachhaltiges Bauen (BNB), n.d.)

[Lifespan of building components for Life Cycle Analyses according to the Sustainable Building Assessment System], the
three fagade claddings are not expected to have the same lifespan and maintenance requirements.
A timber-based prefabricated fagade with a plaster cladding (4_SA_P) is expected to last for a
maximum of 40 years and coatings are the only expected maintenance activity in that timeframe.
HPL can last 50 years, the same duration that is expected for the timber-based prefabricated facade
systems. Wood fagade claddings can also last up to 50 years if they are regularly painted (6_SA_WP)
or if just the cladding is replaced once during the fagade system's lifetime (7_SA_Wr). Taking these
lifespans, the GWP results were normalized per year. Likewise, a timber-based prefabricated
facade with a plaster cladding (4_SA_P) is no longer the facade option with the smallest equivalent
emissions of CO2, but that with the timber claddings (Fig. 7b).

Global Warming Potential — LCA Results for total life cycle Global Warming Potential —LCA Results normalized per year

]
r]

m Production Construction Maintenance End of life ® Production Construction Maintenance End of life

1.80
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a b

FIG. 7 Global Warming Potential (GWP) per square meter for total life cycle of different prefabricated multilayer opaque facade systems
with different connection and cladding materials. 1_SA, 2_S, 3_TN scenarios have no finishing. (a) Total life Cycle Analysis results and
(b) Total life Cycle Analysis results normalized per year for 40 years of lifespan (for 4_SA_P) and 50 years (for all other cases).
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Life Cycle Assessment were also done for a calculation unit including a window of 1.2m?in the
calculation unit of 15m? and an installation layer (made of insulating material and internal wooden
mullions), to better understand the impact of each facade component in the GWP. Furthermore, the
obtained results were compared to those in the existing literature (Hildebrand, 2014). The impacts

of three opaque fagade typologies with a window were used from this research work and re-
calculated by increasing their insulation layer to reach the same U-value considered for the timber-
based prefabricated fagades. The insulation material was estimated to be the same as proposed

by Hildebrand in her work and only its thickness was modified to reach a U-value of 0.15W/m?K.

To quantify the GWP of the additional insulation, the GWP calculated by Hildebrand for those specific
materials was considered.

The results of Fig. 7 report the total GWP, that is not normalized to the expected lifespan. According to
these results, the timber-based panel with HPL claddings would have a higher GWP than lightweight
concrete fagades with a with an External Thermal Insulation Composite System (ETICS) made of
extruded polystyrene (XPS). On the other hand, timber-based prefabricated fagade systems have
lower GWP than a facade made of bricks and EIFS insulated with mineral wool. Its GWP is also lower
than for ventilated facades with a concrete core, mineral wool, and aluminium substructure.
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FIG. 8 Global Warming Potential (GWP) per square metre for total life cycle of different multi-layer opaque fagade layers
(U=0.15W/m2K) which include a window. Total Life Cycle Analysis results for Production, Maintenance, and End of Life Phases.

Fig.7 and Fig. 8 give interesting insights about the GWP of different variations of the timber-

based prefabricated fagades, but explaining how the reusability of its components could have a
significant impact on the GWP and water use is not straightforward. With this aim, further Life

Cycle Assessment calculations were done by considering in the analysed life cycle the benefits

of reusing the fagade components in a second life. The savings from not manufacturing these
elements again are illustrated in Fig. 9, which shows the overall GWP and water use for all scenarios
and their potential reduction according to the aforementioned method. According to the results of
these graphs—which are not normalized to the annual impacts—if HPL cladding panels are reused
once they reach their end of life, their GWP use is lower than for wood cladding. However, to do so,
business models compatible with reusability should be applied and it is not clear how the HPL could
be reused, as, theoretically, they would have reached their lifespan as fagade cladding materials.
Regarding the results for different facade layer connections, screws (2_S) and timber nails (3_TN)
would enable a more significant reduction of the studied environmental parameters compared to the
state-of-the-art connections (1_SA).
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FIG. 9 Global Warming Potential (GWP) and water use per square metre and its possible reduction if the components are reused in
a second material life. Global results for total life cycle of different prefabricated multi-layer opaque fagade systems with different
connection and cladding materials..

LIMITATIONS AND FUTURE WORKS

One of the biggest limitations of the present work was that fagade materials were still new (not
aged) when doing experiments for replicate extraordinary maintenance and end-of-life disassembly
activities. Future works should find a method to age components of the facade elements before
disassembling it, to perform disassembly activities under more realistic conditions. The results

of these experiments suggest that timber nail connections might facilitate the disassembly of
prefabricated timber-based fagades without compromising their fabrication time nor the analysed
environmental aspects. However, more detailed static evaluations are needed to guarantee that these
connections are also suitable to meet the structural requirements. Similarly, the facade system with
geometrical assemblies should be evaluated to test whether it provides enough structural safety
against horizontal impact and suction effects in the ventilated chamber.

According to the LCA results, medium-density wood fibre board panels have a significant

impact on the GWP. The maintenance of wood cladding with the evaluated coatings also have a
substantial impact. Future works should investigate more environmentally friendly coatings for

the maintenance of wood claddings. They should also identify cost-effective alternative materials
for the front-enclosure of prefabricated timber frames, with the ability to give enough structural
stability. Moreover, the emissions related to the transport of prefabricated elements can be reduced
if the overall weight of the prefabricated fagade element is reduced by optimizing the timber frame
substructure and material quantity. Life Cycle Analysis quantified the possible reduction of the GWP
and water use if the materials were reused instead of disposed of when they reach the end of their
life. However, to reuse these components, the capacity to easily disassemble it is not the only target
that must be pursued; the reusability of fagade components will be only possible if the market is
interested in it. Thus, future works should also focus on the possible business models aligned with
the circular economy to sell the materials coming from dismountable timber-based fagade systems.
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CONCLUSIONS

The contribution of the presented work to the research field was a novel methodology to consider
crucial aspects of sustainability in the fagade system, namely potential fagade disassembly for a
future re-use of materials and how it impacts on the Global Warming Potential and water use of the
fagade system. These aspects were evaluated and quantified thanks to the real-scale prototyping
activities (production, maintenance-removing and -replacing, and end-of-life disassembly phases)
and LCA calculations. The results showed that current state-of-the-art connections (staples) enable
a faster fabrication than studied alternative solutions (screws, timber nails, and geometrical
assemblies, with milled mullions and no connectors between layers). The fabrication time of
timber-based prefabricated fagades with timber nail connections was only slightly longer than
with staples. Surprisingly, facade systems with timber nail connections were the fastest ones when
disassembling them in the end-of-life activity. Disassembled panels, though, remained with the
holes where the nails had previously been placed, which could be a problem for some potential
reusability, whereas the facade systems with geometrical assembly didn't have this problem. This
last system had the best duration considering the extraordinary maintenance activities, but its
overall suitability seems limited as its fabrication is more complex and longer in comparison to the
other analysed fagade systems. Besides, the reusability of the milled mullions could be limited due to
its particular geometry.

Overall, according to the results of the present work, timber-based prefabricated fagade systems have
a lower Global Warming Potential (GWP) than other opaque fagade typologies (taken as reference
from other scientific studies) regardless the type of connections between layers. However, the
selection of the cladding has a big impact on the GWP and water use. Timber-based prefabricated
fagade systems with HPL cladding have a much higher impact than those with wood claddings or
plaster claddings, this last one being the one with the lowest equivalent CO, emissions. Timber-based
fagade with HPL cladding also has a higher GWP than a comparable lightweight concrete fagade

with an External Thermal Insulation Composite System (ETICS). On the other hand, HPL cladding
requires less maintenance than wood and plaster claddings and have a longer lifespan. Indeed,

the lifespan of the fagade system has a great impact on GWP results. This is why the normalized
results, according to the lifespan declared by the fabricators, show how plaster claddings are the less
suitable option compared to the wood claddings, in terms of reducing the CO, emissions, because of
their longer durability if expected maintenance activities are followed. This work also quantified the
potential CO, emissions and water use reductions if the fagade components were re-used in a second
life. In such a scenario, timber nail connections and HPL claddings show a great opportunity to
reduce environmental impacts if reused, and in this scenario, they would become the timber-based
prefabricated fagade system with the least equivalent CO, emissions.
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Annex
ROLE ELEMENT MATERIAL DURABILITY SOURCE FOR LCA MODEL
(years)
External cladding* Variable 1 Plaster 40 EPD-SON-20150247-IBA1-EN**
Variable 2 HPL 50 EPD-FMX-2012111-EN
Variable 3 Wood 60

Connection of Vertical outer mullion Solid structural wood 50 EPD-RUB-20180059-IBB1-EN

external cladding and

water/wind proofing

membrane**

Water/wind proofing Foil-Membrane Polyester and acrylic 50 Modelled by the authors with
coating database’s flows

Closing layer of the Outer planking Medium Density 50 EPD-EGG-20140196-1BA1-DE

insulation, rigidity Fibreboard **, @=615
kg/m3,

Thermal performance  Thermal insulation Mineral Wool, density 50 EPD-RUB-20180059-IBB1-EN
@=60kg/m3

Load-bearing frame Timber-frame Solid structural wood 50 EPD-RUB-20180059-IBB1-EN

of the prefabricated

facade

Closing layer of the Inner planking Wood based panels 50 EPD-EGG-20180107-1BD1-EN

insulation and vapour
barrier, rigidity

Fastening of the Vertical inner mullion Solid structural wood 50 EPD-RUB-20180059-I1BB1-EN
inner insulation and

connection of the inner
cladding***

Inner finishing*** Gypsum Gypsum 50 EPD-FER-20160218-CAD1-EN

ok

Window (transparent Glass and wood (frame) 25 Database
part, U=1.1 W/m2K,
frame U=1.5W/m2K)

Daylight, ventilation

*For the supporting board. Plaster layer was modelled by the authors with database’s flows.

**The EPD to model plaster cladding refers to the supporting board. Plaster layer was modelled by the authors with database’s
flows. Moreover, the fagade system with the plaster cladding does not include vertical outer mullions nor an outer planking
made of medium-density wood fibre board .

***Installation layers and windows were a variable parameter; thus they were not always modelled.
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Abstract

The type of glazing implemented in a building plays an important role in the heat management of a
building. Solar heat entering through glazing causes overheating of interior spaces and increases
building’s cooling load. In this work, the energy saving potential of window films based on Cholesteric
Liquid Crystals (CLC) is explored. This emerging technology allows for the fabrication of static and
thermochromic solar heat rejecting window films and can provide a simple renovation solution towards
energy efficient buildings. Simulations on a model office showed that static CLC-based window films
can save up to 29% on a building's annual energy use in warm climates. In climates with distinct
summer and winter seasons, static solar heat rejecting windows films cause an additional heating
demand during winters, which reduces the annual energy savings. In these climates, the benefit

of thermochromic CLC-based window films becomes evident and an annual energy saving up to

22% can be achieved.
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1 INTRODUCTION

The world population and people living in urban areas is growing (United Nations, 2018; 2019).

To host and keep hosting this growing population, high-rise buildings are increasingly dominating
the city landscape. These buildings should provide comfort and well-being to its occupants, be
sustainable and simultaneously positively impact the urban environment. To this end, large

glazing areas are increasingly used in building fagade designs, as this allows natural daylight,
which positively impact the health and productivity of occupants (Chen, Zhang, & Du, 2019; Knoop
et al., 2020). However, solar heat entering through glazing causes overheating of indoor spaces

and increases the demand for artificial cooling loads. Buildings are already responsible for 36%

of worldwide energy consumption. Despite increasing population and floor area, reductions in
energy consumption have been realized between 2010 and 2018 for space heating, lighting,
appliances, cooking, and domestic hot water. In contrast, the energy use for space cooling

has increased by 33% in this period, which is likely related to increased glazing area, rising
temperatures, and an increasing demand for thermal comfort, and is expected to increase even
further (Glass for Europe, 2019; IEA, 2018). Due to this steep increase in cooling demand, the overall
energy consumption of buildings is still increasing at 1 to 2% per year (Dennis, 2018; IEA, 2019;
Pérez-Lombard et al,, 2008; Prieto et al,, 2017). Therefore, it is of increasing importance to implement
measures that reduce the energy use for space cooling in the built environment. This need is also
recognized by policies which prescribe reduction of CO,-emissions in the building sector. In view of
this, the European Commission aims to at least double the renovation of existing building stock for
the next ten years. Therefore, 35 million buildings in Europe should be renovated by 2030 (European
Comission, 2020). These regulations have led to an increasing demand for innovative materials to
reduce the environmental impact and increase the sustainability of new and existing buildings.

In this respect, there is a lot to gain by renovation of existing glazing and glazing designs in new
buildings. If all EU buildings were equipped with high-performance glazing by 2030 a total of 29%
of energy use can be saved annually. This corresponds to an annual CO,-emission reduction of up to
94.2 million tonnes (Glass for Europe, 2019).

Thermal losses and heat gains through glazing determines for a large extent the

energy consumption performance of a building. On cold days (e.g. in winter), thermal losses from
inside to outside a building should be reduced as much as possible to decrease energy use on
heating systems. Simultaneously, on warm days (e.g. in summer), solar heat gains through glazing
from outside to inside a building should be prevented to reduce the required energy for space cooling
(Long & Ye, 2014). Solar radiation contains UV-light (300 - 400 nm), visible light (400 - 700 nm) and
near-infrared (near-IR) light (700 — 2500 nm, Figure 1) (Jelle et al,, 2015; Rezaei et al,, 2017). UV-light
has the ability to affect other materials, such as furniture inside a building, causing discolouration
and degradation and interacts with the human skin with a potential negative impact on people's
health (Gonzaga, 2009; Kim & Kim, 2010). Therefore, a window element or material should preferably
block UV-light. The visible light part of the spectrum accounts for 43% of the solar energy. Interaction
of a window with this part of the solar spectrum will determine the tinting or colouring of a window
and therefore the appearance of the building and the daylight comfort of its occupants. The near-IR
light accounts for 52% of the solar energy and causes heating of interior spaces. Therefore, glazing
technologies that focus on the reduction of solar heat gains through glazing focus on rejection of
solar near-IR light, while allowing sufficient visible light to ensure daylight comfort.
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FIG. 1 The solar energy distribution. Adapted from Rezaei et al., 2017

Various glazing solutions are developed to impact the heat management of buildings. Next to
shutters and blinds, a common solution is the use of low-emissivity (Low-E) coatings. Such Low-E
materials usually consist of various layers of metals (typically silver) and metal oxides, which can
for instance be applied to a glass pane via sputtering or other deposition techniques (Ding & Clavero,
2017; Jelle et al,, 2012). Their main function is to re-direct long-wave radiation from inside a building
back into the building to reduce the amount of heating required on cold days. These coatings thus
increase the insulating properties of a glazing units (Long & Ye, 2014). In addition, various Low-E
coatings exist which not only insulate glazing, but also reject solar heat to keep a building cool

on warm days and reduce the energy use on artificial cooling (Al-Obaidi et al., 2014; Jelle et al,,

2015; Mohelnikova & Altan, 2009; Rezaei et al,, 2017; Xu et al., 2017). Nowadays, most new building
designs in cold or temperate climates are equipped with Low-E coated insulating glass units

(IGUs) (Selkowitz, 1999).

Another solution that reduces the solar heat gains through glazing is the use of solar heat rejecting
window films. Such films are simply adhered to existing IGUs to upgrade a building's glazing
performance without the need to replace any glass panes (Bahadori-Jahromi et al,, 2017; Curcija

et al., 2017). Window films can be fabricated via roll-to-roll methods on flexible substrates at high
throughput. Over the years, companies in this field, such as 3M and Saint-Gobain, developed a variety
of window films having various gradations of tinting and near-IR reflection based on reflective
metal-containing coatings or absorptive metal oxides (Jelle et al., 2015; Kim et al, 2021). These films
are designed and optimized for various climates around the world. For instance, a warm and sunny
climate requires a film with more tinting and near-IR reflection, whereas a colder and less sunny
climate requires more visible light transmission and less near-IR reflection, in order to optimize

the balance between solar heat gains in winter and rejection in summer (Hui & Kwok, 2006; Li et al.,
2015; Sedaghat et al,, 2021). As such films are fabricated in a cost-effective way and can be applied to
existing window panes, they are an appealing and easy-to-install renovation option.

Low-E coated glazings and solar heat rejecting window films do not adapt their optical properties
with the outdoor weather conditions. In winter, when solar heat is desired to enter a building, these
solutions also reject solar heat, causing an additional energy use on heating the indoor space to

a comfortable temperature. Therefore, climates with distinct summer and winter seasons would
benefit from dynamic glazing solutions (Casini, 2014). Several pilot and simulation studies revealed
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that such dynamic glazing solutions could realize an annual energy saving between 8 and 53%

in temperate climates compared to traditional glazing solutions depending on variables, such as
building geometry, orientation, and the used reference glass (General Services Administration,
2014; Khandelwal et al,, 2015; Mann et al., 2021; Mann et al,, 2020; Dussault et al., 2012; DeForest

et al., 2017). A recent development is the electrically switchable glazing. These glazings can be
switched from a transparent to tinted state on demand of the end-user or coupled to a sensor to tint
autonomously depending on the outdoor sunlight intensity (Al Dakheel & Aoul, 2017). These systems
are effective in maintaining a comfortable light illumination throughout the day and also allow

an energy benefit compared to non-responsive glazing units (Arbab et al., 2017; Clear et al., 2006;
Day et al,, 2019; General Services Administration, 2014; Mardaljevic et al., 2016; Painter et al., 2016;
Piccolo & Simone, 2009). Electrically switchable materials can be prepared from electrochromic
metal oxides, such as tungsten oxide (WO3), but also include examples of conjugated polymers and
switchable liquid crystal (LC) devices (Baetens et al., 2010; Casini, 2018; Ke et al,, 2019; Khandelwal
et al, 2015; Khandelwal et al., 2017; Marchwinski, 2014; Wang et al,, 2016). The fabrication of

these systems requires sandwiching of the responsive material between two glass plates with
electrically conductive layers and requires electronic wiring, which causes high fabrication and
installation costs (Brzezicki, 2021). Dynamic glazing solutions that require a simpler installation
are systems that respond autonomously to outdoor weather conditions, such as thermochromic
glazing solutions (Mann et al., 2020; Seeboth et al,, 2010; Serpe, 2019). These materials can consist
of inorganic pigments that can change their absorptive properties with temperature, such as VO,-
based thermochromic materials (Calvi et al., 2021; Cui et al., 2018; Ke et al., 2018; Long & Ye, 2014;
Yeung et al,, 2021). These systems are usually laminated between two glass plates and are installed
similar to regular IGUs.

