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Abstract 

 

The development of transparent, light, flexible, and resistant materials like ethylene 

tetrafluoroethylene (ETFE) foil allows rethinking the function of the building envelope as 

an interactive and moderating membrane between the internal and external environment. 

Air inflated ETFE foil constructions, forming pneumatic cushions, are structurally efficient 

and have increasingly been used in state-of-the-art architecture. However, the prediction 

of the thermo-optical behaviour of ETFE structures in building façades is a challenge for 

designers and manufacturers. The proposal of adaptive or switchable systems, which can 

be modified on demand to respond to changing climate conditions, is a recent technological 

answer to that challenge. Nevertheless, the understanding of the impact of switchable 

ETFE façades on the energy and daylighting performance of buildings, as well as on 

comfort and user experience, is still limited and represents a barrier to large scale 

implementation. In this research switchable multi-layer ETFE cushions were investigated 

through a series of independent but interrelated studies, using ray-tracing, energy 

simulations and virtual reality, to assess daylighting qualities, energy performance and 

view perception of spaces enclosed with switchable ETFE façades. The main findings of 

the conducted studies revealed the superior energy and daylighting performance of spaces 

enclosed by switchable ETFE cushions. In comparison to static ETFE cushions and 

standard double glazing, climate adaptive switchable systems actively reduce solar gains 

and improve the environmental performance of the building envelope. Implications on 

energy consumption and natural daylighting of the enclosed spaces are of relevance for 

future applications in building façades: Glare reductions of 59% and an increase of useful 

daylight illuminance of 58%, with annual energy savings of up to 56% were predicted in 

this thesis. However, the study revealed that view clarity of foils, print inks, and patterns 

of current switchable ETFE cushions is not yet satisfactory and remains a challenge for 

future research and development. It is expected that the outcomes of this research will 

contribute to advancements in ETFE-foil façade technology, that may lead to energy 

savings in the building sector and support the agenda against climate change. 



 

Preamble 

 

The present thesis collects the work of three years of research conducted during a 

PhD program in the laboratories of the Department of Architecture and the Built 

Environment at the University of Nottingham. This thesis is not a single, monolithic 

research project. Instead, it contains most of the diverse research projects aiming to answer 

a set of questions surrounding the environmental performance of switchable ETFE 

cushions in climate adaptive building façades. Inasmuch as this dissertation has a central 

theme, each of the projects presented in the individual chapters has its own aims and 

objectives. It is through the findings of each study that establishes the connections between 

the chapters and lead naturally towards an expansion of knowledge on the topic.  

Large parts of the work presented in this thesis have been published in scientific 

conference papers and journal articles during the PhD program. These publications are 

based upon original research projects undertaken by the thesis author between 2016 and 

2019. Parts of text, graphs and images from these publications were adapted to fit the 

structure and format of this thesis. On all, but one publication the thesis author was the first 

and leading author. In all cases, the thesis author was in large parts responsible for the idea, 

initiation, design, conduct and direction of the projects and the consequently published 

work. The thesis author has contributed substantially to the co-authored publications, 

which build up mainly on the previous work of the applicant. Collaboration with and from 

other PhD candidates, researchers and industry partners has been the norm for all the here 

presented work, leading with the contribution of different skillsets and resources to 

research outcomes which are more than the sum of the individual parts.  

Permission has been pursued and granted from the co-authors to use the content of 

the publications for this thesis. Declarations about the contributions of the author and co-

authors to the individual papers are attached in the appendix of this thesis. It is hereby 
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submitted for any other qualification at a tertiary institution of higher education.
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Chapter 1: Introduction 

 

1.1. Introduction to chapter one  

Membrane and foil structures have become over the last decades an attractive 

alternative to conventional materials and building systems with increasing implementation 

in different typologies and scale. The development of transparent, light, flexible and 

resistant materials like Ethylene Tetrafluoroethylene (ETFE) has triggered a rethinking of 

the building envelope in the building industry towards lightweight systems. ETFE foil 

cushions have proven to fulfil the design requirements in terms of structural efficiency and 

aesthetic values. However, the strategies to satisfy the increasing demands of energy 

efficiency and comfort conditions are still under development. The prediction and 

manipulation of the thermo-optical behaviour of ETFE foil cushion structures currently 

remain as one of the main challenges for designers and manufacturers. This chapter reviews 

ongoing research regarding the control of the thermo-optical performance of ETFE cushion 

structures and highlights challenges and possible improvements. An overview of different 

dynamic and responsive environmental control mechanisms for multi-layer foil 

constructions is provided and state of the art in building application outlined by the 

discussion of case studies.   

This chapter section further outlines the state of the art of the theories and technical 

aspects of adaptive environmental control mechanism for multi-layer foil constructions by 

an extensive literature review and sets the theoretic background knowledge for the further 

investigation. Research aims, objectives of the thesis are stated in this chapter, and an 

overview of the thesis structure and methodical approach is provided. Parts of the content 

of this chapter is based on a paper published by the applicant during his PhD course. The 

title page and authors contribution declaration can be found in the appendices Q and R: 

 

Flor, J.-F., Wu, Y., Beccarelli, P., Chilton, J., Dynamic environmental control 

mechanisms for pneumatic foil constructions. E3S Web Conf., 2017. 22. 
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1.1.1. Environmental adaptation of building envelopes and the role of ETFE 

The energy performance of the building envelope is becoming increasingly 

important since the building sector is held responsible for more than one-third of the 

worldwide energy consumption, according to the International Energy Agency [2019]. 