This work discusses the energy saving potential of an emerging technology, namely Cholesteric
Liquid Crystal (CLC) based coatings, for solar heat management in buildings. LCs are materials
that possess both solid-like as well as liquid-like properties. LC molecules have some level of
organisation similar to the crystal structure of a solid, but are also able to change organisation
easily and flow like a liquid. When incorporating a chiral molecule inside an LC, a rotation in the
molecular organisation can be induced and a periodic helical organization of the molecules can be
created, called a CLC phase (Figure 2) (Liang, 2015). This helix provides an optical structure with
periodically altering refractive indices, which is able to reflect light of a specific wavelength and
circular polarization. Therefore, a CLC material can reflect 50% of incoming unpolarized light around
a specific central wavelength. This wavelength is determined by the periodicity of the cholesteric
helix structure, which can be tuned by the concentration and type of chiral dopant (Balamurugan

& Liu, 2016; Dierking, 2014; Liu et al,, 2016; Mitov, 2012; White et al., 2010). A CLC material can

thus be tuned to reflect only in the near-IR range of the solar spectrum, while leaving the visible
light transmission unaffected. This property makes them appealing as solar heat rejecting glazing
material. Furthermore, the wavelength range to be reflected can be broadened to lower the solar
heat gain coefficient (SHGC) of the glazing. This can be achieved by coating multiple CLC layers
reflecting at different wavelengths on top of each other, but might also be achieved by creating a
pitch gradient in a single CLC layer (Khandelwal et al., 2014; Kim et al., 2018; Liu et al., 2016; Mitov,
2012; Ranjkesh & Yoon, 2021; Van Heeswijk et al., 2019). Such a pitch gradient might be achieved
by polymerization induced diffusion methods, in which one creates a concentration difference of
the chiral dopant throughout the thickness of the CLC material (Broer et al,, 1999; Fan et al., 2008;
Khandelwal et al., 2017). Another possible route could be the stepwise polymerization at various
specific temperatures of a thermochromic CLC material (Duan et al., 2017; Guo et al.,, 2010; Mitov et
al,, 2004; van Heeswijk et al., 2020; Wu et al., 2011; Xiao et al., 2016). In this way various pitch lengths,
and thus reflective wavelengths, are established inside one CLC layer. Using these methods, CLC
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broadband reflectors spanning a wavelength range of up to 13 um have been fabricated (Zhang et
al,, 2016). To decrease the SHGC further, the 50% reflection limit of a regular CLC-based device can
be exceeded by including both a left- and right-handed helical CLC structures into one window film
device (Khandelwal et al,, 2014; Mcconney et al, 2011; Ranjkesh & Yoon, 2021; Zhao et al., 2015).
Another option would be to insert an achromatic optical half-waveplate material in between two
broadband CLC reflectors of the same handedness (Komanduri et al.,, 2013; Kraemer & Baur, 2019;
Ortiz-Gutiérrez et al,, 2001). Such a waveplate converts the transmitted circularly polarized light of
the first CLC broadband layer to the opposite handedness, which then can be reflected by the second
CLC broadband layer (Khandelwal et al., 2014; Kragt et al., 2019; Mitov, 2012).

Window film
// Window pane
LY

Reflect solar heat/\a"smitted sunlight CLC Coating
Block harmful |
UV light ' \

Film substrate

with adhesive
FIG. 2 Simplified representation of a solar heat rejecting window film based on a CLC reflective coating. (left) A solar heat
rejecting window film adhered to glass. (middle) A zoom-in on a simple window film build-up comprising a CLC coating on an

L Periodicity

adhesive film substrate. In practice, the window film might consist of multiple coating layers bearing various functionalities.
(right) A representation of the periodic helix structure inside a CLC coating. The molecules are represented by the blue bars. The
periodic rotation of the extraordinary and ordinary refractive indices (ne and no, respectively) causes the CLC material to reflect
light of a specific wavelength and circular polarization. Many of these periodic helices are present in one coating layer to reach
the 50% reflection limit of a single CLC coating layer. The CLC helical structure is adapted from Liang, 2015.

Besides static reflectors, the organisation, and thus optical properties of CLC materials, can also be
tuned by external stimuli, such as electric fields and temperature (Khandelwal et al., 2017; Zhang et
al,, 2021). This property also makes them appealing for dynamic glazing solutions that can respond
to outdoor weather conditions. By modifying the chemical composition and processing conditions
CLC-based materials can be fabricated that can, for example, shift their reflective wavelength upon
changes in temperature (Khandelwal et al,, 2019; Kragt et al, 2019; Ranjkesh & Yoon, 2019; White

et al., 2010; Zhang et al,, 2021). In particular, CLC materials that show a phase transition from a
non-reflecting smectic liquid crystal phase to a reflective cholesteric phase are prone to show huge
wavelength shifts towards lower wavelengths upon increasing the temperature (van Heeswijk et al,,
2019; Yang et al,, 2022; B. Zhang et al,, 2019; P. Zhang et al,, 2018; W. Zhang et al,, 2017; Zhang et al,,
2021). In a smectic phase the molecules are organized in a two-dimensional order, not bearing the
periodic helical structure of a CLC phase. As soon as the material undergoes a phase transition from
a smectic to a cholesteric phase, the cholesteric pitch starts to form and gradually becomes shorter,
causing a shift of the reflective properties towards smaller wavelengths. Such materials have shown
reflection band shifts of over 1100 nm (Tzeng et al,, 2010). The transition temperature and reflective
wavelength position of such materials can be tuned by varying the chemical composition of the
thermochromic CLC material. In addition, one could even design a material that is able to shift from
a narrow to broadband reflector by partly polymerizing a thermochromic material (Khandelwal et al.,
2016; Yang et al,, 2003; Yuan et al., 2010). In this way, CLC-based materials can be used to regulate the
level of solar heat rejection based on the outdoor temperature conditions.
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In this work, the energy saving potential of both static and thermochromic CLC-based window films
in both warm and temperate climates is explored. The window films are based on a CLC coating
applied on a flexible substrate providing a static near-IR reflecting film that can be adhered to a
glass plate (Figure 2). Such window films are interesting for energy efficient building renovations.
The impact on a building's energy consumption when developing these films into a full broadband
reflector and thermochromic window film is evaluated using an office building simulation. This
provides insights on further material developments towards effective energy saving window film
products based on CLC coating technology.

METHODOLOGY

To explore the potential impact of CLC-based window film technologies on the energy performance of
a building various static and thermochromic window films are designed to represent the theoretical
optical performance limits of CLCs. The glazing characteristics, such as visible light transmission
(T,). solar heat gain coefficient, (SHGC) and U-value, of these window films in combination with a
double clear IGU and a Low-E coated IGU are calculated. These glazing characteristics are then used
to specify the glazing performance of a building model in DesignBuilder representing a standard
office floor. The monthly and annual energy use for lighting, heating, and cooling of this building is
calculated and the energy performances with various glazings inserted are compared to each other
to quantify the energy saving potential of the CLC-based window films.

CHOLESTERIC LIQUID CRYSTAL WINDOW FILMS

Several static window films, as well as one thermochromic window film, are designed based on
empirical findings during laboratory fabrication and methods described in literature. For the CLC-
based window film that is actually fabricated in a laboratory, the film is adhered to a single glass
pane and the optical properties are measured by spectrophotometry. This data is imported in LBNL
software Opticsé to determine its optical characteristics and subsequently in Window 7.7 to translate
these to glazing characteristics. For the CLC-based window film designs that are based on methods
described in literature, the transmission and reflection spectra are not measured, but plotted by
hand. In this process realistic values for reflection band broadness and depth are taken based on
findings in literature representing the limits of CLC-based technology. For the thermochromic
window film design potential transition temperatures and wavelength shifts found in literature

are taken as a reference. These simulated optical data are then imported similarly as the actually
fabricated CLC-based window film into the LBNL softwares Optics6 and Window 7.7 to determine the
glazing characteristics.

The optical properties of Cholesteric Liquid Crystals (CLCs) can be custom designed by using various
processing methods. The first CLC-based window film design consists of a single CLC coating

layer on a polyethylene terephthalate (PET) substrate based on a CLC ink formulation provided by
ClimAd Technology and is actually fabricated in a laboratory. This ink was coated on a UV-blocking
polyethylene terephthalate (PET) film having a thickness of 50 um by means of wire-bar coating and
subsequent drying and UV-curing steps. An optically clear adhesive was laminated at the non-coated
side of the film, which was then adhered to a 4 mm thick single clear glass plate (10 x 12 c¢cm, Stolker
Glas). The transmission spectrum of this window was measured on a Perkin Elmer Lambda 750 UV/
Vis/NIR spectrophotometer over a wavelength range between 400 and 2500 nm (Figure 3A, black
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solid curve, CLC narrow). In addition, the reflection spectra of the glazing device were measured from
both sides of the sample over the same wavelength range. The CLC narrow band window film device
has a central reflective wavelength at 920 nm at which it reaches a transmission of 48%. Adhered

to a single clear glass plate, the CLC narrow band window film has a visible light transmission

of 88% and a solar heat gain coefficient (SHGC) of 0.79 as determined with LBNL software

Opticsé and Window?7.7.

The SHGC of CLC-based window films can be decreased by broadening the reflection band of the
CLC material (Liu et al,, 2016; Mitov, 2012). To explore the energy saving potential of such broadband
reflectors, transmission and reflection spectra were plotted by hand. The depth of the transmission
spectrum in the reflected wavelength range as well as the baseline of a single glass pane is based on
the measured spectra of the actually fabricated CLC narrow band window film device. The bandwidth
of the plotted broadband CLC-based window film device reflected a full width at half height between
840 and 1570 nm. (Figure 3A, yellow curve, CLC broad). Broadband reflectors spanning a similar

or even larger wavelength range are also described in literature and can be fabricated by creating

a pitch gradient in a single CLC material layer by polymerization induced diffusion methods or

by polymerizing a thermochromic CLC material at various temperatures (Fan et al.,, 2008; Duan

et al. 2017; Xiao et al,, 2016; L. Zhang et al,, 2016). Therefore, the chosen wavelength range of the
simulated broadband CLC-based window film device is believed to be feasible in practice when
optimized as a coating on a window film. Adhered to a single clear glass this device has a SHGC of
0.72, while the visible light transmission is still at 88%. To decrease the SHGC of CLC-based window
films further one could fabricate a broadband reflector exceeding the 50% reflection limit of a single
layer of CLC material by superimposing multiple layers of opposite handedness of the CLC helix
structure or sandwiching a half waveplate material in between two CLC layers reflecting similar
handedness (Khandelwal et al,, 2014; Komanduri et al,, 2013; Kraemer & Baur, 2019; Kragt et al.,
2019; Mcconney et al,, 2011; Mitov, 2012; Ortiz-Gutiérrez et al,, 2001; Ranjkesh & Yoon, 2021; Zhao et
al,, 2015). In this way, CLC-based reflectors are created, reflecting nearly all incoming light within the
reflected wavelength range. Therefore, the third static CLC-based window film device used in this
work consists of two CLC-based broadband reflectors superimposed on top of each other to create

a broadband reflector that reflects nearly all incoming light. This design represents the limits of
CLC-based window films that could be achieved in practice after optimization. This simulated full
broadband reflector reflects over the same wavelength range as the simulated broadband reflector
described above, but reaches a transmission as low as 5% over the reflected wavelength range
(Figure 3A, green curve, CLC full broad). Adhered to a single clear glass plate this CLC-based window
film device reaches a SHGC of 0.54 with a visible light transmission of 85%.

CLC materials not only allow for the fabrication of static IR reflectors, but could also be processed to
thermochromic devices (Khandelwal et al., 2016; Tzeng et al., 2010; van Heeswijk et al., 2019; Yang
et al,, 2022; Zhang et al,, 2018; Zhang et al,, 2021). To simulate the potential limits of thermochromic
CLC-based window film we combined several literature findings into one design. This design

is based on CLC materials that show large reflection band shifts spanning hundreds of nm in

a temperature range between 12 and 20 °C (Tzeng et al., 2010; Yang et al., 2022). By applying a
processing method in which such thermochromic CLC material is only partly polymerized one
could create a device that is changing from a narrowband to a broadband upon increasing the
temperature, as the thermochromic response of the polymerized portion of the material is inhibited,
while the non-polymerized part still shifts its reflected wavelength (Khandelwal et al., 2016; Yang et
al., 2003; Yuan et al,, 2010). Similar to the simulated static full broadband reflector design, two such
thermochromic CLC layers could be superimposed on top of each other to fabricate a thermochromic
CLC-based window film reflecting nearly all incoming light over the reflected wavelength range.
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Combining these materials and methods described in literature and optimizing those into a

single device, one could imagine a thermochromic CLC-based window film that is not reflecting

at 10 °C, turns into a full narrowband reflector at 12 °C, and gradually changes to a full broadband
reflector at 20 °C. The spectral data of such a thermochromic window film on a single glass pane
are plotted by hand in which the baseline is based on the actually measured glass pane subtracted
by the overall absorption one could expect from two CLC coating layers based on the actually
measured static CLC narrow band window film. For a fair comparison between the static and the
thermochromic window film device, the thermochromic window film starts to reflect a narrowband
at 1500 nm at 12 °C and turns into a full broadband reflector at 20 °C, covering the same wavelength
range as the static CLC-based window film design (Figure 3B). These simulated spectral data at the
various temperatures are imported into the LBNL softwares Opticsé and Window 7.7. The SHGC

of the thermochromic CLC based window film changes instantly and reversibly from 0.82 to 0.79

to 0.54 as soon as the temperature of the thermochromic coating layer is altered from 10 to 12 to
20 °C, respectively, by daily fluctuations of outdoor air temperature and solar radiation. The visible
light transmission of the thermochromic CLC based window film remains unchanged (85%) at the

various temperatures.
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FIG. 3 Transmission spectra of static CLC-based window films adhered to a single clear glass plate (4 mm) of (A) various static
window films and (B) a thermochromic window film. The CLC narrowband reflector film is measured from a fabricated sample.
The other data are derived from this spectrum and represent the potential of CLC-based window film technology.

GLAZING DESIGN CHARACTERISTICS

Two IGUs were selected as reference glazing systems; a double clear glass system and a Low-E
coated glass system. The glass characteristics of the clear glass were calculated by importing
transmission and reflection spectra of a 4 mm glass plate (Stolker Glas) in the LBNL software
Opticsé. The glass characteristics of the Low-E coated glass were taken from the International
Glazing Database (Saint-Gobain Eclaz 4 mm). The IGU glazing characteristics were calculated in the
software DesignBuilder according to ISO 10292 and consisted of two glass plates (clear or Low-E
coated) filled with argon (16 mm). The Low-E coating was placed on the inner side of the inner

glass pane (position 3). The double clear and Low-E coated IGUs were equipped with CLC-based
window films by replacing the outside glass pane with a user-defined glazing defined by the glazing
characteristics as calculated in the previous section, so that the window film faces the outdoor
environment (position 1, Figure 4). For the thermochromic CLC-based window film the outside glass
pane has to be defined as a ‘pane group’ instead of a static ‘pane’. Within this pane group the glazing
characteristics of the glazing at different temperatures can be defined in a similar way as for a
static glass pane. The calculated glazing characteristics of the double clear and Low-E coated IGUs
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equipped with various CLC-based window films are tabulated in Table 1 and Table 2, respectively.

In practice, the window film might also be integrated inside the IGU unit (e.g. position 2) or integrated
as a laminate between two glass plates. The glazing characteristics could be somewhat affected in
these configurations, but this is beyond the scope of this work.

Position 2 Position 3

([T
Position 1—] — Position 4

outside inside

Low-e coating

Argon
CLC window film gjass
FIG. 4 Schematic build-up of the Low-E coated IGU equipped FIG. 5 Schematic representation of the model office used in
with a CLC-based window film the DesignBuilder simulations

TABLE 1 Glazing characteristics of double clear IGU equipped with various CLC window films.
The SHGC for the thermochromic window glazing system is given at various temperatures (10, 12, and 20 °C).
The visible light transmission remains constant at various temperatures.

glazing type Double clear + CLC broad + CLC full broad
80 80 78 78

Tvis (%) 83
SHGC 0.79 0.71 0.65 0.50 0.73>0.71>0.50
U-value (W/(m2K)) 2.6 2.6 2.6 2.6 2.6

TABLE 2 Glazing characteristics of the Low-E coated IGU equipped with various CLC window films.
The SHGC for the thermochromic window glazing system is given at various temperatures (10, 12, and 20 °C).
The visible light transmission remains constant at various temperatures.

glazing type Double clear + CLC broad + CLC full broad
81 81 79 79

Tvis (%) 84
SHGC 0.70 0.64 0.59 0.46 | 0.65>0.63>0.46
U-value (W/(m2K)) 11 11 1.1 1.1 1.1

DESIGNBUILDER SIMULATIONS

The building's energy performance was simulated using the software DesignBuilder. A model
office was designed having side offices (3.6 x 5.4 x 2.7 m) with one outdoor facing window and
corner offices (5.4 x 5.4 x 2.7 m) with two outdoor facing windows. The four identical sides of the
office are oriented towards the North, East, South and West (Figure 5). The window-to-wall ratio
of the model office was 60%. The floor and ceiling of the office were designed to be adiabatic, to
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mimic an office space with adjacent building levels. The outdoor walls are medium weight walls
having a U-value of 0.25 W/(m?K). The building is equipped with an LED lighting system having

a normalised power density of 2.5 W/m? per 100 lux and is turned on when the illuminance level
drops below 400 lux at a working height of 0.8 m during occupied hours. The HVAC system is based
on the ‘Best practice’ template defined in DesignBuilder. The heating system runs on natural gas
and has a coefficient of performance (CoP) of 1.0 and is activated when the indoor temperature of a
room drops below 20 °C. For operation schedule the DesignBuilder template ‘Office_OpenOff_Heat'
is used. The cooling system runs on electricity from the grid and has a CoP of 2.5 and is activated
when the indoor temperature rises above 25.5 °C during occupied hours (DesignBuilder template
‘Office_OpenOff_Cool’). The mechanical ventilation is turned on when the air rate drops below the
minimum requirement of 10 1/s per person and follows the ‘Open_OpenOff_Occ’ schedule defined in
DesignBuilder. Natural ventilation is turned off. Furthermore, the activity is based on the ‘Generic
Office Area’ template defined in DesignBuilder. The model office has an occupation density of 0.111
people/m? and operates according to the standard open office occupancy schedule (DesignBuilder
template ‘Office_OpenOff_Occ’). During the operational hours defined by this occupancy schedule
office equipment is used with a power density of 11.77 W/m?,

During the simulations, all modelling parameters are kept constant. Only the glazing system is
varied according to the characteristics described in the previous section. The building's energy use
for lighting, heating, and cooling is gathered for the building equipped with various glazing designs.
For the thermochromic glazing, DesignBuilder varies the glazing characteristics according to the
outdoor temperature. In this case, the glazing characteristics are defined at 10, 12, and 20 °C. At the
average between two defined switching temperatures DesignBuilder switches to the corresponding
glazing characteristics. This means that <11 °C the glazing characteristics as set for 10 °C are used,
at outdoor temperatures between 11 and 16 °C the glazing characteristics as set for 12 °C are used,
and at outdoor temperatures >16 °C those as set for 20 °C are used. The energy use calculations were
done for the climates of Guangzhou and Lisbon, which have warm and sunny conditions throughout
almost the entire year, and for Amsterdam and Beijing, which have variable seasons with fluctuating
temperatures. The weather data files are downloaded from www.climate.onebuilding.org, which
provided Typical Meteorological Year (TMY) datasets for the specific locations, which were then
imported into the DesignBuilder model.