Dynamic environmental control mechanisms in building envelopes are a common strategy 

to balance the reduction of solar heat gains and achieving satisfactory natural daylighting 

while reducing energy consumption for cooling and artificial lighting at the same time. The 

integration and automatization of these mechanisms into complex fenestration systems and 

high-tech building façades have become a reality and opens possibilities for further 

optimisation of the energy performance and improvement of comfort conditions in the built 

environment. Responsive building envelopes can adapt to changing environmental 

conditions, or user demanded requirements and enhance the performance of the building. 

The developments in mechatronics, sensors and computer technology during the last 

decades, have made possible miniaturisation, mass production and successive cost 

reduction, which have allowed designers to integrate sensors and actuators into building 

elements making them truly responsive to the environment and occupant needs.  

Pressurised multi-layered cushions of thin Ethylene Tetrafluoroethylene (ETFE) 

foil are increasingly applied in building envelopes and are now considered state of the art 

since the contributions of Frei Otto initiated the evolution of lightweight building over sixty 

years ago [Otto, 1954; Otto et al., 1973]. Lightweight and transparent materials play an 

essential role in this development, and ETFE is probably one of the most outstanding. 

ETFE has become an effective alternative to glass and other transparent materials mainly 

because of its excellent material characteristics like low weight, flexibility, high 

translucency, tensile strength and excellent weathering performance. However, the thermal 

and optical behaviour of ETFE multi-layer cushions is somehow still a topic of ongoing 

research, and the difficulty of predicting their energy performance has led in the past to 

reported problems of overheating of indoor spaces during summertime (Afrin, 2016). 

Dynamic environmental control systems, including responsive shading mechanisms, could 

be a possible solution for the adverse effects of overheating and glare. However, despite 
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their broad application in complex fenestration systems, they have not yet arrived at the 

same level of development in membrane and foil constructions. Advances in controlling 

the optical and thermal properties of the cushion system through, mainly, static adaptation 

measures are now standard practice in the industry. Currently, the most widely used 

techniques are frit prints of reflective inks and combinations of different layer type 

compositions. However, these techniques are often not sufficient under changing climate 

conditions, and the integration of dynamic environmental control mechanisms into multi-

layer ETFE cushions remains a design objective alongside multiple approaches from the 

past. In the search for technical solutions to respond to pressing environmental issues, new 

building techniques and materials are under constant development for more efficient and 

better-performing building envelopes [Hausladen, 2007; Monticelli et al.; 2015; Shahin, 

2019]. A conceptual drawing showing an adaptive ETFE façade is shown in Figure 1.1. 

 

 

Figure 1. 1. Dynamic shading mechanisms for the environmental control of multi-layer 

ETFE cushions in building envelopes (top right diagram abbreviations read as follows:  

SI ï Solar Irradiation, OL, ML, IL ï Outer, Middle and Inner Layer, P 1 ï Pressure)   

(image by the thesis author, unpublished) 
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1.1.2. Building envelopes of ETFE 

ETFE foil has been increasingly employed as a building material for building 

envelopes over the past decades [Gómez-González et al., 2011]. Although used initially 

because of its high transparency only for temporary agricultural coverings and 

greenhouses, ETFE is now a recognised alternative for conventional transparent building 

materials such as glass [Hanke, 2013]. The acceptance of the material among designers and 

the building industry can be attributed mainly to its excellent properties like transparency, 

flexibility, tensile strength and robustness towards weathering [Tanno, 1997]. Since the 

first application of ETFE foil in a permanent building for the Mangrove Hall project in 

Burgersô Zoo, Arnheim, the Netherlands in 1982 [Robinson-Gayle, 2001], substantial 

technological advances have been made. New form-finding methods and simulation 

software, as well as automated production and manufacturing processes together with a 

highly specialised design industry, have contributed to its widespread use in building 

envelopes. The absence of homogenised design codes and standardised testing methods 

remain as an obstacle, but ETFE coverings are now considered to be a reliable and safe 

solution for performance-orientated building envelopes [Hu et al., 2017]. Iconic building 

projects like the Eden Project in St. Austell, UK (2000) shown in Figure 1.2, the Allianz 

Arena in Munich Germany (2005) and the Water Cube swimming pool in Beijing China 

(2008) exemplify the outstanding performance and architectural attractiveness of ETFE as 

a building material [LeCuyer, 2008; Chilton, 2013]. 

 

 

Figure 1. 2. Eden Project, St. Austell, United Kingdom, 2000  

(photo by the thesis author, published in: Flor et al., 2017) 
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ETFE as a material for building envelopes is typically employed as an extruded thin 

foil in multi-layer cushions which are pneumatically stabilised structural systems. The 

cushions can be composed of various layers of foil with air chambers in between. These 

foils are cut and welded together according to pre-calculated optimal shapes of equilibrium 

state. The foil cushion is clamped into a rigid frame system, typically of extruded 

aluminium profiles, inflated with air and maintained by means of a blower system at a 

predetermined pressure which enables the system to withstand external loads and maintain 

geometric stiffness. The number of layers of the cushion can vary in order to improve the 

structural or thermal resistance of the system. The foil thicknesses may also vary, according 

to the expected loads. Different tints or printed patterns can be applied, in response to the 

thermal and optical requirements [Knippers, 2011]. 