RESULTS

ENERGY SAVING POTENTIAL OF CLC WINDOW
FILMS ON DOUBLE GLAZING

The energy consumption of the model building equipped with double glazing and various CLC-
based window films was calculated for the climates of Guangzhou, Lisbon, Amsterdam, and Beijing.
The energy use for lighting, heating, and cooling was included and the total energy consumptions
are compared to each other (Figure 6A). These simulations show that in climates with warm
temperatures all year through (e.g. Guangzhou and Lisbon) almost no energy use for space heating

is required to maintain a comfortable indoor temperature and the building’'s energy consumption

is mainly due to space cooling. When applying static CLC-based window films to the glazing, an
increasing amount of energy can be saved with decreasing SHGC. This translates to an energy saving
of up to 24 and 26% in Guangzhou and Lisbon, respectively, when applying the CLC full broadband

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10 / POWERSKIN / 2022



097

film to the glazing (Figure 6B). In these climates there is no additional benefit of applying a
thermochromic window film, as rejection of solar heat is beneficial almost all year through.
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FIG. 6 (A) Annual energy use for lighting, heating, and cooling of the simulated building equipped with double glazing and various
CLC window films in various climates. The legend in panel (B) also corresponds with the squares below the bars, which indicate
the implemented glazing type. (B) Energy saving percentage of the simulated building compared to double glazing.

This outcome changes when performing the simulation in climates in which outdoor temperature
conditions fluctuate more heavily between seasons (e.g. Amsterdam and Beijing). In these

climates the energy use for space heating makes up a significant portion of the building's annual
energy consumption and can even become the main source of energy consumption, such as in
Amsterdam. The simulations reveal that applying a static CLC-based window film to the double
glazing of the model building decreases the energy use for space cooling. However, the energy use
for space heating increases. This effect is caused by the additional energy use required for space
heating in winter (Figure 7). As solar heat is also rejected on colder days (e.g. winter) it takes more
energy for the heating system to remain a comfortable indoor temperature. In Beijing, where cooling
energy use is still the main source of the building's energy consumption, the energy savings on
cooling are still larger than the additional required energy use for space heating, and an overall
annual energy saving of 10% is achieved. In Amsterdam, where heating is the main source of the
building's energy consumption, the additional required energy use for space heating when applying
a static CLC-based window film is larger than the energy savings on space cooling, which results

in an increase of the annual energy use. To prevent the additional required energy use for space
heating in climates like Amsterdam and Beijing, a thermochromic window film can be applied to
the glazing of the model building. When doing so, solar heat is rejected on warm days, which saves
energy use on cooling, whereas solar heat is allowed to enter the building on cold days, which
prevents the additional required energy use for space heating (Figures 6 and 7). In this case, an
overall annual energy saving of 5 and 18% can be achieved in Amsterdam and Beijing, respectively,
compared to double glazing. When comparing the energy saving performance of the thermochromic
film to that of a static CLC-based window film reaching the same SHGC (e.g. the CLC full broadband
film), the thermochromic film improves the energy efficiency of the building, at 13% and 8% in
Amsterdam and Beijing, respectively.
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FIG. 7 Monthly energy use for lighting, heating, and cooling of the simulated building equipped with double glazing and a CLC full
broadband or thermochromic window film in Beijing.

ENERGY SAVING POTENTIAL OF CLC WINDOW
FILMS ON LOW-E COATED DOUBLE GLAZING

Similar simulations were carried out for a model building that is equipped with Low-E coated double
glazing. Low-E coatings increase the insulating value of the glazing and thus lower the U-value.(Jelle
et al., 2012; Rezaei et al,, 2017) Therefore, the energy use for space heating on cold days (e.g. winter)
decreases. Simultaneously, the energy use for space cooling on warm days (e.g. summer) increases,
as indoor heat cannot leave the building as easily. In warm climates, such as Guangzhou and Lisbon,
this effect causes an increase in overall annual energy consumption of the model building when
compared to double glazing. In climates bearing distinct summer and winter seasons, such as
Amsterdam and Beijing, replacing double glazing with Low-E coated double glazing does enhance
the energy efficiency of a building.

When implementing the CLC-based window films to the Low-E coated glazing of the model building
in Guangzhou and Lisbon, similar trends can be discovered as in the case of double glazing

(Figure 8A). The energy use for space cooling decreases with decreasing SHGC. Overall annual
energy savings of up to 25% and 29% can be reached when equipping the glazing with a CLC full
broadband film (Figure 8B). Additionally, in the case of Low-E coated glazing there is no additional
benefit of applying a thermochromic glazing in these climates.

With the model building being equipped with a Low-E coated double glazing, the energy use for
space heating decreases to a large extent. Therefore, space cooling becomes the major source of
energy consumption both in the climates of Amsterdam and Beijing. When applying static CLC-
based window films to the glazing of the model building, the energy savings on cooling on warm
days (e.g. summer) remains larger than the additional required energy use for space heating on cold
days (e.g. winter, Figure 8). This results in an overall annual energy saving up to 12% and 19% for
Amsterdam and Beijing, respectively, when using the CLC full broadband film. In the case where a
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thermochromic CLC-based window film is used, the energy savings could even increase further to
18% and 22%, respectively.
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FIG. 8 (A) Annual energy use for lighting, heating, and cooling of the simulated building equipped with Low-E coated double
glazing and various CLC window films in various climates. The legend in panel (B) also corresponds with the squares below the
bars, which indicate the implemented glazing type. (B) Energy saving percentage of the simulated building compared to Low-E
coated double glazing.

CONCLUSIONS

When renovating our model office with static CLC-based window films an annual energy saving
between 24% and 29% can be achieved in warm climates, such as Guangzhou and Lisbon by
reducing the cooling load. In climates with distinct summer and winter seasons, the energy saving
increases when decreasing the SHGC of the film. In climates with fluctuating weather conditions
throughout the year, such as Amsterdam and Beijing, the application of static CLC-based window
films also reduces the cooling load of our model office, but simultaneously increases the heating
demand during cold periods. Therefore, the annual energy savings are smaller compared to that

in warm climates, especially when combined with double glazed buildings, in which heating
contributes a large portion of a building's energy use. In these climates, one would benefit from the
renovation of buildings using thermochromic CLC-based window films; a thermochromic film can
improve the annual energy saving between 3% and 13% compared to a renovation with a static CLC-
based window film. An annual energy saving between 5% and 22% can be achieved when renovating
our model office with a thermochromic CLC-based window film.

The simulation results also show that the energy performance of a building in warm climates, such
as Guangzhou and Lisbon, does benefit from a Low-E coating compared to clear double glazing.

In these climates, renovations that add solar heat rejection to currently installed double glazing, such
as with the addition of CLC-based window films, are preferred over improving the glazing's U-value.
However, in climates with distinct summers and winters, such as Amsterdam and Beijing, Low-E
coated double glazing has an energy efficiency benefit over clear double glazing. Here, combining
good insulating properties with adaptive solar heat rejection results in the best energy performance.
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For these climates, renovations are thus recommended in which clear (single or double) glazing is
replaced by Low-E coated double glazing with adaptive solar heat control. These findings are in line
with earlier reported building simulations, which report an energy saving between 15 and 30% of
thermochromic glazing in combination with a Low-E coating compared to clear double glazing in the
climate of The Netherlands (Mann et al. 2020, 2021).

Although glazing plays a significant role in the energy efficiency of buildings, the renovation of
buildings has to be an integral solution that also includes other elements, such as the opaque
elements of buildings, the efficiency of HVAC installations, and the thermal and daylight comfort

of occupants. The introduction of other building materials for the walls and roofs (with different
insulation values), as well as the introduction of screens and blinds to improve daylight comfort, are
likely to influence the outcome of the energy performance simulations and thus the impact of the
CLC-based window films studied in this work. Therefore, we advise conducting further studies to
understand the interplay between various building use cases and the proposed window films.

Nevertheless, based on the findings presented in this work, optical window films based on CLC
materials have real potential as an energy-saving renovation solution. To optimize the energy saving
potential for various climates around the world, it is recommended to drive the material development
of CLC-based window films towards both static as well as thermochromic solar heat rejection films.
To be competitive in performance and energy saving to current window film products on the market,
it is necessary to fabricate films with full broadband reflection properties and large optical contrast
between cold and warm states, while maintaining the benefit of a highly visible light transmission.
In addition, it should be ensured that the films are fabricated in a cost-effective way and at high
throughput, such as via roll-to-roll fabrication methods.
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Abstract

This research investigates the potential of additive manufacturing and digital planning tools for

the creation of location-specific fagade redesigns that can host cavity-dependent animal species

and develops methods for their realization. The proposed approach is explored based on a case

study of a student dormitory in need of renovation in the urban area of Munich. Based on theoretical
knowledge and design experimentations that link the fields of architecture, climate-responsive design,
terrestrial ecology, and digital fabrication, a set of design principles for the additive manufacturing of
inhabitable ceramic tiles is conceived and transferred into a computational design tool. The conception
of single tiles and the overall facade design are developed in terms of their positive climatic impact on
both the animal species and humans, their nesting opportunities, their structural feasibility, and their
integrability with standard ceramic fagade systems. To verify the fabricability of the proposed design, a
fagcade fragment was additively manufactured as a prototype in 1.1 scale. The initial findings presented
in this paper provide a glimpse of how emerging digital technologies could provide new ways to expand
current habitual architectural planning and fabrication tools, to enable the creation of site-specific
solutions, and to bring together human and animal needs.
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INTRODUCTION

The preservation of biodiversity is considered one of the key factors in mitigating climate change.
Urbanization, which displaces native wildlife and replaces it with impermeable surfaces, is one of
the most significant contributors to the global decrease in biodiversity. Paved areas, lack of greenery,
and significant resource consumption — buildings being one of the largest energy consumers (Bauer
et al., 2013) - are all factors in cities that have a negative influence on biodiversity and, hence, the
global climate (McDonald et al,, 2013). Beyond the positive impact of biodiverse environments on
the climate, juxtaposing human habitats with animals’ can also have positive psychological impacts
on humans (Sandifer et al,, 2015). However, the human relationship with non-humans throughout
human history has often been one of fighting against or even conquering nature (Tsing et al., 2017).
This approach is reflected in the built urban context through infrastructure and buildings that are
primarily tailored to overt human needs; that is, today's building envelopes consider attributes that
serve human requirements, such as spatial organization, insulation, and aesthetics, and present
themselves as hostile to the requirements of native wildlife. Another problem that most cities deal
with today is the ageing of the buildings; many of them no longer satisfy modern ecological, energy-
efficiency, or comfort requirements. In 2020, according to the European Commission report, building
renovation rates in the European Union will be doubled by 2030, resulting in 35 million buildings
renovated by 2030 and will maintain at this level after achieving European Union climate neutrality
by 2050. Among others, energy efficiency, decarbonization, and life-cycle thinking are named the
main principles of renovation (European Commission, 2020). These foundations could be seen as

an opportunity to rethink the approach to urban renewal and to integrate new solutions into the
existing urban fabric, enabling a shift towards a harmonious relationship with nature and the
coexistence of humans with non-humans. Creating new envelopes for buildings needing renovation
could be a chance to rethink and redesign fagades toward the inclusivity of different species in the
envelopes: small animals and birds, and the creation of positive microclimate conditions with the
help of the surface design, for the wellbeing of both humans and other species. In this context, this
research proposes to explore whether digital technologies could be used as a powerful tool to help
build - literally and figuratively — a new way of co-habitation. It addresses the question of whether
digital technologies could provide the necessary tools to extend the usual architectural tools for
creating human habitats to create animal-friendly habitats, with the particular focus of this research
being the development of such tools to accommodate nesting sites for selected species within
building envelopes.

As such, the presented research provides initial findings of exploring an integrative approach that
combines expertise in architecture, digital fabrication, climate-responsive design, and terrestrial
ecology to redesign and transform building envelopes to host, breed, and protect cavity-dependent
wildlife species in the urban context. In particular, the integration of microclimate performance and
animal inclusion within a bespoke fagade redesign using the possibilities of digital technologies
and additive manufacturing is explored. Departing from a standard ceramic fagade system, a digital
design tool is developed, which allows for individually adapting the standard fagade tiles towards a
context-specific geometry, aimed at incorporating cavities for both self-shading effects and animal
housing. The tool also enables the analysis of the static feasibility and its climatic performance
through simulations. A functional prototype, at 1:1 scale, was produced with robotic extrusion 3D
printing using clay and ceramic firing to test the fabricability of the proposed design principles. This
research aims to create and demonstrate a preliminary design approach for a site-specific, wildlife-
inclusive, and climate-performative urban facade design, as part of a global ecosystem that could be
adapted and reproduced in different contexts using digital design and fabrication technologies.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10 / POWERSKIN / 2022



107

The main body of this paper is organized by presenting the main stages of the research: Section 2
gives an overview of the research method; Section 3 contains the analysis, which contextualizes this
research and provides an overview of the project’s origins; Section 4 presents the design studies,
which explain the development of the design tool (Section 4.1), details of the design explorations and
their results (Section 4.2), and the validation of the proposed fabrication process, which documents
the process, its limitations, and result (Section 4.3). Section 5 gives an evaluation of the proposed
research method and process and discusses the design framework. Finally, Section 6 highlights the
perspective of future work.

METHOD

To investigate the feasibility of wildlife-friendly and climate-conscious design for fagade renovation,
we apply a Research through Design (RtD) methodology, defined as “the possibility for design to

be based on design practice, i.e., through artistic and creative design objects, interventions, and
processes, to gain insights” (Bang et al., 2012) (Fig. 1), and an experimental case study based
methodology by experimentally testing and validating aspects of the proposed method for a specific
location in the urban context of Munich.

Object is created

0] @ [€)

Background Design criterial Design of the o Object, process New informaion,

research parameters object Fabrication is analysed new/modified
are defined (Design studies) theory

Integration of digital technologies

Interdisciplinary collaboration

FIG. 1 Research through Design (RtD) method, as defined by (Herriott R., 2019), expanded by (1) the determination of design
criteria, parameters, design systems, and fabrication methods and their primary analysis and evaluation; (2) the design of the
object, including various parameter studies on different scales; and (3), the fabrication process, where the object is realised in
real-scale to testify the legitimacy of the design solutions and the proposed fabrication process.

The interdisciplinary collaboration between architects, ecologists, and fagade specialists is crucial

to address the multiple aspects that define the scope of this research, comprising the topics of
cavity-dependent species integration, microclimate considerations, as well as the application of clay
extrusion 3D printing for custom ceramic tiles. The background research, referred to in the case

of this project as “State of the Art” (Section 3), includes a literature review and the study of similar
projects and research in this field, which forms a basis for the design process, in particular for the
definition of sub-criteria and parameters. The practical experience and theoretical knowledge of the
specialists from the research areas involved also formed a solid basis for the experimental research
method of the project (Whitelaw et al., 2021).

To conduct the proposed RtD process, the experimental case study is set in a specific urban context —
a student residence in Munich, Germany. Provided by the terrestrial ecology research (see Section 3),
three main target species for the selected urban context are chosen: the bird species House Sparrow
and Black Redstart, and the bat species Common Pipistrelle. The species’ specific needs set the main
boundary conditions for the project, which we have consecutively converted into parameters for the
conception of design principles and the generation of design proposals.
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In line with Multi-Objective Optimization techniques (Bertagna et al., 2021, Brown & Mueller, 2017),
digital technologies are implemented at all design stages to guide the design process (Fig. 1). This
technique allows evaluation, re-evaluation, and adjustment processes to be integrated into all design
stages and to provide an optimal choice of sub-options. To fundamentally address the problem at
various scales, the design of the single fagade element and the design of the whole fagade pattern
are conceived and evaluated in terms of climate efficiency and fabricatability with the help of
simulations. For the purpose of renovation, a retrofitting design approach is used - the elements are
designed to fit into existing ventilated fagade systems such that standard-sized tiles can be replaced
with bespoke tiles of added functions at required locations. Additive manufacturing with clay was
chosen for the realization of bespoke tiles, which have the ability to realize complex, high-resolution
geometries. In addition, clay was considered the best option for initial investigations as a robust and
potentially species-innocuous material. To verify the design for realization feasibility, i.e., to verify its
fabricatability and evaluate the limitations and prospective of the selected digital fabrication method,
a set of ceramic tiles are additively manufactured, fired, and assembled into a fagade fragment
prototype at 1:1 scale.

STATE OF THE ART

ARTIFICIAL HABITS IN THE BUILT ENVIRONMENT

The focus on inhabitable building envelopes, such as previously shown with the concept of Animal
Aided Design (AAD) (Hauck & Weisser, 2015), has received increasing attention in recent years.

Key objectives of AAD link urban planning disciplines with technical solutions to permanently

keep and protect urban wildlife (Weisser & Hauck, 2015). Wildlife inclusive design strategies are
characterized by a multidisciplinary approach, in which all aspects of the project, such as the choice
of target species, landscape, and open spaces design, are planned as a united system and aligned
with each other in architectural solutions (Apfelbeck et al., 2020). Built examples such as the social

residential housing with integrated children's facilities in Laim — Germany, designed by the Munich
architects bogevisches buero (bogevisches buero & GEWOFAG Projektgesellschaft mbH, 2019) in
collaboration with Prof. Weisser and Prof. Hauck, already show this interdisciplinary approach of
carefully designed habitats for hedgehogs, house sparrows, green woodpeckers, and pygmy bats
(Figure 2) (Apfelbeck et al., 2019).

FIG. 2 Integration of nests into buildings' facades, Weisser & Hauck, bogevischs buero architects, 2015.
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The design of the project focused on the wall's built-in elements to fulfil a single function: to provide
shelter for birds. However, the design does not offer any additional visual or climate performative
qualities. Moreover, the built-in elements cannot be temporarily removed from the fagade, making
cleaning and revising processes difficult. Therefore, in the experimental design study presented,

we aim to extend the currently deployed solution with a multifunctional approach that includes
multiple functions at the level of the single element, making this element the starting point of
architectural explorations.

ADDITIVE MANUFACTURING PROCESSES
FOR WILDLIFE INCLUSIVE DESIGN

Additive Manufacturing (AM) technology has been increasingly promoted as a sustainable production
technology over the past decade (Jiang et al,, 2018). Its potential for waste-free production, great
material variety, and design freedom are now becoming increasingly prominent in the construction
sector (Willmann et al., 2018). The production process of AM building elements typically occurs
through the digitally controlled layer-by-layer application of material, providing a high degree of
individualization and reducing material waste (Kloft et al., 2021). In combination with computational
design and simulation, AM allows for the expansion of architectural possibilities, enabling the
integration and customization of multiple functions through geometric and material freedom on a
par (Dunn, 2012). Ceramic materials, due to their robustness, recyclability, and implementation in
the building industry in the form of handy components for fagade constructions, are particularly
attractive in terms of their potential for AM (Wolf et al., 2022). In this context, the project Cabin

of Curiosity has demonstrated the production of bespoke geometries of varying facade elements
produced with clay extrusion 3D printing (Rael et al,, n.d.). Each of the three typologies of elements
incorporates a different mounting principle; moreover, each element integrates several functions:
hosting vegetation, rain protection, and shade — made possible through the application of computer-
aided technologies combining design with fabrication. The research defining framework for
computer-aided design and manufacturing of habitat structure for cavity-dependent animals (Parker
et al,, 2022) explores an interdisciplinary approach on par with the possibilities of generative design
and 3D Printing in terms of creating artificial cavities. In the case study of the owl (Parker et al.,
2022), researchers tested several generative design variations and evaluated them before fabrication.
The final selected geometry was adjusted for the owls” and stakeholders’ needs. Modular components
were produced in different manufacturing techniques: 3D Printing with wood and CNC cutting. This
study presents the potential of digital technologies in terms of conservation initiatives. The research
explores hanging nest structures, however, in cities or dense urban conditions, there is a limit of free
available trees for placing the nests. Therefore, possible development of this idea could be expanding
structural variety for placing the nests in diverse urban contexts.

DESIGN STRATEGIES FOR CLIMATE-RESILIENT URBAN FACADES

Urban climate phenomena, such as the Urban Heat Island Effect (UHIE), are strongly related to

and amplified by the built environment (Roesler & Kobi, 2018). Materiality, shape, and morphology

of buildings, greenery, global radiation, and evaporative cooling are parameters that influence the
outdoor climate (Perini et al., 2017). By precisely controlling and planning such parameters, the
outdoor climate comfort could be positively influenced with the help of computational design and
fabrication. For example, the Climate Active Brick project (Fleckenstein et al., 2022) has investigated
possibilities to reduce solar exposure and, hence, solar radiation, by integrating self-shading patterns
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into the classic rat-trap bonded brickwork. With the help of climate simulations, the optimal context-
specific self-shading brick pattern was found, characterized by differentiated frontal brick rotations.
The fabrication of the brick assemblies’ customized pattern was then achieved with the help of a
robotic arm. The focus of the current approaches lies on creating better microclimate conditions

for humans; therefore, to improve biodiversity, it is important to include the needs of species in
microclimate design.

EXPERIMENT - CASE STUDY PROJECT

SELECTION OF THE LOCATION

As defined by Apfelbeck et al. (2020), the choice of the urban context and a systematic approach are
significant components of a successful wildlife-inclusive design. Therefore, the search for a suitable
building was the first step in the research project development. The criteria for the building choice
for the experimental project within the Munich urban area were defined based on the background
research and desired goals: the building should be located in a dense urban zone to study the
possibility of improving biodiversity/microclimate in dense urban conditions through the envelope
design, with available greenery in proximity needed for nurturing the selected species, and a
minimum of 40% wall-to-window-ratio, since glass fagades are not suitable for integrating nests.

A suitable prototypical site influenced by UHIE was found in the Maxvorstadt area of Munich based
on UHIE study provided by Funk, et al. (2014), a student dormitory with available east and north
fagade surfaces and in need of renovation.

DEFINITION OF DESIGN CRITERIA

In a preliminary design phase, based on the state-of-the-art research and project goals, the following
main design criteria that can influence the geometric differentiation and architectural idea are
being determined: species requirements, including the microclimatic improvements for the selected
species and humans, the facade system and structure, and fabricatability. Each criterion has its

own set of parameters which are reviewed, analyzed, and contextualized before being merged and
converted to design parameters, as described below.

Species Needs

As land-use modification pushes many bird species away from land areas, many species, such as
the Common Redstart, are now located in urban environments (Droz et al., 2008). Wildlife-inclusive
architectural design could help to provide species in the cities with suitable conditions within the
built fabric. Some factors for the nests, such as the size of the nest, the height from the ground,

and if the species prefer to live alone or near their neighbours, could be addressed directly through
geometry — with the correct position of a nest on the fagade, the right size of the nest, and correct
size of the nest openings. Other factors, such as temperature and protection from the wind, could be
devoted to the microclimate parameters, which cannot be solved directly by geometry or placement
on the fagade; however, they could be influenced by creating a design that would reduce the amount
of radiation or protect the nest from the wind, reducing the facade pressure.
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TABLE 1 Selected species need matrix (Larikova I., 2021)

Species Size of the  Height of Number of Distance Building Avoid other
species the nest nests between orientation
from the nests
ground
House 15-17 cm 3-10m Colonies Min 0,5 m W,N,E High Nests
Sparrow with 5-10 tempera- need to be
7 nests ture, strong  cleaned
- wind once in 2-3
years
Black 13-15cm 1-4m Prefer to - W, N, E High Nests
redstart live alone tempera- need to be
(or in ture, strong  cleaned
couples) wind once in 2-3
years

Common 3.5-5cm 3-6m Groups Min 0,6 m S Too low Nests
Pipistrelle from 3tob tem- could be
| caves perature, self-clean-
dryness, ing

strong wind

TABLE 2 Geometrical requirements of the nests

Species The shape of the Size of the nest The shape of the Size of the entrance
nest entrance
House Sphere or 20-30 cm * 15-20 cm Round or rounded D=3-6cm
ﬁ Sparrow rectangular *15-20 cm rectangular
Black Sphere or 20-30 cm * 18-24 cm  Oblong, balcony-like W =12-18 cm, H=8-15cm
redstart rectangular *18-22 cm

Common Oblong and narrow 20-30 cm * 30-60 cm  Oblong and narrow W=18-20cm,H=5-7cm
Pipistrelle  parallelogram *12-18 cm

Based on the data collected by researchers in the field of ecology (Bischer et al., 2017.; Droz et al,,
2008; Koryakina, 2018; Londofio, 2007; Weggler, 2006), and the direct consultations with specialists
and industry professionals, the most important criteria for three selected species — the Black
Redstart, the House Sparrow, and the Common Pipistrelle - are defined and summarised in Table 1,
whereas geometric requirements for the nests are summarised in Table 2.

Microclimate Improvements for Species and Humans.

Although there is some data on preferred temperatures and humidity levels for the selected
species, finding the perfect conditions for nest placement in dense urban environments is not
straightforward. Digital analytical tools implemented from the early design stages make the
decision-making process more precise and conscious and also serve as a base to create a design
that would help to improve given climate conditions toward the species’' requirements and needs.
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However, to model and quantify the contribution and effects of every single parameter, both in the
site selection and fagade design process, several detailed computational models would be required.
To reduce the computational complexity and focus on the geometry-driven parameters, two main
environmental forces are selected to be simulated in this project. First, the amount of radiation
incident on the building influences the microclimatic conditions of the fagade. In general, this
radiation should be reduced, both to protect the built-in nests from overheating and to avoid general
overheating of the facade, to contribute to a well-designed microclimate for humans. Second, the
wind fagade pressure incident on the building influences parameters such as weathering. Here, too,
the wind pressure should generally be reduced in habitable areas.

To address the selected microclimate parameters, the reduction factor is used as a basis for
subsequent design developments. To proceed with developing and exploring a site-specific design
solution, first, the existing state of solar radiation and the wind facade pressure are analyzed with the
help of computational tools: The Ladybug plugin for solar radiation and Eddy 3D plugin for fagade
wind pressure are used within the architectural design environment Rhino (McNeel & Associates,
n.d.) and Grasshopper, using the EPW (energy-plus) map for Munich. The simulations are done for
the time frame of June to August, between 1lam to 4pm, as the potentially hottest temperature
possible in that time frame. The focus of the analysis is made on the west fagade, as it is the street
fagade, which provides a higher potential for exploring visual qualities of wildlife-inclusive design

in the urban context.
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FIG. 3 Solar radiation analysis, June- FIG. 4 Wind facade pressure analysis, west and north directions of wind, June-
August; 11am - 4 pm (Larikova I, 2021) August; 11am - 4 pm(Larikova L., 2021)

Figure 3 depicts the output of the solar radiation analysis, in which dark blue zones receive little or
no solar radiation while red zones are significantly affected. As the simulation shows, the vertical
facade surface exhibits a progression from blue to green from the lower to the upper part of the
facade, greenish especially in the higher areas, which would be ideal for the placement of nests

due to their height and orientation. These green zones, indicating a high level of solar exposure,
therefore need solutions that can reduce the amount of solar radiation for better comfort of the
species to be housed and for better microclimate comfort for humans. Figure 4 shows the result of
wind simulation for north and west winds. Dark blue zones depict areas with no or low wind facade
pressure, whereas yellow zones show high levels of this pressure; hence, they would need to be
adjusted to host nests. In sum, the analysis serves to detect fagade areas which are directly suitable
for placing nests for the selected species and areas which need microclimate improvement. Areas
that are highly affected by wind or solar exposure are locally improved with the help of the design of
the single fagade elements and conscious elements’ distribution (see Section 4.3).
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Facade System

Based on background research, a Ventilated Facade Systems (VES) with ceramic wall elements
was selected. Though External Thermal Insulation Composite Systems (ETICS) are the most
common systems in renovation projects in Europe, particularly in Germany (Asam, 2017) VFS have
high efficiency in insulating properties, and are relatively easy to install (Bernhard Rudolf, 2012).
Key parameters that influenced the choice of the fagcade systems are presented in Table 3: VES have
the advantage of having additional air space between the facade surface and insulation, and thus,
a flexible layer thickness, which is crucial for the project, as this additional space has potential to
integrate the nesting part of the tile behind the fagade surface. VFS also shows good compatibility
with ceramic facade tiles. Moreover, the idea of the experimental project is to mix standard
industrially fabricated ceramic tiles with customized additively manufactured ones for higher cost
and time efficiency. Therefore, the selected VFS sets several parameters for the design of a single
facade element: a rear part must fit into the substructure profile, while the dimensions of custom
elements should match standard tiles.

TABLE 3 Duration differences for fabrication, extraordinary maintenance and disassembly activities (the percentages represent
the difference of that fagade option respect the fastest solution in each phase)

Building costs efficiency Thermal insulation Flexibility of the layers Revision possibility
properties thickness after installation
ETICS N J
VFS J J J
Fabricatability

The selected AM manufacturing process of robotic clay 3D printing also has specific limitations that
need to be considered in the design and parametric studies, i.e., the process requires material to

be deposited continuously in layers, the elements must be stable during extrusion 3D printing and
drying, and the overall geometry is limited to round edges, specific printing path lengths, specified
layer height and thickness, and maximum overhang angles. Parameters from a literature search
served as a basis. During a series of digital studies and test prints, the parameters were adjusted
according to the experimental results.

DESIGN STUDIES AND RESULTS

Microscale — Experimental Design of a Single Element

The design of a single element departs from the geometry of an industrially fabricated ceramic
tile of a ventilated fagade system, which is based on a hollow core and is hung vertically onto a
substructure (Fig. b, left). This ceramic tile can be produced using the typical industrial extrusion
method, but due to its geometric features, it can also be produced using the proposed extrusion
3D printing method, either with its standard shape or with geometric variations to integrate the
proposed multi-species requirements, that is, to integrate the self-shading effect for contributing

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10 / POWERSKIN / 2022



to the positive influence on the fagcade microclimate, and to integrate nesting opportunities, which,
additionally to the climate-active function, can host the nests for the selected species. All tiles have
the same outer boundary of 35x20cm to fit into the standard size of the ventilated fagade system

for ceramic tiles. In order to reduce both the solar exposure through self-shading effects and the
pressure of the wind on the fagade, the front surface of the climate-performative tiles is deformed
outwards with a fold of varying depth and angle. According to selected studies addressing the topic
of wind pressure, vertical folds are more effective in terms of wind facade pressure reduction (Kwok
& Grondzik, 2007; Lignarolo et al,, 2011; Simiu, 2011), and also effective for conceiving a self-shading
effect. With the help of three parametrically controlled points that create a depth from 2 to 10 cm,
corresponding with the amount of radiation or wind pressure needed to be reduced, the folded
frontal surface of the tile can be shaped at varying depths (Fig. 5). The climate-performative tiles with
nests incorporate openings at the bottom of the front surface which can be parametrically adjusted
from species to species (based on data from Table 2: Geometrical requirements of the nests), without
changing the overall tile geometry (Fig. 6). These openings are connected directly with the hollow
core incorporating the nests as depicted in Fig. 7.

Standart tile - Climate Climate House sparrow Common Black redstart
flat surface performative tile - performative tile - small entrance Pipistrelle Big entrance
bumped surface bumped surface oblong entrance
depth 2-4 cm depth 6-10cm

|

wind
facade )
0-5m/s 35-50m/s

pressure

amount M Bl T

ofsolar  0-39 kWh/m2 39-273 kKWh/m2 273-390 kWh/m2

radiation
FIG. 5 Climate performative tile, front surface formation FIG. 6 Climate performative tile with nest, front surface
principals entrances for species principal

Load-bearing wall
structure

Insulation

Substructure for facade
elements

Facade element with a
nest, isolated from
inner layers

FIG. 7 Axonometry section of the fagade fragment (Larikova I., 2021)
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Each tile has the same structural profile on the back side as the standard tiles to be installed onto
the standard sub-structure. Moreover, the tiles for hosting the animal species integrate the nests
into the back side, whose sizes could also vary for different species without the need to change the
substructure (Fig. 7).

The air layer and reduced insulation layer allow the incorporation of the nest parts into the ventilated
system without interfering with the wall structure, therefore, making the approach relevant for
renovation purposes. Unlike the other tile types, the tiles with nests have permanently closed cover
tops and temporarily closed bottoms to protect the internal fagade systems from birds and litter.

The advantage of using the ventilated fagcade system over built-in components is the ability to
provide easier access to the nests after assembly (elements could be taken out individually from any
place of the fagade after mounting) and thus provide more flexibility in terms of the periodic cleaning
required (Table 1: Selected species needs matrix).

4.3.2 Macroscale — Context-Specific Parametric Facade Design

To test the features and potential impact of bespoke tile designs on larger surfaces, the west street
fagade of the student dormitory building is chosen for more detailed fagade design studies. Three
facade maps, namely 1) to simulate solar radiation, 2) to simulate wind fagade pressure, and 3) to
indicate the preferred heights of the species (Fig. 8a), were merged into one map (Fig. 8b) as a basis
for the distribution of the custom tiles.
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FIG. 8 a) Maps with climate simulations, solar and wind exposure, and the required height for species, b) merged fagade maps,
and c) generated fagade patterns based on the information given in a)/b)
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In Fig. 8D, lighter zones correspond with a higher amount of solar radiation and wind pressure,
therefore, climate-performative tiles are distributed there; in the darker zones, standard tiles are
used, whereas the climate-performative tiles with nests are distributed according to the species’
needs. The rule for avoiding undesirable interactions between humans and species and preventing
the invasion of litter into apartments was implemented as an additional input parameter: nests
were not allowed to be placed directly under windows or balcony doors. Different options of the tiles’
distribution resulted in differentiated fagade patterns (Fig. 8c), one of which was chosen, manually
revised, adjusted for the urban context, and transferred into the final fagade design (Fig. 9).

FIG. 9 Visualisation in the urban context (Larikova I., 2021)

To verify the assumption of the microclimatic behaviour of the proposed fagade design, namely, solar
radiation reductive behaviour, simulations with the facade fragment are conducted. As depicted in
Fig. 10, according to the simulations undertaken with the Ladybug plugin within the architectural
design environment Rhino (McNeel & Associates, n.d.) and Grasshopper, as a result of the self-
shading effects caused by tiles with folds, the solar radiation could be reduced from 200- 150 kWh/
m2 to an average of 0-50 kWh/m?2 within the analyzed time frame (June to August between 1lam
and 4pm), the most performative are the tiles with the protrusion/depth ratio more than 7cm.
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FIG. 10 Asintended in the fagade design, the simulation demonstrates a reduction in the amount of solar radiation of the fagade
when fitted with self-shading tiles in areas of higher solar exposure.(Larikova I, 2021)

=== in=s

<0.00

PROTOTYPE FABRICATION

To verify fabricability and evaluate the limitations and prospects of the chosen digital fabrication
process, a set of ceramic tiles of a selected area of the designed facade was additively manufactured
and assembled into a 1:1 scale prototype. The production of the ceramic tiles includes the following
processes: After the 3D extrusion process (4.1.1), the elements have to be dried (4.4.2), which requires
defined conditions and preparations. These two processes are followed by the firing of the ceramic
tiles (4.4.3), necessary to achieve maximum strength properties and allow the elements to withstand
outdoor weather conditions for assembly (4.4.4). During the prototype manufacturing process,

15 tiles were 3D printed; nine of these, found to be of the best quality after firing, were mounted
onto the substructure of a standard ventilated fagade system of the final 60 x 108 cm prototype.
Three of the tiles produced are the tiles with nests for two of the three selected species — the Black
Redstart and House Sparrow.