Different building systems for ETFE foil are currently in use, but according to a 

case study from Moritz in 2007 [Moritz, 2007], ETFE is most commonly employed in 

pressurised multi-layer cushions systems (87%) and significantly less in mechanically pre-

stressed single layer systems (10%), which however are getting used more often in recent 

years. According to the study, ETFE is generally used in buildings related to occupancy 

for offices and housing (28%), swimming pools (18%), exhibition spaces and pavilions 

(15%). The building elements usually covered by ETFE are atria (35%), hall roofs (33%), 

canopies (14%) and building façades (8%) among others, ranging in a covered area 

between 100 and 10000 m². The predominant cushion geometry found in the analysed 

projects was reported as rectangular (60%) within a range of other hexagonal, triangular, 

circular or rhombic geometries. A comprehensive study by Schiemann [2009] about the 

structural behaviour of ETFE foils proposed a classification of cushion systems according 

to the layer number and configuration which also is of interest to the understanding of the 

building physics regarding optical and thermal performance when applied as a second 

building skin, as proposed by Grunwald [2007] in an extensive study on mechanically 

prestressed ETFE foil façades. Several experimental designs with different layer build-ups 

and combinations of materials have been carried out so far [Karwath, 2011; Maxa et al. 

2012], including novel double-layer ETFE panels which are pre-tensioned by heat 
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shrinking and do not require an internal air pressure [Martin et al. 2015]. Nevertheless, few 

of these novel systems have been tested in any commercial construction so far.  

Even though the majority of studies on ETFE have focused in the past on the 

structural efficiency of the building system, recently the interest in current research has 

been shifted increasingly towards the energy performance of ETFE envelopes. 

 

1.1.3. Responsiveness in textile building envelopes 

Active or responsive building envelopes are commonly referred to as shelter 

systems which can adapt autonomously, using sensors and actuators, to changing 

environmental conditions, or user and activity demanded requirements [Wyckmans, 2005]. 

While the concept is not entirely new, as can be learned from several historical examples, 

like the Roman velarium or Venetian blinds, the idea of autonomously self-adapting 

buildings has emerged only recently [Barozzi et al., 2016], fulfilling the technological 

innovations envisioned by modernist scholars like Sigfried Ebeling almost a century ago 

[Ebeling, 2016/1926]. The development of environment responsive membrane structures 

with automated mechanisms is indeed very recent and although several projects are 

reported in the literature most of them are prototypes or of an experimental nature [Cardoso 

et al., 2007].  

Mainini et al. [2016] showed with the experimental design of an ETFE panel with 

two parallel ETFE layers and integrated water spray nozzles that the application of a water 

film on the internal ETFE surfaces enhances the thermal performance by reducing solar 

gains and surface temperatures. Preliminary experimental results of this study showed a 

reduction of solar gains of up to 10% while simultaneously reducing the ETFE surface 

temperature by 10°C. In both effects potential was seen to enhance comfort conditions in 

indoor spaces during summer time. In another study it has been demonstrated with a 

experimental prototype and computer simulations that circulating tinted fluids in a 3D 

formed channelled ETFE layer enhances the thermal and solar performance of a triple layer 

ETFE cushion [Hanke, 2016]. The circulating fluid in the middle layer was reversibly 

tinted on demand with dark pigments to shade interior building spaces, absorb solar 
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radiation and remove the solar gains with a pump from the ETFE cushion unit for solar 

thermal applications such as the support of the heating system or warm water generation 

using a heat exchanger. The conducted experiments with a solar simulator and a 1 m x 1 m 

demonstrator unit showed that the solar heat gain coefficient (SHGC) of ETFE cushions 

could be reduced from 0.67 to 0.56 when switching the fluid from clear to black tinted. 

The fluid temperature correspondingly increased from 37°C to 56°allowing to extract heat 

gains of 45 W and 200 W , respectively, of an total incident radiation of 900 W/m2. 

More conventional applications of integrated shading lamellas and retractable 

textile schading screens inside the ETFE cushions had been proposed previously [Höpfner, 

2002; Sinnesbichler, 2015] for practical applications in the building industry. Although 

limited information on the thermo-optical performance of these systems in combination 

with ETFE is available, extensive research has been conducted for integrated solar lamella, 

parallel shading slats and translucent insulation material in double glazed windows 

showing enhanced performance for daylight and insulation properties [Sun et al., 2016; 

Sun et al., 2017; Sun et al., 2018] 

All of the studies reviewed here support the hypothesis that the thermal and optical 

performance of a building envelope can be reversibly adapted to reach climate comfort 

conditions and reduce energy consumption in a responsive way, hence modifying with 

actuators the structure or material properties with the real-time input of environmental 

sensors. As an illustration, for the above-described principle, a schematic building section 

of the functional relations of a responsive building envelope incorporating a dynamic 

shading mechanism within a multi-layer ETFE cushion is shown in Figure 1.3. A floor to 

ceiling façade is replaced with a triple-layer ETFE foil cushion, inflated with air by an air 

blower unit. All ETFE layers are transparent with reflective frit print applied to the middle 

and outer layer. The middle layer can be moved back and forth by air pressure, shading the 

internal space, light-sensor controlled. 
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Figure 1. 3. Schematic section of a responsive building envelope incorporating a dynamic 

shading mechanism within a multi-layer ETFE cushion  

(image by the thesis author, published in: Flor et al., 2017) 

 

 The principle of a switchable ETFE façade, as described in the previous section and 

depicted in Figure 1.3 corresponds to the category of Climate Adaptive Building Shells 

(CABS) which have evolved as flexible and lightweight building enclosures aiming to 

respond dynamically to changing weather conditions to improve building performance, 

rather than withstanding environmental pressures with static robustness of building mass 

[Loonen, 2013]. A multitude of materials and mechanisms have been explored based on 

different principles of physics, applied at different scales, such as thermo- or 

electrochromic windows, phase-changing insulation materials, kinetic origami-inspired 

shadings and flexible form changing façade elements among others. The common feature 

of CABS is the ability to change reversibly from one state to the other, with an electrical, 

chemical or kinetic mechanism which is triggered either passively by environmental 

vectors or actively through environmental sensing with an operator or automated actuator. 

Meaning, the light transmittance, thermal conductivity or shading angle of a façade element 

can be changed actively according to indoor comfort requirements or varying outdoor 

climate conditions. The adaptive capacity of a building envelope provides theoretically a 

large potential for saving energy in lighting, heating and cooling appliances in buildings 
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allowing to improve the indoor comfort conditions at the same time. However, despite the 

variety and advanced stage of product developments, few buildings exist were CABS have 

been applied, and their superior performance has been proven. An early example is the 

Arab World Institute, by architect Jean Nouvel, built in Paris, France in 1988, incorporating 

mechanical mechanisms in the façade, similar to a camera lens shutter, being able to 

moderate the incoming light. One of the most recent examples CABS application is the Ed 

Kaplan Family Institute for Innovation and Tech Entrepreneurship at the Illinois Institute 

of Technology in Chicago, USA, designed by John Ronan Architects, finalized in 2018, 

which incorporates a switchable ETFE cushion system similar to the diagram presented in 

Figure 1.3. Other examples emploring different mechanisms and materials have been 

documented in the literature and are discussed in the following chapter 2. The interrogative 

that remains is the quantification of the enhanced building performance that CABS promise 

and the search for tools that provide answers to that question [Kunwar & Bhandari, 2020]. 

 

1.2. Motivation and Justification for the study 

A variety of environmental control mechanisms for multi-layer foil constructions 

has been outlined, and their function and application in building envelopes have been 

discussed through a range of case studies. From this first overview of the state-of-the-art, 

it can be concluded that besides the perceived fascination in the public opinion about 

adaptive building envelopes and energy-saving façade systems the topic of the dynamic 

shading mechanisms for multi-layer cushions appears to be neglected in the literature 

opening a gap for research. Even though mentioned in several studies, the building physic 

aspects of dynamic foil constructions have not been addressed thoroughly. Nevertheless, 

they continue to be applied in new construction despite the vagueness of understanding of 

their influence on the energy performance of buildings. There have been remarkably few 

published reports directly addressing the problem of the thermal and optical behaviour of 

these systems. Only 10 out of over 120 reviewed scientific articles on ETFE reported useful 

information on the thermo-optical properties, as will be discussed in detail in the literature 

review presented in chapter 2. Currently, the thermo-optical effects of ETFE building 
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envelopes on the energy and daylighting performance of buildings remains an uncertainty 

in the building industry and a research question in science. This represents a risk and 

opportunity at the same time, which needs to be addressed and which bears great potential 

for improving the system performance of both building and envelope. It is believed that a 

thorough understanding of the systemsô optical and thermal behaviour is indispensable to 

predict and assess their effectiveness in controlling the climatic factors, enhancing 

occupant comfort conditions, and improving the energy performance of the building. 

Literature provides only limited information on the effectiveness of the reviewed systems. 

An explicit description of their optical and thermal properties and the complex physical 

mechanisms of light and heat transfer are available only to a limited extent. This initial 

review can only be the first step towards a broader understanding of dynamic 

environmental control mechanisms for multi-layer ETFE cushions. More data from the 

monitoring of operating buildings is required as well as new approaches towards the 

simulation of their dynamic behaviour with simplified numerical calculation methods and 

advanced computer simulation. Development of adapted testing methods to determine the 

thermo-optical properties of multilayer ETFE cushions and further validation of 

computational methods is perceived as a necessity to advance the understanding of the 

effects on building performance. Great potential is seen in these tasks proposed for this 

thesis from a scientific point of view but also from an industry perspective. 