3D Ceramic Extrusion 3D Printing

The original geometry of the tiles is represented by a surface-based geometry that is sliced to
generate the paths for 3D Printing. With the nozzle diameter of 5 mm, the required slicing height

of the layers is determined as 35 mm; the potential shrinkage from the drying and firing processes
is calculated and planned prior to manufacture so that the tiles are produced approximately 11%
larger than the final target size. The material used for the tiles is a grossed, ready-made ceramic
body from the company Witgert with around 20% chamotte to gain maximum durability after firing.
The printing time of one average layer with an average length of 55-70 cm of the bespoke tiles

took around 40 seconds, which resulted in a printing time of around 70 minutes for one tile and
allowed about three tiles to be produced on average in 8 working hours. Fig. 11.a documents the 3D
printing process of a climate-performative tile, and Fig. 11.b documents the fabrication of a climate-
performative tile with an integrated nest, which required temporary support for printing the nest
cover to be added manually.
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a  Climate performative tile

b Tile with the nest

FIG. 11 Documentation of 3D printing (Larikova I, 2021)
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Drying

The 3D printing process is followed by a drying process with the aim that the elements do not deform
unevenly or crack due to shrinkage of the material. The geometry of the elements caused uneven
shrinkage of the ceramic material, which became a major problem during the manufacturing
process. The lab used for Printing and drying contained about 50% humidity. This low humidity level
resulted in a very rapid and heterogeneous drying process, which caused significant deformations,
especially twisting, of the vertical elements, with deviations of 5% to 15% from the original shape
being observed (Fig. 12). Therefore, some of the elements were printed on a non-absorbent board,

as it was believed that allowing this board to absorb water from a printed element would result

in further deformation. However, no differences were observed between the elements printed and
dried on these two types of boards. The next iteration thence included stiffening bridges within the
geometry of the elements to provide better balance and less deformation. The final drying took about
two weeks, after which the elements were carefully transported in order to subject them to the first
so-called bisque firing in industrial plants. Another issue was the fragility of the elements after
drying, which caused some tiles losses during transportation.

FIG. 12 During the drying process, deformations of the tiles were observed, caused by FIG. 13 Fired ceramic tile with a nest
the low humidity level of the space and the uneven drying process.(Larikova I., 2021)

Firing

To harden the raw ceramic element and to give the material maximum strength, elements were
bisque fired at around 900°C. Firing was uneventful — no cracks appeared. The elements were glazed
again and fired at 1200°C to achieve maximum durability of the elements enabled by the industrial
production facilities. After firing, ceramic elements are typically more durable and stable compared
to their dried state. However, they remain fragile, which can lead to further damage during transport
and assembly operations. Fig. 13 shows a fired element with an integrated nest before assembly.
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FIG. 14 Final assembled prototype
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4.4.5 Assembly

As depicted in Fig. 14 and 15, a final prototype was assembled consisting of: nine tiles, eight of which
were climate-performative, and three of the eight include nests; the insulation steel substructure;

and the planned insulation layer behind it. Deformations caused mainly by the drying process did not
prevent the final assembly, however, they made it significantly more difficult. It demanded additional

fastening elements, making it laborious to take one element out for required future cleaning.

5 RESULTS AND CONCLUSION

5.1 SUMMARY OF RESULTS

This research presented preliminary results of the integrative design method and digital fabrication
for wildlife-inclusive fagade design. An analytical-based design approach with the integration of
digital tools throughout the whole planning process was tested, validated, and analyzed; the AM tools
have shown their potential for facilitating wildlife-inclusive fagade design in terms of species needs,
design quality, and the retrofitting of buildings in the urban contexts.
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INTEGRATIVE DESIGN APPROACH

The integrative design approach for enabling wildlife-inclusive fagade renovation has shown

that the implementation of digital tools from the early design stages helps to link and collect the
information of different disciplines and contributors within one computational design model.

In particular, it contributed to the better integration of different functions both within a single facade
element and the entire facade retrofitting design through the synthesis of different design criteria.
Thus, the thorough analysis and simulation in the preliminary design phases formed a basis for
well-founded design investigations, the evaluation of various options, and finding and selecting
solutions. Together with experimental studies concerning the fabrication, and feedback loops of
design adaptations and optimization cycles with respect to the fabricability of the tile designs, a
continuous digital design-to-fabrication process could eventually be achieved. The experimental
project has proven that for the successful development of the wild-live inclusive design for fagades
it is essential that several aspects of fagade designs are investigated and improved simultaneously,
in comparison with a sequential design approach where different disciplines are integrated on
different design stages. Therefore, multifunctionality and visual architectural qualities distinguish
the result of the approach. However, the integrative design approach in its current state also has
certain limitations. For example, simulation of the actual behaviour of species and evaluation of the
design in terms of its wildlife-friendly suitability cannot be performed due to the lack of sufficient
background information and data. Due to the experimental nature of the project, the definition of
design parameters related to animal behaviour was rather superficial, based on standard design
principles and general information about the animal behaviour. The suitability can therefore

only be analyzed experimentally on real-world prototypes and then returned to a digital model as
part of future research.

FABRICATABILITY

Digital fabrication, namely extrusion 3D printing AM, has preliminarily proven its feasibility
perspective in terms of site-specific animal-inclusive design solutions, which facilitate variability
and local differentiation. The experimental project has shown that AM could contribute to the crucial
improvement of retrofitting strategies and multifunctionality compared to the current traditional
techniques. Manufacturability was demonstrated by producing a 1:1-scale prototype (Fig. 15), in
which the tiles could be manufactured, fired, and assembled into the intended fagcade segment,
despite manufacturing-related deformations. Some manufacturing obstacles encountered during
the process, such as the shrinkage caused by the drying process and the fragility of the elements,
would have to be addressed by more process and optimization iterations in the future. A short
summary of the evaluated fabricability criteria could be seen in Table 4: the strongest feature of
the AM production is a very high accuracy and resolution of the printed geometry, whereas a major
challenge relates to deformation during drying. This obstacle could potentially be addressed by
extended process simulation prior to production or by a selection of another cladding system or
substructure that is more tolerable to potential deformations.

TABLE 4 Fabricatability parameters evaluation

Accuracy of Durability after Deformations Durability after Deformations Compatibil-
3D printed drying caused by firing caused by firing ity with the
Geometry drying selected fagade
system
high J J
medium J J
low J M

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10 / POWERSKIN / 2022



123

OUTLOOK

Exploring a new experimental topic that integrates several disciplines evokes many questions and
discussions about its further scientific development and possible practical application. The chosen
methodology has proven its feasibility, however, many aspects of the future work could be optimized.
The research was conducted on different scales, and further issues could be addressed regarding
scales from urban to macro and include a variety of potential research directions.

On the urban scale, it would be necessary to understand the possibility of species integration not
only on the urban block level but on the city planning level; theoretical research, simulations,
integration, and interdisciplinary planning on a city scale could facilitate more viable architectural
solutions in the future.

On the macroscale, several topics need to be researched further. First, the fabrication process could
be improved for future projects in several ways. For example, more suitable drying conditions should
be tested, deformations could be precalculated, and the geometry could be adjusted more precisely
to prevent deformations (e.g., as tested with stiffness bridges). Another possible direction for further
research could be testing other AM or digital fabrication techniques, such as particle bed 3D printing
or casting moulds. Second, real-life on-site tests are needed for further development of the design
basis. Fig. 16 demonstrates a vision of a facade test bed, that is, to depict that it will be essential

to test demonstrators in real-world scenarios, document the behaviour of a species and verify the
correlation between assumption and actual practice of the nest usage by the species of interest, as
well as analyze on-site climate parameters. Such data would be required to serve as an essential
basis for subsequent design iterations.

‘\\

—
=y §

FIG. 16 Collage of the future vision of multispecies facades for human and non-human urban cohabitation.
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Abstract

To meet the climate goals of the Paris agreement, the focus on energy efficiency needs to be shifted

to increase the retrofitting rate of the existing building stock. Due to the lack of usable information on
the existing building stock, reasoning about the retrofitting potential in early design stages is difficult.
Therefore, deconstructing and building new is often regarded as the more reliable and economical
option. Digital methods are missing or not robust enough to capture and reconstruct digital models

of existing buildings efficiently and automatically derive reliable decision-support about whether
demolition and new construction or retrofitting of existing buildings is more suitable. This paper
proposes a robust, automated method for calculating existing buildings' life cycle assessments (LCA)
using point clouds as input data. The main focus lies in bridging the gap between point clouds and
importing semantic 3D models for LCA calculation. Therefore, the automation steps include a geometric
transformation from point cloud to 3D surface model, followed by a semantic classification of the
surfaces to thermal layers and their materials by assuming the surface elements by building age class.
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INTRODUCTION

The construction sector is responsible for a large share of the overall situation of increasing
emissions. In 2019, the amount of waste produced by the construction industry in Germany alone
amounted to 230.9 million tons in 2019 (Umweltbundesamt, 2021). Most used materials are from
non-renewable resources, mainly found in the existing building stock. At the same time, landfill
capacities are decreasing and pose an additional environmental challenge to this industry sector
(Hillebrandt, 2018; Rosen, 2018). Furthermore, the manufacturing, transportation, construction, and
disposal of newly built assets, including buildings and infrastructure, contribute to 11% of the total
carbon emissions worldwide (WorldGBC, 2019). For this reason, a particular emphasis is placed on
the consideration of retrofitting instead of demolishing and building new. Consequently, retrofitting
is regarded the most sustainable and ecologically most significant solution for the previously
described problems in industrialized countries (Lottner, 2014; WorldGBC, 2019).

Due to the lack of usable information on the existing building stock, reasoning about the retrofitting
potential in early design stages is difficult. Therefore, deconstructing and building new is often
regarded as the more reliable and economical option (Matthias Hiittmann, 2018). Robust methods
are missing to efficiently capture and reconstruct digital models of existing buildings (Deutscher
Abbruchverband. 2007). The automatic derivation of reliable decision-support about whether
demolition and new construction or retrofitting of existing buildings is more suitable is currently not
supported (Matthias Hiittmann, 2018).

With the introduction of digital methods in the construction sector, such as Building Information
Modeling (BIM), many conventional planning processes were facilitated (Borrmann, 2015). Synergies
from many different disciplines have been identified, such as in the field of sustainability (BBSR

& BBR, 2019). Since then, model-based sustainability analysis, for example, Life Cycle Assessment
(LCA), can be realized in early design stages. However, previous research focused on pre-existing BIM
models and neglected the existing building stock (Akbarieh et al,, 2020).

The current way of creating a quantity take-off of an existing building is mostly a manual process,
representing only an estimation and focused mainly on costs (Deutscher Abbruchverband, 2007).
Remodeling would be highly time-consuming. To circumvent this, techniques have been developed
in recent years that use digital methods to automatically generate 3D building models of a building
through point cloud capture and processing. Automated processes for 3D Reconstruction and object
recognition are therefore needed. These are yet not fully mature or applicable for the case of LCA
calculation of existing buildings (Chen, 2021).

Addressing the mentioned problems, this paper proposes a method for bridging the gap

between point clouds and importing semantic 3D models into tools for holistic calculation of the
environmental impact of different scenarios. This research proves the opportunity to compare the
environmental impacts and emissions between an existing building and a retrofitting variant and
supports future decision-making without extensive manual preparation.

BACKGROUND AND RELATED WORK

This section discusses the background, related work, and the research gap for our proposed
methodology. Firstly, we discuss the limitations of BIM in the end-of-life phases of building design.
Secondly, we introduce the topic of geometric reconstruction of point clouds. In the end, we show
approaches of object classification with a focus on windows as an exemplary addition and essential
contribution to LCA calculations.
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BIM IN THE END OF LIFE (EOL) DESIGN PHASE

Akbarieh et al. investigated the application of BIM in the EoL phase of buildings and to what

extent BIM is used for planning in the EoL phase (Akbarieh et al., 2020). However, their research
showed that most studies on BIM-based EoL topics were based on existing BIM models and did not
investigate a simplified automated remodeling for different use cases. The applications developed
mostly represent Application Programming Interfaces (APIs) for specific proprietary BIM tools in
the form of Plug-Ins connected to LCA software. A direct data transfer between the 3D model and
the LCA tool is often missing and not applicable without a workaround that includes specialized
third-party software.

Studies conducted on existing buildings to investigate an EoL-related topic and therefore create a
3D model were carried out by Ge et al. (2017). They manually reconstructed the model with the help
of plans, point clouds, and pictures, which is time-consuming. Volk et al. (2018) investigated an
automatic approach that enabled the 3D reconstruction of the interior of a building based on a point
cloud collected by a depth sensor. The building components were detected automatically, and the
quantity take-off was calculated based on standard values and experience data to eventually perform
a deconstruction analysis. Nevertheless, at some points, manual intervention was still needed.

3D RECONSTRUCTION

Employing digital surveying methods, existing buildings can be captured as point clouds.
Reconstructing a 3D model from these point clouds has been a challenge in computer vision

and computer graphics for years and is still an active field of research (Chen, 2021). The Poisson
reconstruction by Kazhdan & Hoppe (2013) creates watertight surfaces from oriented point clouds.
However, this approach requires complete data free of outliers, which is rarely the case for real-
world measurements. Other papers address the problem of Manhattan-world scene reconstruction
(Coughlan & Yuille 2000; Li et al,, 2016), which represents the 3D scene with axis-aligned non-
uniform boxes. Li et al.'s (2016) method successfully creates faithful reconstructions from various
data sources. Still, this approach dramatically simplifies the geometric complexity of the real world.
Nan & Wonka (2017) developed PolyFit, an approach that allows robust results for simple geometries
with a slicing method. For this purpose, in a first step, the RANSAC algorithm (Schnabel et al,, 2007)
detects planes in the dataset. The next step clips the model with the detected planes in polyhedral
cells, representing the candidates’ faces. Described as an integer programming problem, the results
of this approach are watertight and manifold. The only disadvantage lies in the scalability due to the
extensive computation time needed for complex geometries (Nan & Wonka, 2017).

OBJECT CLASSIFICATION: WINDOW CLASSIFICATION

More semantic information can be added to create a model representation beyond the pure
geometry of the building envelope. The window-to-wall ratio provides important information for
energy simulation (Schneider & Coors, 2018). Therefore window classification is a suitable extension
for a pure 3D reconstruction process.

There are many studies concerning window classification. Volk et al. use an image rendering of the
point cloud walls to extract the windows (Volk et al., 2018). Yang et al. (2016). create a binary image
to detect "holes” in the image Taraben & Kraemer (2021) use a deep learning approach to map the
detected windows from 2D images on a previously generated surface model. Schneider & Coors
(2018) recognize windows directly in the point cloud using a contouring algorithm.
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Nevertheless, most studies treat windows as “holes” in the building hull and do not consider further
features as radiometric properties. One advantage of point cloud acquisition by laser scanning is the
ability to record intensity values. Intensity represents the amount of light reflected from a surface
and is usually stored per point with a value from 0 to 255. It is assumed that each material can be
approximated through a range of intensity values (Macher et al., 2021). The evaluation of intensity
features is robust to light changes or shading but depends on scanner position, distance to object,
and object colour (Macher et al,, 2021; Park & Cho, 2021).

Park & Cho developed a deep learning method for material classification on 3D point clouds that
consider intensity values in addition to geometric information and colour values (Park & Cho 2021).
Macher et al. (2021) used intensity values to segment the windows from the facade based on a
Histogram analysis. For this study, a laser scan point cloud should be used to investigate window
classification based on intensity values.

METHODOLOGY

This section proposes a methodology for geometrically reconstructing surface models using

point clouds as input, semantically enriching these models and importing them into an LCA tool.

The acquisition of the point cloud derived from terrestrial laser scanning (TLS) is out of scope for this
paper, as it is only used as the input for the proposed methodology. The geometric transformation
from point cloud to 3D surface model is conducted using the PolyFit approach (Nan & Wonka, 2017).
Transparent elements such as windows are identified through laser intensity values of the points.

In the next step, the faces of the model can be assigned to thermal surface classes and finally
imported into LCA software. The materials and material layers of the model faces are approximated
by assuming the building age class. Figure 1 shows an overview of the workflow. The following
subchapters introduce the steps of this workflow in more detail.

. Classification: Building |
3D Reconstruction c g —
Chap. 3.1 omponents
Chap.3.2.1 )

Information Processing - .
Point Cloud _L LCA H Retrofng:pg:gtentlal

Chap. 3.3

-

( Classification: Windows
\ Chap.3.22
-

J

FIG. 1 The general workflow

3D RECONSTRUCTION

The process of creating the 3D shape and appearance of real objects is referred to as 3D
reconstruction. In the following, the steps for reconstructing a 3D model out of a point cloud are
explained in more detail. The entire methodology is shown in Figure 2.
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FIG. 2 Methodology for the 3D Reconstruction

To perform 3D reconstruction, the PolyFit approach is used. This approach is based on the RANSAC
algorithm (Schnabel et al,, 2007), which can identify planes from the point cloud. Thus, building
surfaces, such as walls or roofs, can be captured individually. In PolyFit, the previously detected
planes intersect with the point cloud’'s bounding box. This results in several faces, referred to as face

candidates (Figure 3 - left). To determine the faces from the face candidates that form a common
surface, PolyFit converts the reconstruction problem into a binary linear programming problem,
resulting in the right picture of Figure 3.

FIG. 3 PolyFit Result: Face Candidates (left) and selected face candidates (right)

The result can be exported as an OBJ-file (fileformat.info, 2022). The OBJ file contains information
about all exterior surfaces and their corner points. The surfaces in the file represent the selected

face candidates pictured on the right in Figure 3. However, for further applications, the combined
building surfaces are more valuable. Hence, step 3 determines the combined surfaces formed by the
selected face candidates. To identify them, this study uses the face normals. Face orientation can

be determined using the dot product, starting from an XY-plane. In the last step the faces with the
same normal orientation and at least one same point can be merged. After the related faces were
detected, inner surfaces, in this case floors, are estimated using the building height. For this purpose,
a floor height was assigned manually, which allowed the number of floors and their respective height
coordinates to be estimated. The area of the floors is assumed to be identical to the ground floor.

Consequently, the corner points of the resulting surfaces are identified, as they are needed for further
processing in LCA tools. Because the surface edges represent an intersection of straight lines, the
condition can be set that corner points whose count is odd in the total set of points will represent

a corner point of the total surface. This condition will take convex as well as concave polygonal
surfaces into account. In this step, the order in the clockwise (CW) or counterclockwise (CCW)
direction gets lost, and the corner points are listed in a random sequence. However, it is impossible to
define a polygonal surface only by the point coordinates, so the order has to be rebuilt. To accomplish
this, the point-edge relationships are considered beforehand. Consequently, the identified corner
points can be ordered in a CW or CCW order.
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OBJECT CLASSIFICATION

The surface model provides purely geometric information. To further use the model for LCA
calculation, semantic information has to be added for a retrofitting potential analysis. In a first
step, each surface is assigned to a thermal surface class, which will be later enriched with more
material assumptions. In a second step, windows are classified to derive the window-to-wall
ratios for the model.

Thermal Surface Classification

Each surface is assigned to a thermal class. The thermal surface classes describe the boundary
conditions of each surface, e.g., wall to exterior or wall to the ground. There are 13 different classes
existing (Hollberg et al., 2018). In this study, the following assumptions are made:

There is no basement floor

The flat and the pitched roof are referred to as the roof class

The walls considered only represent the walls to exterior

There is no distinction between ceilings

There is no distinction between windows in walls and roof windows

The thermal classes considered in this study can be classified based on simple geometric conditions,
collected along with the thermal classes in Table 1. The basis for this classification is normalized
surface normal vectors, rounded to one decimal. The classes are determined through the surfaces’
orientation to the XY-plane, where rounding to one decimal leads to a tolerance of 2.8° for single-axis
rotation and 4.0° rotation around two axes.

TABLE 1 Thermal Surface Classification

Thermal surface class Condition 01 Condition 02

Floor to Ground Orientation parallel to XY-plane Lowest z-coordinates
Flat Roof Orientation parallel to XY-plane Not the Floor surface
Pitched Roof Orientation neither parallel nor

perpendicular to XY-plane

External-Wall Orientation perpendicular to XY-plane
Ceiling Assumed floor height and floor number, : Orientation parallel to XY-plane and
dependent on total building height equally shaped as the floor to ground

Window Classification

The window classification is carried out using intensity values. These are obtained from the laser
scan and stored with the points in the point cloud. Therefore, the window classification is performed
directly on the point cloud in contrast to the thermal surface classification. For the LCA calculation,
the window-to-wall ratio was estimated. An accurate geometric representation was not needed.
Figure 4 shows a summary of the classification process.
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FIG. 4 Process for the Window Classification

In this study, the window points are extracted by their intensity values. Therefore, the values of the
whole point cloud are analyzed in a histogram. Hence giving an initial range for the fagade values,
from which the range of values for the windows can be approximated. The range must be adjusted
specifically to the project and is refined within the case study (Chapter 4.3). The range with the most
window points and the fewest false points is iteratively filtered out. False points refer to points whose
intensity values overlap with the window points. To define a clear assignment of points to each
window, the points defining one window are clustered into a group, which is necessary to extract the
windows individually. The window points are clustered with the density-based DBSCAN-Clustering
by Ester et al,, (1996). The algorithm depends on the parameter eps, which describes the minimal
radius that combines all points within this radius to a cluster. A weakness of the intensity-based
approach is that the window points are not fully captured in the point cloud processing due to the
transparent material property of glass, which leads to an inaccuracy in the detected clusters and
thus only represents an approximation. Consequently, the bounding boxes around the clusters,
determined in the last step, were not perfectly rectangular.

INFORMATION REQUIREMENT AND PROCESSING FOR THE LCA

Certain information is required to perform an LCA from a semantic enriched 3D model.

The information can be represented in alphanumerical numbers, coordinates, etc., and is needed
for different reasons within the LCA calculation. Table 2 gives an overview of the required

types of information.

TABLE 2 LCA required Input Information

Surfaces XYZ-coordinates of the corner points Essential for whole LCA

Area of the surface

Alphanumerical number

Essential for whole LCA

Surface material

By assumption of the surface elements
by building age class

Essential for whole LCA

Thermal Layer of the surface

Text label

Calculation of the use phase

Outward-facing surface normal

Vector

Calculation of the use phase

Window openings in surface

Number of the surface area and ID of
the window

Essential for whole LCA Window-to-wall
ratio

The surface area of the polygonal surfaces and windows is calculated based on the corner point

coordinates. Therefore, the surface is split into triangles, which allows taking convex as well as

concave surfaces into account. The area can be calculated using the cross product of each triangle.

The sum of all triangle areas determines the total area. Afterwards, the window-to-wall ratio is
calculated by dividing the previously classified window area by the total area. In the last step, the
outward-facing normal of every surface is defined, needed to calculate the use phase in the LCA.
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This computation represents a common problem, which is solved with the Trimesh library (Dawson-
Haggerty et al. 2019) and is not applicable for objects with high geometric complexity.

As a final step, in the LCA calculation tool, the material layers and material thicknesses of the model
faces are approximated by assuming the building age class. Therefore, the information from the
TABULA database is combined with the LCA database using OEKOBAUDAT (BBSR 2022).

CALCULATION OF THE RETROFITTING POTENTIAL

The calculated retrofitting potential in this study aims to compare the environmental impacts of
the existing building with a retrofitting variant using LCA. To simplify and enable the comparability
of the variants, the following assumptions as well as system boundaries and boundary

conditions were made:

No consideration of the lifecycle phase C for the demolition of reconstructed old substances
according to the Rating System Sustainable Building (BMUB, 2017)

Considered useful lifespan of the building: 50 years

Chosen environmental indicators: primary energy non-renewable and global

warming potential (GWP)

Manual specification of an identical energy system

In summary, the retrofitting potential will compare only newly installed materials in all lifecycle
phases. A detailed analysis for recycling and demolitions efforts of existing building components is
out of scope, as in this early design phase, no reliable assumptions can be made.

CASE STUDY

DATASET AND PREPROCESSING

To test and validate the proposed method, this study conducted a case study on a point cloud (see
Figure 5.a) obtained by a TLS of an existing 5-storey multi-apartment building from the 1960s
(MERKO 2022). The point cloud of the abandoned building, situated in Adazi, Latvia, was acquired
due to the building's need for retrofitting. First of all, the point cloud with 10.315.268 points was
subsampled within the open source software CloudCompare (CloudCompare 2022) through the
specification of space between the points to 0.1 m. In the used point cloud, the points of the interior
of the building were also contained. To simplify computation, these points were removed manually.
To reconstruct the 3D model, the planes were detected with the RANSAC algorithm (see Figure 5.b)
and the surface model was generated using the PolyFit software. Here the complexity was reduced
with the provided PolyFit parameters, allowing simplified further processing. The obtained surface
model consisted of selected face candidates from PolyFit (see Figure 3 right). In the next step, related
faces were combined with building surfaces (see Figure 5.c), allowing the extraction of the corner
points’ coordinates.
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FIG. 5 a) The Point Cloud with b) the Detected Planes from RANSAC and c) the Reconstructed Surface Model from PolyFit

SEMANTIC ENRICHMENT AND WINDOW CLASSIFICATION

Subsequent steps deal with semantic enrichment. Thermal surface classification is conducted

on the geometric surface model. Due to simplified assumptions, the implemented classification
system classified all walls as exterior walls and the floor as floor-to-ground. A building with a

cellar is not considered here. Furthermore, the ceiling structure is always the same, and there is no
ceiling against unheated space. In addition, recesses in the ceilings cannot be taken into account.
Extensions or garages with flat roofs are excluded since only one roof is assumed.

The windows were detected separately in the point cloud file, providing the laser intensity
information. After the performed Histogram analysis of intensity values, it was observed that the
intensity values of window elements were heavily spreading. Nevertheless, almost all window
intensity points lay in a range from 0 to 40, with some outliers at value 255. In between, there were
virtually no window points detected. However, choosing all points in a range [0:40] would lead to many
false points, mainly from the roof and the building edges (see Figure 6.b). This is most likely the case
due to standard sensitivity factors of laser scanners, such as the scanner position, the incidence
angle, and the distance to the acquired object. The determination of the window range is thus
project-specific, and a range of [0;25] was iteratively set as the most accurate for this point cloud.

On this basis, the window points were extracted, and the DB-Scan Clustering was performed

to further extract the windows individually (see Figure é.c). Here the parameter describing the
minimal distance of a point to a cluster was set to 0.4 m. This value is set to prevent nearby window
points from being merged into one cluster. The clustering results still showed that some windows
were merged, but on the downside, some were neglected totally. Nevertheless, this was largely
compensated in the overall results.

Due to the intensity-based approach, some false points that were not describing windows, but
overlapping in intensity values, were extracted too. This led to falsely detected clusters from

these points. Some were removed based on their orientation parallel to the XY-plane, as they were
representing balconies. Others were removed based on their very low height, which is not common
for windows, thus representing the lower building edge.

In the last step, the bounding boxes were defined around each cluster (see Figure 6.d). Due to some
missing window points, the boxes were not perfectly rectangular but also rhomboid-shaped. This
was acceptable since only the ratio is to be examined, and the geometrical form of the recognized
windows is of secondary importance. Consequently, the corner points were determined and the area
calculated. The results showed a detection rate of approximately 94 %, with a total window area of
1129.62 m? compared to the correct area of around 1200 m?
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FIG. 6 a) point cloud with b) filtered window points and c) clustered windows, and d) cluster-fitted bounding boxes

LCA CALCULATION OF RETROFITTING POTENTIAL

Subsequently, the gained information was processed as input in an LCA tool. Due to its LCA-based
direct variant comparison function, the LCA software used in this study was CAALA (CAALA 2020).
Moreover, CAALA enables the calculation of the total emissions, embodied and operational energy,
using a single-zone calculation approach. For this purpose, the data was converted into a CAALA-
JSON file. Therefore, the area, the surface outward normal, and the window-to-wall ratio was
calculated, as described in Chapter 2.3.

After the geometry was read in the software, the material layers were assumed by building age
class. The investigated building complex was assumed to be building type NBL_MFH_E (1958-1968)
according to the TABULA building type defined by the institute for housing and environment in the
course of an EU project (Loga et al,, 2015).

In the next step, the retrofitting variant was developed considering the building age, including the
following measures, which CAALA suggests for this construction:

Wood fibre insulations in an external thermal insulation composite system (ETICS)
Triple glazing windows with a wooden frame, U=0.8, g=0.6
the energy system of a condensing gas boiler

The refurbished variant leads to much better results regarding energy performance as well as
greenhouse gas emissions. This is represented in Table 3 with the total non-renewable primary
energy consumption (PENRT) and the greenhouse gas emissions (GWP) of the existing building in
comparison to the emissions of the refurbished variant. All lifecycle phases were considered for the
calculation as described in Section 3.4.

Furthermore, Figure 7 depicts the cumulative emissions of the GWP over the whole lifecycle. Here
the existing building starts with no emissions and finishes the first year with 78.53 kg CO2-eq./
(m?NGF*a) from the building's operational phase Bé. The retrofitted variant starts with -24.0 kg CO2-
eq./(m*NGF*a) resulting from phases A1-3 due to sustainable materials used and increases annually
by 26.56 kg C02-eq./(m*NGF*a) on account of the operational phase Bé. In contrast to the retrofitted
variant, the emissions from the end of life phase C of the existing building are not considered as
described by the considered systematic of the sustainable rating system (BMUB, 2017). This can

be seen in Figure 7 from the different incline at the end of the two graphs.Only simple retrofitting
measures were chosen to validate the workflow, as the focus is on the automated generation of
geometric and semantic information rather than on different and complex retrofitting scenarios.

TABLE 3 LCA results of the variant comparison

Primary energy non-renew- [kWh/(m?NGF*a)] 358.74 129.14
able (PENRT)

Global Warming Potential [kg CO2-eq./(m*NGF*a)] 78.53 28.43
(GWP)
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FIG. 7 Cumulative Emissions of the GWP of the Compared Variants

DISCUSSION

The proposed method enables LCA calculation of retrofitting scenarios on the basis of semantic

3D models generated and enriched from point clouds. The method was tested on a 5-storey multi-
apartment building. The study verified that a point cloud of the building's envelope could be
processed in such a way that the minimum geometric and semantic requirements needed for an
LCA calculation and the import into an LCA tool can be obtained. The proposed methodology leads
to widening the scope of action for construction decisions on retrofitting the existing building stock
already in early design stages. Moreover, the ability of semantic enrichment of 3D models with
intensity values for window classification was demonstrated.

Limitations of the developed method can be faced if the geometric complexity is too high, resulting
in an inaccurate surface model or a wrong surface outward normal computation. The latter would
lead to an incorrect LCA calculation of the use phase and, therefore, only enable the calculation of the
embodied energy, which is insufficient for the making of a meaningful decision.

Furthermore, the classification of the windows requires manual adjustment for filtering the intensity
values of the window points. The investigation of laser intensity values restricts the digital surveying
technology to laser scanning and the results to the quality of the acquired window points. It has to
be mentioned that the results of the window classification represent a window-to-wall ratio and

not an accurate geometric shape, which is, however, sufficient for a simplified LCA calculation in

an early design phase.

The LCA results strongly depend on the selected materials and thicknesses and on the assumptions

of the TABULA building typology. Furthermore, the material allocation is not performed
independently but requires this function in the software.
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CONCLUSION AND OUTLOOK

Regarding the building sector’s climate goals and environmental impacts, the retrofitting rate

needs to be increased instead of the number of new constructions. Hence, this paper proposes an
automated method to calculate the LCA of existing buildings by using point clouds as input data to
close the gap between point clouds and LCA software. To validate the method, a point cloud acquired
with a laser scanner of an existing building was used, containing the intensity values of each point.
The geometrical reconstruction was conducted using the PolyFit approach. The semantic enrichment
of the building components was based on geometrical information, while the windows were
classified using intensity values. For this study, the window-to-wall ratio was sufficient. Thus, the
geometric representation of the windows was not needed. The developed method detected around

94 % of the total window area and mapped the windows to the appropriate walls.

In future works, the importance of 3D reconstruction, and similarly, Scan-to-BIM processes, will
increase, opening up a wide synergy potential for many research fields, such as sustainability.
Furthermore, radiometric features such as intensity should be investigated in future studies,
especially in the promising field of deep learning. The consideration of intensity values could enable
a material classification from the point cloud and therefore help to identify more information about
surface materials. This could lead to a direct assumption of building classes. Besides, the window
classification can be more sensitized to determine the geometric shape. Thus, a combination of the
usage of intensity values with a deep learning technology could lead to promising results.
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Abstract

The key objective of this research project is to “create a new architectural textile, Suntex, by interweaving
thin film solar cells and electrically conductive yarn into a structural technical textile, so it can generate
energy while it is providing shade, structure or an aesthetic update to a building.”

Textile has strong potential as a sustainable building material because it can be lightweight, material
efficient, and low carbon. Moreover, its flexibility provides great design freedom and its transparency
makes it very suitable for fagade applications, maintaining views to the outside while providing solar
shading. Suntex is a solar textile, currently in development, intended for textile architecture applications
like textile fagades. By combining three qualities, namely providing the building with energy generation,
solar shading, and a unique aesthetic appearance, which also promotes the acceptance of solar
technology, it offers a positive climate impact.

Suntex can be considered as a new type of membrane material for Building Integrated Photovoltaics
(BIPV). With this innovative, constructive fabric, enormous surfaces that are still unused can be outfitted
with energy-generating potential.

This paper presents a design case to analyse the potential impact of Suntex as a textile fagade. Based
on insights into the development process and experiment results so far, it evaluates the feasibility and
impact from a technical and design perspective.
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INTRODUCTION & OBJECTIVES

INTRODUCTION

Buildings generate nearly 40% of annual global carbon dioxide (CO2) with operational emissions
(including energy used to heat, cool, and light buildings) accounting for another 28% (UN
Environment and International Energy Agency, 2017). To achieve the target of the Paris Agreement,
approximately two thirds of the existing building stock will need to be modernised by 2040
(Architecture 2030, 2022). Buildings must become climate-positive by producing their own renewable
energy and become climate-proof through intelligent thermal management.

As stated by the International Energy Agency, solar energy is “becoming the lowest-cost option

for new electricity generation in most of the world” (IEA, 2020) and thus holds great promise for a
sustainable future. One of the characteristics of solar systems is that they can be decentralised with
the installations for the production of energy located closer to the place of energy consumption, a
factor that has become particularly appealing in light of the global energy crisis (World Economic
Forum, 2022). However, photovoltaic panels on the roofs of homes and offices alone, especially in
high-rise buildings, are insufficient to meet the energy demand (TNO, n.d; Middelhauve, 2021).
Facades have great potential, especially in low-latitude urban areas where the low sun on the vertical
surface generates greater solar potential in the winter months than on roofs (Horn et al. 2018), so
long as facades are carefully selected to maximise incident irradiance and minimise shading from
nearby buildings or other obstructions.

Traditional silicon solar photovoltaic modules are rigid, heavy and have a one-size-fits-all design.
This makes it a challenge to integrate them both functionally and aesthetically into existing
buildings. New generations of thin-film solar cells mark a turning point in solar harvesting
possibilities for buildings. These solar films are lightweight and flexible and can be custom fit

for many more applications, such as applying them on existing (architectural) surfaces, including
low-load-capacity roofs and curved surfaces, or integrating them into other flexible materials like
textiles. In comparison to other materials like steel, concrete, aluminium or glass, textile is a more
sustainable building material with very low embodied carbon due to its lightweight structural
properties (Van Hinte & Beukers, 2020) and low energy consumption (Shareef Al-Azzawi et al.,
2021). Furthermore, its flexibility and transparency provide great design freedom and usage,

also in architecture. A second skin fagade, from textile for example, enables views to the outside
while mitigating and controlling excessive solar radiation. In addition, these fagades can save
energy through their isolation and ventilation properties during the cooling or heating period of a
building. (Ahriz et al., 2022).