 

1.3. Aims of the thesis 

In congruence with the identified knowledge gap in the preliminary literature 

review the overall aim of this thesis is to investigate the new developments in the 

environmental design of building envelopes incorporating structural membranes, focusing 

primarily on the thermo-optical, energy and daylighting performance of switchable multi-

layer ETFE foil cushions. The thesis further aims to: 
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¶ Gain more insights into the building physics of switchable ETFE façades, 

understanding dominating principles and identifying primary performance 

parameters. 

¶ Contribute to the unlocking of potential for energy-efficient buildings, providing 

knowledge on the characteristics and performance of switchable ETFe cushions. 

¶ Develop a methodology which aligns a set of tools and methods in a workflow able 

to analyze, predict and improve the environmental performance of dynamic 

membrane envelopes and their influence on the whole building.  

 

1.4. Objective and sub-objectives of the thesis 

More specifically the overall objective of this thesis is to investigate the building 

physics of switchable ETFE cushions concerning multiple aspects of design and 

environmental parameters in order to improve the system performance and evaluate if their 

application could significantly improve the energy performance of buildings in comparison 

to conventional static cushion systems.  

Furthermore, specific sub-objectives were derived from the overall objective:  

 

1. Review the current state of the art of environmental control mechanism for ETFE 

foil building envelopes.  

2. Investigate the physical processes involved in the environmental behaviour 

of ETFE foil building envelopes and identify the principal optical and 

thermal transmittance mechanisms in multi-layer ETFE cushions which have 

a significant impact on the energy performance of buildings.  

3. Compare and evaluate the energy performance of dynamic shading mechanisms for 

multi-layer ETFE cushions in comparison to conventional systems, including the 

influence of design parameters like frit pattern, cushion geometry and solar 

orientation.  
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4. Develop a workflow scheme with a set of tools which allow to evaluate, predict and 

optimize the environmental behaviour dynamic multi-layer ETFE cushions and the 

influence on the whole building performance.  

5. Analyze the strengths and weaknesses of current switchable ETFE cushions, 

identify the potential for optimization and propose novel concepts for advanced 

environmental control systems. 

 

1.5. Research questions 

This section outlines the research questions of this thesis. The research questions 

emerge as interrogative, along with the aims and objectives, from the preliminary literature 

review and challenge the idea of a climate adaptive building envelope as a per se high-

performing technology, like commonly portrayed. This thesis asks critically:  

  

¶ To which level can adaptive multilayer ETFE foil cushions improve the 

environmental performance of fa­ades and buildings in terms of energy and 

daylighting, and how effectively, in comparison to conventional, static systems?   

  

Furthermore:  

  

¶ Would it be viable to apply adaptive ETFE structures as a second building skin and 

measure of retrofit to reduce the energy consumption and improve the daylighting 

performance of outdated multi-story buildings? 

¶ What are the influencing parameters on performance, and in which climates 

integration of adaptive ETFE systems into building envelopes would generate the 

most significant benefits?  

¶ Which are the effects of an ETFE double-skin that are to be expected to affect the 

user experience and acceptance of building occupants? 
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To provide answers to these questions, a set of research campaigns were designed to 

investigate with simulations and experimental methods, different aspects of ETFE building 

envelopes connected to the interrogative formulated in this thesis. On continuation, the 

individual study outlines and proposed methods presented within the thesis chapters will 

be laid out and discussed. Conclusive remarks providing answers to the here formulated 

questions are summarized in the final chapter nine. 

 

1.6. Structure of the thesis 

This section outlines the structure of the thesis. The thesis is composed of nine 

chapters, several of which incorporate work reported in published articles or submitted 

manuscripts. Therefore, the work contained in the main body of the thesis is presented in a 

classical paper style structure with sections divided into introduction, methods, results and 

discussion, and conclusions. The seven chapters of the main body are bound by an 

introductory chapter and a conclusion chapter, as shown in flow-chart in Figure 1.4. It must 

be disclaimed that even though the chapters are structured and aligned logically and 

constructively to form a unified piece of work, they can be considered as individual pieces 

of work, making it possible to be read on its own without further introduction. On 

continuation, the content of each chapter is summarised, and the interrelation between each 

of them highlighted and linked to the overall thesis topic: 

 

 

Figure 1. 4. Flow-chart of the thesis structure, showing the interrelationship between the 

chapters main topics and methods  

(flow-chart by the thesis author, unpublished) 
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1.6.1. Chapter one outline 

Chapter one constitutes the introduction to the thesis, covering with a classic 

structure the general background of switchable ETFE façades. The brief introduction to 

the topic is followed by an outline of the current state of knowledge and highlight problems 

and challenges related to the technology of switchable multi-layer foil constructions, 

including the state of the art of the technology, including a broad overview of historical 

developments, materials, mechanisms and building applications. The introduction 

further sets the main focus of the proposed research and justifies the need to investigate the 

performance of these structures from a building physics perspective, followed by 

the current research in ETFE and research gaps, leading to the original research topics of 

the thesis, aims, objectives and an outline of the methodology. 

 

1.6.2. Chapter two outline  

This chapter outlines the current body of knowledge of the building physic aspects 

of membrane building envelopes with ETFE. Information from the literature regarding 

material properties, optical performance, in terms of the transmittance, reflectance, 

absorptance of ETFE foil with different surface treatments (inks, frits, prints, coatings) are 

discussed as well as the overall transmittance, reflectance of the ETFE structure. Also, the 

thermal performance, in terms of the U-value, indoor-outdoor temperature impact are 

addressed, concluding with a critical analysis of recent technological advances in the 

context of previous development for ETFE constructions and tensioned membrane 

structures in general.  