Combining (thin-film) solar technology with textiles is not new (Smelik et al., 2016; Kuhlmann et

al., 2018; Nathanson, 2021) and the solutions range from highly experimental lab-stage research

to more applied approaches that are already commercially available (Satharasinghe et al., 2020).

The simplest, most common approach is to attach the flexible solar panel to the surface of the textile,
for example through adhesives, sewing or laminating (Mather & Wilson, 2017; Nathanson, 2021).
However, these assembly processes are difficult to scale industrially and present limitations for
architectural applications in terms of their mechanical properties, modularity, and design potential
(Mather & Wilson, 2017). To date, this method is used commercially within an architectural context by
the US-based company Pvilion.
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Suntex, an architectural textile currently under development, takes a different approach. Thin-film
solar panels and electrical circuits (composed of conductive yarn) are integral to the construction
of the textile by being directly combined in the weaving process. With the aim of being both a
standardised and easily customizable architectural textile that increases the energy-harvesting
potential of otherwise untapped surface area. Intended as a (retrofitted) facade second skin, Suntex
has the potential to make a building more energy efficient through thermal insulation and through
harvesting additional energy with integrated photovoltaics. Additionally, it brings completely new
aesthetic qualities such as colour, transparency, and texture, which can help drive the adoption

of photovoltaic technology (Reinders et al.,, 2020). A Suntex fagade, in common with other facade
solutions, can become a valuable addition for energy autonomy and grid reliability. By applying
Suntex to existing infrastructure it is not in competition with agricultural land, industrial estates, or
housing unlike space-consuming solar farms. Further, solutions such as Suntex have the potential
to improve urban habitats, by de-reflecting glass windows, a primary source of bird-building
collisions (Klem, 2006).

The key objectives of this paper are to explore the feasibility of Suntex and potential impact of this
new textile when applied as a textile fagade. The feasibility will be investigated by evaluating the
textile samples created so far, against the requirements of a type [ architectural fabric. The potential
impact of this new textile will be investigated through an implementation analysis, which includes
a case study, wherein the quantified benefit of energy generation will be explored alongside the
qualitative benefits.

It should be noted that the initial phase of the research project is currently planned to run for two years,
and is at the midpoint of one year at the time of writing.

RESEARCH METHODOLOGY

In order to develop a smart technical textile for application in textile architecture, this research
is carried out at the intersection of textile design, design engineering and textile architecture.
The design process is therefore hands-on, iterative, and highly collaborative. As a result of this
interdisciplinary approach, both scientific research methods and design research methods are
combined in the textile development process, which follows an iterative cycle.

As detailed in section 2.2, the textile design process follows an adapted version of the ‘design
thinking' approach (System Concepts, n.d) in that it is an iterative process in which testing informs
the next steps. First, materials are selected according to pre-defined criteria. Next, a weave pattern
is designed alongside a strategy to integrate the OPV film, and a sample is created. This sample is
mechanically tested and reviewed against the textile requirements (Section 2.1). Conclusions from
this process inform the first steps of the next iteration; the material selection and sample design.
The latest iteration of the textile is then further evaluated through the development of a case study
that reveals the potential impact of applying Suntex as energy harvesting building skin. In general,
a case study combines data from multiple sources to explore a problem or scenario (Methodspace,
2021). While design cases or case studies can be built on expected, speculative data alone, this paper
also shows the actual data gathered through experimental testing on woven textile samples.

This process is done in an effort to contribute to the field of smart, technical textile development
by sharing the details of the textile design and development process. In this case, the mechanical
strength values achieved in the textile sample evaluation (Section 3.1) and the inherent nature of
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weaving to produce rectilinear textiles indicated that a second-skin fagade would be a worthwhile
design case study to investigate (Section 3.3) as an initial application. The Westraven Rijkswaterstaat
building in Utrecht (The Netherlands) was selected as the particular building to explore as it is a
prominent example of a textile second-skin fagade and it already demonstrates the environmental
benefits of retrofitting a building in this way, in terms of thermal management.

TEXTILE REQUIREMENTS FOR SUNTEX

From a structural standpoint, textiles used in architecture are required to meet strength and stiffness
criteria as well as water, UV-light, and fire resistance for durable load bearing applications. Typical
architecture textiles are coated fabrics such as polyvinyl chloride (PVC) coated polyester (PES) fabrics
and polytetrafluoroethylene (PTFE) coated glass fabrics, where the coating provides protection
against weathering agents, and the fabric weave within the coating is the load-carrying element.
Uncoated fabrics are similarly used in an architectural context but to a limited extent since without

a coating, achieving comparable durability becomes challenging. In terms of strength, architecture
fabrics are classified into categories from type I to type V, corresponding to tensile strengths of about
3000 N/5cm to 10,000 N/bcm, respectively. The strength should be verified in both weave directions
and in areas of seams using relevant standardised tensile strength tests. Type [ fabric, thus, offers
the minimum required tensile strength for a viable fabric. It is also necessary that the fabric does
not show too much remaining strain under loading so as not to lose functionality prior to failure.

In addition, architecture fabrics are required to provide a sufficient level of fire retardancy which

is demonstrated by the fabric's ability to undergo combustion, the extent of smoke production, and
the production of molten droplets, as indicated by the Euroclasses for fire reaction classification.

A polymeric coating is considered sufficient for water and UV-light resistance; however, for uncoated
fabrics, these properties should be verified.

In light of the aforementioned criteria, the Suntex fabric is designed to be a type I fabric with a
strength of approximately 3000 N/bcm in both warp and weft directions. The fire behaviour objective
is set to meet at least EN 13501 class B-S2, DO.

To guarantee a functional solar fabric, not only is the structural behaviour important, but the
practicality and environmental impact are also crucial. These aspects were translated into the
following preset objectives that have informed the R&D process of Suntex:

A lightweight material of up to 1200 g/m? with a solar panel active area to textile surface

ratio of approx. 50/50;

A material that can be rolled up;

A modular system that can be put together in (differently shaped) strips to form 3D curved fabrics,
whereby the various electrical circuits are connected by means of interconnects;

An energy yield of approximately 20 Wp/rn2 (Peak watt at STC) of composite solar textile (given this
is only 50% coverage of active OPV area), which may seem relatively little compared to traditional
silicon solar panels, but the characteristics of OPV mean it can be used in this context in a way
traditional silicon solar panels could not;

A sunlight transmission factor of 20 - 30%;

A fully recyclable material, whereby the solar cell structures can be separated from the textile, with a
lifespan of 10 - 15 years.
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Deeper consideration of the textile requirements also reveals the challenges involved in developing
this new material. For instance, the uniformity of the textile is being challenged by the integration

of solar cells. This further complicates the general inhomogeneity and anisotropy possible in

textile fabrics, meaning tensile and bending properties differ between warp and weft. Further,

the integration of electrical hardware components in a soft flexible textile can cause stress
concentrations and weak points. To mitigate these challenges, the textile is being developed in an
iterative process using high tenacity yarns, the selection of which is informed by extensive tensile
testing to meet the requirements for a type I architectural textile. In addition, when implementing
the Suntex textile, certain design guidelines may need to be recommended, regarding the

loading directions.

Aside from the design and construction challenges, consideration must be given to the route to mass
manufacturing. In order for the textile to have maximum impact and accessibility, the production
should be efficient and cost-effective. Ongoing conversations with industry partners are informing
design decisions which affect the production, to ensure design for manufacture is an inherent part of
the development process.

TEXTILE DESIGN PROCESS

The design process of the textile itself is informed by the requirements outlined in Section 2.1, and
broadly follows these steps repeatedly (forming an iterative loop):

Material selection (as detailed in section 2.2.1).
a Photovoltaic technology selection
b Yarn selection
Textile development process (see section 2.2.2).
a Structure/Weave design (including solar panel integration method).
b Sample creation.
Sample evaluation (Testing, as detailed in section 3.1).
Analysis and review of the materials and weave design (as detailed in section 3.1), then return to the
material selection stage.

Material Selection

Photovoltaic Technology Selection

As a first step, the type of photovoltaic technology to be integrated had to be selected. Organic
photovoltaic film (OPV) was chosen for a number of reasons; it is a flexible, thin-film material

(as can be seen in Fig. 1) produced in a low-carbon, roll-to-roll manufacturing process, and, it is
composed of organic, non-toxic materials which are abundant and can be recovered at end-of-life.
Due to this composition, it is semi-transparent and can be created in different colours (see Fig. 2).
Additionally, the materials and production process mean that this technology has the theoretical
potential to provide electricity at a lower cost than first- and second-generation solar technologies
(USA Department of Energy, 2022), and it can have an energy payback time (the time required by
an application to generate as much energy as is consumed during its production) around 10 times
shorter than that of other solar technologies (ASCA®, EPBT 2021).
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Furthermore, OPV technology is rapidly improving. For example, the ASCA® OPV film which is
currently available can produce approximately 20-50 Wp /m?(depending on chosen colour), but

the company has recently achieved outputs of 70 Wp /m? in pilot scale and expect to translate

that to production by year end 2022 (ASCA®, Efficiency Increase, 2021). For comparison, the most
efficient monocrystalline N-Type silicon solar technology on the market can produce 220 Wp/

m? (Clean Energy Review, 2022), but of course the characteristics of OPV technology enable it to

be used in contexts where monocrystalline silicon solar panels would not be used. In addition to
these promising results under Standard Testing Conditions, OPV technology has also been shown
to be less sensitive to some ‘real world' factors than traditional silicon solar. Especially relevant to
outdoor facade applications, as shown by Dolara et al.'s (2022) research at Polimi's SolarTechLAB;
OPV has high performance in lower light conditions and with light from different angles (as occurs
with vertical installation on a fagade), and it is not adversely affected by increased temperatures.
In fact, during their five-month outdoor testing period in Milan, the OPV modules showed improved
performance (shown by an increasing Pmpp, maximum power point) with increasing temperature

in all the considered irradiance range, whereas the monocrystalline and CIS modules tested in the
same conditions showed a linear decrease with the cell's temperature.

Finally, on a practical level, the nature of the OPV film technology means that custom sizes and
shapes can be created, and smaller order quantities are possible which is essential for early-stage
prototyping and testing. For this project, OPV strips of 45cm length and 2.5cm width were available
for initial prototyping and testing, to later inform the design of a custom part.

FIG. 1 ASCA Organic Photovoltaic Film, flexibility apparent. (Image courtesy of ASCA®)

Yarn Selection

The continuous challenge with Suntex is the requirement to combine several “unusual” materials

in one weaving process to make up the functional module. Alongside the OPV films (which
mechanically, act like PET film), materials like a conductive track (that connects the solar panels),
transparent monofilament (to secure the solar film), and high-tenacity yarns (that give the required
tensile strength) are inevitable to use when making Suntex. All of the materials have rather different
properties in terms of flexibility, elasticity, or breaking-load, which all need to be considered before,
during, and after the textile has been woven. During the hands-on research, materials were assessed
on how well they harmonise and complement each other so that their properties combine in the
weave to make Suntex an energy-harvesting architecture type 1 fabric. The important factors for the
selection of materials and structure of the fabric include:
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— A high-tenacity main yarn, used in warp and weft, that is readily available and has a
textile look and touch

— A high-tenacity main yarn, used in warp and weft, that when woven has a tensile strength of
3000N/bcm (criteria type 1 architectural fabric)

— Atransparent warp yarn (“float yarn”) in combination with a specific weave pattern to hold the OPV
films in place without putting strain or load on them or covering them entirely

— A conductive yarn, used in warp and weft, that enables a functioning circuit which connects the OPV
films with each other and enables a connection to transfer the energy to an outlet

— All materials complying with fire-retardancy, durability, and weather resistance standards for
textile architecture
Based on these factors, examples of chosen yarns and their mechanical properties
can be seen in Table 1.

TABLE 1 An example selection of yarns to suit the set criteria, and their mechanical properties.

Main Yarn MSP rPET n/a (flat yarn) 1100 84.3 7.54

Float Yarn Filva 0.40 1600 27.45 1.72
Monofilament

Conductive Yarn Karl Grimm 0.42 2325 27.468 1.181

High Flex 3981

FIG. 2 ASCA Organic Photovoltaic Film; transparency, colour and freeform possibilities apparent. (Image courtesy of ASCA®)
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Textile Development Process

Weave design

The main focus of the textile development is the weave structure which is designed strategically
around the integration of the OPV film. This makes it similar to the Texenergie/Texenergy research
project by Saxion University (Hurenkamp, 2020), in which OPV films were woven into a textile to
make indoor window blinds (among other applications). Since these use cases differ significantly the
material choices for Suntex and the weave structure are also different.

The main aim for Suntex is that the high-tenacity yarns described in Section 2.2.1 B must take

the majority of the tensile load, and the “float” structures around and on top of the OPV hold the
film strips in place without putting excessive load on these strips or shading them. The purpose

of this is to prevent electrical efficiency losses of the OPV. Therefore, an iterative process began,

in which different material combinations, patterns, and weave-set-ups were tested and evaluated
regarding processability and functionality of Suntex, first on a handweaving loom and later an
industrial sampling loom. As detailed in Section 3.1, these woven demonstrators and specimens
were extensively tested to investigate their structural and tensile behaviour and therefore verify or
eliminate material choices, weave patterns, and set-ups.

Throughout the design process, the aim was to retain a textile look and touch as opposed to a heavily
coated industrial composite-like material. This is because such composite materials are difficult

to disassemble, repair and recycle and, further, have limited opportunities for surface and colour
design. Suntex remains uncoated, so the chosen pattern and (coloured) yarns will define the unique
look and give it a tactile feel as opposed to a flat and printed coated textile. Removing the entire step
of coating during the manufacturing process can compensate for the extra time needed for the more
complex weaving process.

Because Suntex is unique and new, there is little (empirical) research that could be referenced

when planning and anticipating the challenges of weaving, except for the above named Texenergie/
Texenergy project. This makes the textile development process variable, as one change in fabric
construction may affect the entire look, feel, behaviour, and functionality of Suntex.

Sample Creation

In addition to the choice of materials, the weaving loom plays a major role. Industrial looms tend to
be fit for one purpose only and cannot be tweaked to switch from one material to another, especially
regarding the preparation of warp beams and general setup which can take months. Therefore,

to facilitate a more agile development process, most Suntex samples were initially tested on a
handweaving loom (Louét Erica) and later recreated on an industrial sampling loom (CCI Evergreen).
On both looms a maximum fabric width of 50cm can be woven and the maximum fabric length
varies, depending on the length of the warp yarns used. On the handweaving loom, the length of
those yarns is chosen by the weaver and for the CCI Evergreen loom, the warping machine available
for these trials automatically limits the total length of the textile to 2m. The number of shafts on the
looms also differs, from a maximum of 4 (Louét Erica) to 24 (CCI Evergreen). The number of shafts
(and the carefully planned warp threading through these shafts) determine the addressability of the
warp yarns, and therefore more shafts can realise more complex weave structures in which several
yarns need to be lifted or lowered individually. With Suntex, this is necessary for integrating the OPV
film and the conductive tracks.
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FIG. 3 Louét Erica Handweaving Loom FIG. 4 CCI Evergreen Sampling Loom

Strategic use of both technologies enabled quick control and production of small samples within
days that varied in complexity. A choice of these samples and the analysis thereof can be found

in Section 3.1 Textile Evaluation. Further, using the CCI Evergreen sampling loom has made it
possible to experiment and test solutions for weaving Suntex in an industrial setting and being able
to assess the limitations that would be present in larger industrial productions like warp and weft
yarn tensions, warp beam setup, gripper system, and more. Making the transition from a sampling
loom to an industrial loom is the next step in the process to make Suntex widely available for use in
textile architecture.

EXPERIMENTAL TESTING & RESULTS

As mentioned in Section 2, experimental testing is an essential part of the iterative design process.
This section outlines the experimental tests and its results. More precisely, it reports textile
evaluation tests and electrical and mechanical behaviour of the OPV film. A case study is then carried
out in order to analyse and compare the impact of Suntex on a building fagade.

TEXTILE EVALUATION

The evaluation of the textile's mechanical properties was performed using tensile strip tests in
which fabric specimens, of at least bem widths and 20 cm lengths, were mounted onto the clamps
of a tensile testing machine and stretched until failure. From these tests, the failure load, and the
elongation at break can both be measured for assessing the strength and stiffness of the specimens.
Additionally, the tests provide insight into the interaction between the fabric and the solar cell tape,
which gives an indication of whether the solar cells will undergo stress during loading. Multiple test
series were carried out on composite fabrics with different yarn strengths to examine whether the
strength of the configuration meets the strength objective. See Table 2 for brief overview.
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TABLE 2 A summarised overview of Suntex iterations.

Iteration Name Loom Material Weaving Pattern Evaluation Notes
Combination Notes
Suntex V1.1 Louét Erica TPU main yarn Plain Weave with Progress to machine weaving (CCI
handweaving loom double-sided floats Evergreen)
Suntex V1.2 CCI Evergreen TPU main yarn, 2/2 Twill, Plain Coated yarn creates an open mesh
Sampling Loom Monofilament float Weave with structure which is interesting for
(automatic) yarn single-sided floats  optical properties but the strength is
(with plain/twill insufficient, so must review material
backing) choices.
Suntex V2 Louét Erica Twisted rPET main  Plain Weave with Strength promising and denser weave
handweaving loom yarn and float yarn single-sided floats  possible with this yarn, progress
(with plain/twill to machine weaving and test with
backing) monofilament float yarns.
Suntex V3 CCI Evergreen Twisted rPET main  Plain Weave with Conclusive testing has not yet been
Sampling Loom yarn, monofilament single-sided floats  completed; weave is denser than V2
(automatic) float yarn (with plain/twill which suggests high strength, but
backing) weaker monofilament material included

may counteract this benefit.

FIG. 5 Suntex V1.2 sample.

FIG. 6 Suntex V2 sample with card strips in place of solar film.