 

1.6.3. Chapter three outline 

In chapter three a general methods review is carried out based on literature findings 

providing a comprehensive overview of methods used in research on the thermo-optical, 

energy and daylighting performance of tensioned membrane structures and in particular 
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ETFE foil. The chapter critically reviews methods relevant to the topics of each chapter 

and links to the specific method selected for the research work presented in the individual 

chapters. The applied methods are detailed and specified in each particular study.  

 

1.6.4. Chapter four  outline 

This chapter explores the optical performance of switchable multi-layer foil 

constructions and evaluates the influencing parameters of design and environment. The 

overall transmittance and reflectance of the ETFE cushion are simulated using ray-tracing 

techniques. Different parameters affecting the performance, like the structureôs geometry, 

orientation, solar incidence angles, frit patterns and also materials variations are 

analyzed. The outcomes of this chapter are linked to the daylighting study carried out in 

chapter six, providing input for the simulations and informing the result interpretation. 

 

1.6.5. Chapter five outline 

Chapter five reports on the thermal performance of ETFE cushions in general and 

provides insight into the unique characteristics of switchable cushions. In a series of 

comparative performance tests different cushion samples with design variations, including 

switchable cushions, are exposed to different climate scenarios in a climate chamber. 

Different parameters, like the heat-flux, ambient air- and surface-temperature, are 

measured, and the thermal resistance determined for different temperature conditions. The 

influence of airflow on the cushionôs thermal performance is tested in a second 

experimental setting, controlling the air pressure and temperature.  All results from this 

series of tests are used to feed into the energy simulation in chapter seven and provide, as 

a transferrable useful outcome, a thermal characterization profile for switchable ETFE 

cushions.   

 

 

 



Switchable ETFE façades: Chapter 1: Introduction 57 

 

   

 

1.6.6. Chapter six outline  

This chapter addresses the natural daylighting qualities of spaces enclosed by 

multi-layer foil constructions with ETFE and focuses on the effects the adaptive 

mechanism has on the performance in terms of useful daylight, visual comfort and lighting 

quality.  The study builds on the analysis of the optical performance from chapter 3 and 

introduces the obtained results into daylighting simulation software (Radiance). BSDF data 

of different cushion designs are derived and support the parametric simulation process of 

different building and climate scenarios. Results of the simulations inform about the 

daylight performance of office spaces retrofitted with a double skin façade of ETFE, 

delivering values of the daylight factor and dynamic daylight metrics, like, useful daylight  

illuminance (UDI), daylight illuminance uniformity ratio (UR) and daylight glare 

probability (DGP).  

 

1.6.7. Chapter seven outline 

Based on the experimental work in the previous chapters, a calibrated energy 

simulation, using EnergyPlus, is conducted in chapter seven to determine the influence of 

switchable multi-layer foil constructions on the energy performance of 

buildings. The outcomes of the simulation are further compared and validated with 

the results from the experimental work and set in the context of the built environment with 

a series of case studies where switchable ETFE cushions have been incorporated.  

 

1.6.8. Chapter eight outline 

Chapter eight investigates the user perception of  ETFE cushions in double-skin 

building façades. The view clarity and emotional response to window views through ETFE 

façade systems were evaluated within immersive environments, using virtual reality 

equipment and a developed questionnaire applied to a sample of volunteering participants. 

Chapter eight discusses and summarizes the research results. 
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1.6.9. Chapter nine outline 

Chapter nine, summarizes the main research findings, draws the conclusion of the 

thesis as a whole, discusses limitations and drafts an outlook on the future developments 

of switchable ETFE cushions and the application in the built environment. The chapter 

further highlights linked topics of interest which have not been covered in the thesis, poses 

some unanswered questions and provides suggestions for future research projects. 
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Chapter 2: Literature Review                                                                                                        

 

2.1. Introduction  to chapter two 

This chapter presents systematic literature review covering the role of ETFE in 

context of the built environment, general material characteristics of ETFE, and the 

application as a building material in pneumatic multi-layer constructions, structural 

principles and components, and mechanisms and strategies to enhance the environmental 

performance in building envelope applications. The chapter further covers the system 

components of switchable ETFE cushion, explaining in detail the relevant functions, 

emphasizing on structure and controls needed to transform the system into a climate 

adaptive building envelope. Several case studies of built examples incorporating 

switchable ETFE cushions are presented throughout the chapter. The chapter concludes 

with an overview of the thermal and optical performance of ETFE foil construction, and a 

detailed discussion on the investigative methods used based on the current knowledge 

retrieved from the literature. The chapter is based on extensive and systematic literature 

research carried out at different stages of the research study, covering the state-of-the-art 

research carried out on an international level on the topic. Additional information on 

material and system characteristics are included from published conference papers by the 

applicant listed below. The title pages and an authorôs declaration detailing the 

contributions to the papers is attached in the appendices I, J, Q and R. 

 

Flor, J.-F., Sun, Y., Beccarelli, P., Wu, Y., Chilton, J., Switchable ETFE cushion: 

designing and building a model for experimental testing, 2019. In Proceedings of 

the IASS Annual Symposium 2019 ï Structural Membranes 2019, C. Lázaro, K.-U. 

Bletzinger, and E. Oñate, Editors. 2019: Barcelona, Spain. 

 

Flor, J.-F., Wu, Y., Beccarelli, P., Chilton, J., Dynamic environmental control 

mechanisms for pneumatic foil constructions. E3S Web Conf., 2017. 22. 
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2.2. Adaptive and energy-efficient building envelopes with ETFE 

The building sector currently consumes one-third of the global final energy [UN 

Environment and International Energy Agency, 2017; Singh, 2016; Zhang et al., 2016; 

Berger & Mendes, 2017]. Increasing energy demands for commercial and residential 

buildings with an expected growth of up to 1.9%/year [US Energy Information 

Administration, 2017], raises the concern for the improvement of the energy performance 

of buildings. Buildings also contribute significantly to the global CO2 emissions 

responsible for climate change. According to the World Energy Outlook, 2019 by the 

International Energy Agency buildings account for one-quarter of the total CO2 emissions 

and consume one half of the globally consumed electric energy [IEA, 2019]. While the 

goal of the Paris agreement of 2015 is to limit global temperature rise below an average of 

1.5 - 2ºC [United Nations, 2016] the latest International Energy Outlook by the U.S. Energy 

Information Administration [EIA, 2019] shows that energy consumption in the building 

sector is rising by a rate of 1.3% per year, a trend moving in the opposite direction of what 

is needed to reach the global climate goals. Building energy consumption in developing 

non-OECD countries is projected to grow even faster, with a two per cent annual increase 

due to economic growth and changing lifestyles. 

Most of the energy consumed in buildings during the operation and maintenance 

period is for space conditioning (approx. 50%) and lighting (approx. 25%) [Perez-Lombard 

et al., 2008]. The building envelope, which is the interface between the external and internal 

environment, is, therefore, a crucial element of the building unit [Lin et al., 2016; Lei et al. 

2016; Peng et al., 2016]. It has enormous potential to impact the indoor comfort conditions 

and to improve the overall energy performance of the building by up to 40%, considering 

only savings in heating and cooling [International Energy Agency, 2013; Peng et al., 2013; 

Wang et al., 2017; Peng & Yang, 2013]. Much attention has been paid, over recent decades, 

to passive strategies, which aim to maximize the thermal damping effects of the building 

mass, while increasing insulation of walls and windows, and reducing thermal bridging of 

building elements [Pacheco et al., 2012; Chen & Yang, 2017; Wang et al., 2016]. However, 
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the general tendency in architectural design moves towards light and transparent structures, 

such as membrane and foil structures, which offer high flexibility in form and function 

[Robinson-Gayle et al., 2001]. Although challenging in terms of energy-efficient design, 

this solution is often adopted for widespan canopies because of its reduced weight and 

resulting cost-effectiveness [Jones, 2000]. A case study on the ñGardens by the Bayò 

project in Singapore evaluated the influence of the dynamic operation of shading screens 

on the hygro-thermal performance of a dome structure covering a botanical garden. It was 

found that the retractable textile membranes are able to control the incident solar irradiation 

on the glass envelope, lower the risks of overheating and reduce cooling loads while 

maintaining stable natural lighting conditions for the plants throughout the year [Davey et 

al. 2010].  

Although these results are promising for the development of more energy-efficient 

building envelopes with woven textile membrane materials, few studies have evaluated the 

potential of adaptable multi-layer ETFE (ethylene tetrafluoroethylene) foil constructions. 

Modifying the properties of surface coatings and print inks rather than changing the ETFE 

material or structure has been in the focus of recent research. Energy savings for cooling 

demands using a novel ETFE foil with infra-red absorbing coatings were calculated to 

range between, 5 - 8% for double and triple-layer cushions [Cremers & Marx, 2016]. 

Innovative 3D printing techniques applied to the middle layer of triple-layer ETFE foil 

construction were predicted to reduce the solar gains and achieve even higher energy 

savings for cooling load of 69% to 87%, compared to conventional ETFE cushions 

[Cremers & Marx, 2017]. While these techniques are mainly passive, the technological 

trend in the development of building envelopes is moving towards adaptive solutions which 

respond dynamically to the changing weather conditions, effectively control daylighting 

and reduce energy demands for cooling [Boer et al., 2011; Wang et al., 2012; Loonen et 

al., 2013; Perino & Serra, 2015; Attia et al., 2015; Konstantoglou & Tsangrassoulis, 2016, 

Sun et al., 2017; Sun et al., 2018]. The most widely reported strategy for the active control 

of ETFE foil constructions is the switchable multi-layer shading mechanism [Forster & 

Moellert, 2004; LeCuyer, 2008; Jeska, 2008; Knippers et al., 2011; Huntington, 2013]. 
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Recent technological advances in control systems, and miniaturization of sensors and 

actuators, have made the development of actively adaptable building envelopes possible 