The initial fabric composite Suntex V1 (Figure 5), made with thermoplastic polyurethane (TPU)
coated polyester yarns, demonstrated insufficient strength and in some cases large elongations.
Consequently, the main yarn, which is the most prevalent in a weave, had to be replaced by a higher

tenacity yarn in the subsequent fabric prototype. Suntex V2 (Figure 6) was, thus, hand-woven from

recycled high-tenacity polyester (rPET) yarns. To acquire a quick indication of the strength behaviour

and the impact on the solar film, only warp specimens were woven. The tensile tests of Suntex V2

consisted of six fabric specimens, three of which were regular plain-woven fabric (Suntex VW1 - W3)
and an additional three with PET film strips inserted to mimic the presence of the solar film, hereby
referred to as ‘solar film' or ‘SF' (for example, ‘Suntex V2 SF W1' in Table 3). All specimens were
coated with a speckling pattern prior to testing to enable digital image correlation (DIC) analysis
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during the tests. This analysis type provides the strain field over the specimens’ area throughout the
loading process until failure which helps identify whether the mode of failure is valid and if non-
uniform stressing occurs, therefore revealing the effect of integrating the solar film into the woven
textile. After specimen preparation, each specimen was mounted onto the clamps of an Instron 1122
tensile machine, and an initial 10 N prestress was applied. The initial length was then measured, and
the tests carried out with an extension rate of 100 mm/min.

Results of Textile Evaluation

The results are summarised in Table 3, and can be seen in the graph in Figure 8. The data showed
substantial failure loads, averaging 2781.4N for the regular specimens and 2545.2N for the
specimens with ‘solar film' (SF) integrated in ‘float’ structures (Figure 7). This strength reduction
of only 8.49% in the more irregular ‘solar film' (SF) specimens, verifies the weaving strategy of
implementing single-sided floats (with plain/twill backing) to integrate the solar films.

TABLE 3 Suntex V2 specimen information and tensile test results (as logged by Instron 1122 tensile testing machine used)

General Information Weave specifications Test Results

Category Specimen Name Pattern Warp Weft Elongation (%) Failure Load
density density (N/5¢cm)
(yarns/cm) (yarns/cm)

Regular Suntex V2 W1 Plain weave 10 11 13.3 2646.23

Specimens Suntex V2 W2 10 11 15.0 2959.46

Suntex V2 W3 10 11 12.7 2738.56
Solar Film (SF) Suntex V2 SF W1 Plain/Twill 10 16.6 9.7 2263.44
Specimens SuntexV2 SFwz  backing 10 166 106 2547.77

Suntex V2 SF W3 10 16.6 10.2088 2542.64

‘floats’

FIG. 7 Suntex V2 Specimens after testing to failure. Regular specimens labelled “Twisted rPET W1-3" are referred to as “Suntex
V2 W1-3"in this paper, and Solar Film specimens labelled “Twisted rPET SC W1-3" are referred to as “Suntex V2 SF W1-3" in this
paper.
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Force vs. Extension
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FIG. 8 Suntex V2 specimens’ force-extension behaviour.

The digital image correlation (DIC) analysis (Figures 9 and 10) data correlates with the data logged by
the Instron 1122 tensile testing machine used (summarised in Table 3). The DIC analysis of the solar
film specimens is particularly interesting (Figure 10); lower strain can be observed at the solar film
sections compared to the adjacent woven sections, which implies that the solar cells are not under
any stresses that could cause a loss of function before fabric failure. This indicates that the weave
design strategy to integrate the solar film in a way that it would not be subject to large tensile loads
is successful, and supports the viability of this approach and the textile itself.

FIG. 9 Specimen ‘Suntex W3' strain field along the longitudinal direction at failure (left) & directly after failure (right).

Y

—Lax

FIG. 10 Specimen ‘Suntex V2 SF W2' strain field at approximately 1 kN load (left), at maximum load (middle), and after failure
(right).
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The results are, however, limited to the warp direction only, and to verify the fabric strength, the weft
direction should also be tested. Furthermore, due to the samples being handwoven, non-uniform
stressing of the specimens is most likely to happen, which might cause failure at a lesser load than
potentially possible. Upcoming tests, therefore, should be performed on fabrics woven on a power
loom. Nonetheless, these results show the rPET Suntex V2 is a promising configuration to achieve
the desired strength, and inform the next iteration, Suntex V3.

Suntex V3 samples have been woven on a power loom (CCI Evergreen), using the same rPET yarn as
Suntex V2 for the ‘main yarn' but with some of these warp yarns replaced with monofilament (which
is used as the float yarn to hold the solar film in place). Weaving it on the power loom facilitated a
denser weave, which should result in a stronger overall textile. However, the weaker monofilament
replacing some of the rPET warp yarns may counteract this effect. Conclusive mechanical

testing has not yet been performed, to investigate these theories and the mechanical strength of
this latest iteration.

ELECTRICAL AND MECHANICAL BEHAVIOUR OF THE OPV FILM

In addition to evaluating the tensile properties of the surrounding woven textile, certain properties
of the OPV film were also investigated, to understand how it would behave within the textile.

The material data sheets generally provide figures for the electrical properties, thickness, weight,
flexibility, impact resistance and operating conditions. However, as the material is not intended

to be tensioned (as is the case with all photovoltaic technology), tensile strength and elongation
data is not provided.

The OPV film is a composite in itself; it is a laminated stack of a substrate, conductive material,
printed active material within a polymer encapsulant. Fan et. al (2013) demonstrated with a certain
OPV film sample that the inner laminated stack tends to be more sensitive to straining compared

to the encapsulant, so it is expected electrical failure occurs at a lesser tensile force and strain than
mechanical failure. However, each company producing OPV may be implementing different materials
and processes and therefore there can be no standard comparisons of failure modes, for instance.
This highlights the lack of empirical research in the area, and the need for testing to create practical
insights. Therefore, to further understand the specific OPV material available for this research project
and how it should be integrated into the textile, a number of tests were conducted to investigate both
electrical failure and mechanical failure.

For these reasons, despite the design intent for the surrounding textile to carry the tensile forces as
much as possible, the solar film was tested in a tensile testing machine (Figure 12). The apparatus
was similar to that of the tensile fabric tests already described in Section 3.1, except a strong light
source was added and the electrical performance of the solar film was also logged (using an Arduino
system), while the tension was applied (Figure 11). In this way, the tensile load at which both
electrical failure and mechanical failure occurred was identified.
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FIG. 11 OPV strip test set-up, illuminated by bright light FIG. 12 Mark 10 Instron Machine used in the testing.
source.

Results of OPV Tensile Testing

The results were encouraging, showing the solar films were electrically functional up to around 500-
600N tension, and 15mm extension. Mechanically, the films mostly showed a plastic mode of failure
with viscous deformation of the PET encapsulant material at the yield point (at 560-680N) followed
by progressive elongation and a gradual increase in tensile force. These preliminary results support
the continued development of the textile, and inform the design choices. Further testing (for example,
to understand the OPV behaviour when integrated into the textile, and the textile is tensioned) will

be required. Finally, it should be noted that within industry, a secondary encapsulation can be

added to an OPV film (in addition to the primary encapsulation present in all OPV film, including
samples used in these tests) to increase the resilience of the modules to mechanical stress or
environmental factors.

Integration into the textile also has an optical effect on the solar film, as certain warp yarns ‘float’
over the film in order to keep it in place. Preliminary tests were conducted to investigate the effect
of different ‘float’ design strategies (varying in material and density) on the performance of the
solar energy generation. These results were also encouraging, indicating that the peak performance
is only reduced by approximately 10-15% with the chosen ‘float’ design. No optical modelling has
been completed to further explain what is occurring, but it can be speculated that multiple optical
phenomena are at play, not only shading (negatively affecting the irradiance on the solar film), but
also reflection and scattering (positively affecting the irradiance). Further testing and analysis will
inform the final design.
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DESIGN CASE STUDY TO ANALYSE
COMPARATIVE IMPACT OF SUNTEX

A preliminary overview of the quantitative and qualitative impact of installing a Suntex fagade
(compared to a traditional textile facade without integrated solar PV on the same building) is
presented. A facade presents itself as a suitable first use case due to the rectilinear “panels” of textile
required (as opposed to complicated or organic shapes) and the relatively lower loading compared to
freeform tensile architecture structures as current practice is showing. Generally type I architectural
textiles are used in these applications, the strength requirements for which appear to be in reach

for a Suntex textile (based on the tensile strength results for the Suntex V2 samples as presented in
Section 3.1.1, and calculations to predict the strength of Suntex V3).

The building in question is the Westraven Rijkswaterstaat building in Utrecht (The Netherlands),
which was constructed in the 1970s and renovated to include a glass fagade with a textile second
skin in 2007 (the textile material was subsequently replaced in 2020). The light-weight addition

of this Teflon-coated and open-weave fibre-glass textile improved the thermal management (and
therefore the working environment) in the building in two ways: first, it acted as a wind baffle and
allowed the employees to open their windows and thus control their own localised climate; secondly,
it also functioned as a sun-shade without impeding the views, further reducing the energy required
to cool the building (Hendriks, 2010). In this way, the Westraven renovation already highlights the
tremendous potential of retrofitting with a second-skin textile fagade to improve the sustainable
credentials of existing buildings. Thus, this study will focus on the additional benefits uniquely
offered by Suntex; namely the untapped potential of solar energy generation and the new aesthetic
possibilities Suntex enables, and take the benefit of solar-shading as a given in this context.

The speculative design case and underlying analysis reveal some important considerations when
designing a facade with Suntex, and the opportunities and challenges of applying the Suntex
material as the chosen second skin facade textile. Finally, the analysis points to future improvements
to make Suntex more impactful and/or attractive to the field of textile architecture.
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FIG. 13 Schematics of the fagade surfaces in question.

FIG. 14 Aerial view of the Westraven building, showing aspect.
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Quantitative Benefits: Energy Generation

The first parameters when assessing the potential of any photovoltaic application are available
surface area and solar irradiance as indicated by the location and orientation of a site (and the
presence or lack thereof of obstacles causing shading). In the existing renovation, the north facade of
the Westraven building has an additional glass layer for sound insulation from the nearby motorway,
whereas the sunnier south, west, and east fagades have the textile second-skin which provides solar-
shading (Figure 14). The available surface area on these three sunny fagades is approximately

11 152m?(Figure 13), and the current textile covers 10 000m? to allow some fully open sections
(Buitink, 2020) and therefore not increase the artificial lighting requirements inside the

building. In theory, Suntex would cover this same area; the fagades which require shading

from the sun of course have the most solar irradiance and therefore excellent potential for
photovoltaic energy generation.

The aim for the Suntex material was to achieve 50% coverage of active OPV area (though it must
be noted that current iteration Suntex V3 in April 2022 achieved approximately 25% coverage of
active OPV area), which in this case would result in 5 000 m? of OPV. The output of commercially
available OPV film is currently approximately 20—50Wp /m? depending on the chosen colour
(ASCA® Datasheet, 2021), and taking the peak output of the samples available for this project
(approximately 4OW, /m?) indicates that this application would be a 200kW system (whereas in the
near future when OPV will achieve 70 Wp /m? in production, a 350kW system will be possible with
this same surface area). In practical terms, assuming 1602 hours of sunshine in Utrecht each year
according to meteorological data (Current Results, 2010; KMNI, 2020) and noting that the Westraven
building is the tallest in the locality and thus receives unobstructed sunshine (and making the
simplified assumption that this sunshine falls equally on these three fagades), this 200kW system
could produce 320.4MWh each year. Contextually, this could provide 4% of the building's total
energy consumption (or approximately 1 floor), or provide lighting to the entire building, which is
generally 2.5% of a non-residential building's energy usage (EU Buildings Factsheet, 2013).

For reference, the rooftop surface of the Westraven building is approximately 1 272 m?, roughly 11%
of the surface area available on the three ‘sunny’ fagades. Covering this rooftop area in traditional
silicon solar panels could only make a system of approximately 160kW capacity (assuming 1 000 m?
area available, and polycrystalline solar panels with a power conversion efficiency of 16% are utilised
(Clean Energy Review, 2022)) thus emphasising the untapped potential of fagade solar particularly

in tall buildings such as this one. This example also points to the potential of third generation solar
technologies such as OPV, which compensate for their lower efficiencies by being more versatile than
traditional silicon solar technology.

It must be noted that this analysis simplifies the irradiance scenario and the methods used here are
approximate, in order to quickly understand the magnitude of the impact. Detailed modelling of the
irradiance, using software such as BIMsolar, would be required to optimise the positioning of Suntex
solar textile in a true application. Additionally, any increased artificial lighting load would need to be
quantified against the energy benefits. Nonetheless, the quantitative energy-generating potential of
implementing Suntex solar textile as a second-skin fagade material is clear, in addition to the solar-
shading benefit it shares with many existing fagade textiles.
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FUTURE OUTLOOK

The societal value and commercial potential of Suntex does not rely merely on mechanical and
electrical performance. In order to evaluate the impact of Suntex, besides the scientific results, it is
relevant to include some more speculative reflections regarding the qualitative benefits and design
considerations to be made in the process.

QUALITATIVE BENEFITS: AESTHETIC AND SOCIAL IMPACT

In a more qualitative sense, Suntex also presents new aesthetic possibilities for architects to explore
and implement, by broadening the appearance of thin-film solar technology and the possibilities for
aesthetic integration in building fagades. In this way, although specific aesthetic styles are subjective
and contextual, the potential for Suntex to manifest in different appearances creates opportunities
for new visual perspectives on solar technology, which is a necessary step in the adoption of
technologies into our everyday environment (Dongen, 2019; Sanchez-Pantoja, 2018).

In the context of the Westraven building, the appearance of the textile facade dominates the visual
impact of the entire structure. The two iterations of the textile facade so far have been very dark in
colour; first black PTFE-coated glass fabric in 2007 and now brown PVC-coated polyester fabric since
2020. If Suntex is created by designers with the architect’s perspective in mind, more interesting
colourways and gradients can be woven, with a more striking impact. Custom rolls of textile can be
created to either camouflage or highlight the solar strips depending on the architect’s vision. By their
nature, textiles enable design freedom. The selection of yarn colour and type, and of weave pattern,
can determine the colour and transparency of a textile and therefore open possibilities for new
aesthetic qualities and indoor/outdoor ambiances.

Very often solar panels are out of sight on roofs or solar farms, which can make it difficult for
people to engage and accept them as a necessary element of energy transition and modern
energy harvesting (Reinders et al,, 2020). The highly visible location of the Westraven building
(conspicuous from both the A19 motorway and the busy Amsterdam-Rijn Canal) creates the
perfect showcase platform for a new solar textile, with potential to not only increase awareness
and acceptance of new solar technologies, but also to inspire further applications and other
implementations of renewable technologies in our immediate built environment. In this way,
retrofitting iconic buildings with a new solar textile could have a social impact and help accelerate
the energy transition.

DESIGN CONSIDERATIONS FOR DEVELOPING
AND IMPLEMENTING SUNTEX

Naturally, every innovation presents challenges, and this can be especially true in the construction
industry. Creating a smart textile to meet the requirements described in Section 2.1 is difficult, and
alterations to weaving machinery are required in order to accommodate efficiently weaving the solar
film. The process of making robust electrical connections throughout this textile must be developed
with industry; the integrated circuit must be robust and protected against the elements.

Further, the logistics of applying the finished textile, either to an existing building or to create a new
structure, will present other challenges. The solar panel circuit must also be designed to be modular,
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so the textile could be used in different lengths with different numbers of solar panels, while
minimising efficiency losses. The power outlet points and route to energy storage must be designed
in tandem with the frame or tensioning system, to efficiently use minimal materials and create a
multi-functional frame. Extensive ageing testing must be completed to ensure that the Suntex textile
will have a useful lifetime equal to (or surpassing) that of existing architectural textiles. Finally, all
materials should be separable and recyclable at end of life.

CONCLUSION

This paper outlined the textile design and development process for Suntex, followed by the
preliminary results obtained through experimental testing of samples. These test results validated
the feasibility of the textile and pointed towards facades as a potential use case. The potential impact
of the textile was then evaluated through the development of a case study that explored applying
Suntex as energy harvesting building skin to a pre-existing building.

The design case study presented supports the fact that fagades are an untapped surface area;

in tall buildings they commonly provide a surface area that is a magnitude greater than that of
roofs. In many countries, like the Netherlands, there is already great competition for the usage of
‘greenfield’ or undeveloped land; agriculture, housing, etc; thus, space-consuming solar farms are
not an optimal solution. In the Netherlands alone, there are some 1,600 square kilometres of facade
surface available, which means that by 2050, at least a third of the renewable energy potential of the
built environment could be on fagades (TNO, n.d)

[f Suntex can be developed into an industrial off-the shelf and customizable architectural textile,

it can support large-scale use. However, for this to happen more research is needed to solve the
challenges described in 4.2 Design Considerations for developing and implementing Suntex. Despite
these challenges, the preliminary research, testing, and development process is promising and the
potential impact for the Suntex solar textile is clear. Furthermore, the rapid development of organic
photovoltaic technology (and other solar thin film technologies such as CIGS, which could also be
integrated within the textile) suggests that the future will bring higher efficiencies at lower costs.
Therefore, the iterative loops of the development process outlined in this paper will be continued
until May 2023. To evaluate an industrial production of Suntex further, a dialogue with industry
partners will be started with the clear aim to evolve Suntex into an industrially manufacturable type [
architectural textile.

As Suntex develops into a robust industrialised product for two-dimensional surfaces like fagcade
cladding, custom made and three-dimensional solutions for a range of applications can also be
explored. By replacing traditional architecture textiles which are used to create tensile structures
such as tents or canopies, Suntex can not only provide shelter and shade, but also generate energy.
A particularly compelling use case for a rugged Suntex tent is in humanitarian crises, when there is
an urgent need for a quickly deployable solution to provide this shelter, shade, and energy. Similarly,
the potential for off-grid or self-powered tents for the events sector is clear.

The need to make the built environment more sustainable as part of the energy transition, in tandem
with reducing reliance on imported energy, is high on the global agenda. The European Union

Solar Energy Strategy recognises the potential of solar, and the new and novel BIPV in particular,

to decarbonise our building stock. An obligation to gradually install solar energy equipment on all
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new and existing public and commercial buildings above a certain size and on all new residential
buildings between 2026 and 2029 will accelerate this transition (European Commission, 2022).
However, in order to achieve awareness and subsequently also acceptance, both by private
individuals and professionals in the construction industry, new and visually attractive materials
must be developed that offer a variety of integration possibilities for all kinds of surfaces. Only in this
way can solar technology become both a functional and aesthetic part of our living environment and
contribute to a more sustainable society.
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