[Vlasceanu et al., 2013]. Moveable parts and transforming elements are fully integrated 

into the building system and are able to react instantly to changes in the environment or the 

user demands [Biloria & Sumini, 2009]. These technologies create great opportunities for 

the optimization of the thermal and optical performance of the building envelope and 

improve the energy efficiency of membrane structures [Goia et al. 2010]. While adaptable 

shading mechanisms for textile membranes rely mainly on mechanically retractable 

systems, which have been applied in many stadia and amphitheatres, the pneumatically 

controlled mechanisms for inflated foil construction is relatively new. The concept was 

first introduced by Robbin in 1996 [Robbin, 1996], based on a design concept study by 

David Geiger from 1977, and more recently, literature has emerged that offers specific 

project applications incorporating switchable ETFE cushions [Knippers et al., 2011; 

Poirazis, 2009; Schmid, 2009; Gomez-Gonzalez et al., 2011; Chilton, 2013; Maywald & 

Riesser, 2016]. Studies suggest that integrating such elements into double-skin building 

façades may reduce heating and cooling loads and improve the indoor lighting conditions 

[Shameri et al., 2011]. A theoretical study calculated the energy consumption for a building 

with a transformable membrane DSF façade in comparison to a standard glass façade 

finding an overall reduction in energy consumption between 7% and 18% across different 

climates [Chiu, 2015], while another project related report predicted a 55% reduction of 

CO2 emissions for a building with switchable ETFE DSF façade [cited in Juaristi and 

Monge-Barrio, 2016]. ETFE foil, a transparent, light and resistant material have been used 

increasingly over the past decade as a cladding material in building envelopes [Monticelli, 

2015; Houtman, 2015], either as a single, double or triple layer construction [Paech, 2016; 

Srisuwan, 2017]. Inflated with air ETFE foil cushions provide structural integrity, excellent 

thermal and lighting performance and are yet very lightweight [Chilton, 2013]. 
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2.3. Material properties of ETFE 

ETFE or ethylene tetrafluoroethylene is a mineral-based polymeric material 

consisting of carbon, fluorine and hydrogen. It has a high tensile strength; it is a  chemically 

inert and resistant to UV radiation, with a very high translucency comparable to glass. 

[Beccarelli, 2015; Wypych, 2016]. The main application of ETFE is as an insulation 

material in the electrical and aerospace industry, but also as a cladding and roofing material 

in building envelopes. This high performing material can be extruded into foils, of typically 

250 ɛm thickness. ETFE foils are at the same time very thin, with a resulting very low 

thermal mass, and highly translucent to a wide range of radiation wavelength, diverging 

largely in their thermo-optical behaviour from traditional building materials [Chilton & 

Lau, 2015].  The most relevant energy exchange mechanisms for membrane structures are 

convection and thermal radiation. Due to the transparency and thinness of the material, 

radiation is the climatic element which is highly relevant to their energy performance of 

ETFE as a  building material [Cremers & Marx, 2016]. Due to this unique condition and 

the complex three-dimensional geometries of standard performance evaluation methods, 

like for example, U-value calculation, apply only to a limited extent [Devulder et al., 2007]. 

Environmental adaptation mechanisms, in consequence, cannot be simply transferred from 

other building systems and materials but must be customized accordingly to the individual 

requirements. It can be summarized that  ETFE  can be considered as a  versatile and highly 

performative material for many building envelope applications regardless of the specific 

structural system in use. However, the main benefits may relate to the following material 

characteristics [AGC, 2016]: 

 

¶ Lightweight 

¶ High transparency to a wide spectrum  

¶ UV Resistant and long life-cycle 

¶ Dirt repellent and good ageing and soiling performance 

¶ Outstanding mechanical performance 
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¶ Weldable 

¶ Printable 

¶ Flexible 

  

2.4. Characteristics of pneumatic ETFE foil construction: static and switchable  

This section provides a general description of pneumatic ETFE foil construction, 

covering its main components and structural principle. Technical justification is outlined 

for the use of foil construction in double-skin façades, focusing on environmental aspects 

and its potential for enhancing daylighting and energy performance when equipped with 

reflective prints and switchable mechanisms. The switching mechanisms of adaptive, or 

switchable, ETFE cushions are described briefly with a focus on the controls, air supply 

and switching process.  

ETFE cushions function as a pneumatic system and are structurally stabilized by 

air pressure which is provided by an external air blower unit. The air-pressure (in the range 

of 300-600 Pa) keeps the foil tensioned and allows to withstand external forces, like wind 

and snow. The ETFE cushions are connected thru a piping system to an air blower which 

provides a constant low-pressure airflow. True adaptability and responsiveness of building 

envelopes to indoor requirements and outdoor climate conditions represent a relatively new 

approach for ETFE cushion systems, considering the advances which have been made with 

other materials or building systems like, for example, retractable textile membrane 

structures, glass and complex fenestration systems. This could be owing to the fact that 

ETFE has been in use for only a relatively short period as a construction material, but it is 

also related to its very distinctive physical characteristics which are still in the process of 

being investigated. A variety of different environmental control strategies have been 

developed for multi-layer foil constructions as can be seen in Figure 2.5. All these 

strategies look at different ways on how to modify the solar and thermal transmission of 

the ETFE cushion in a reversibly way, using different mechanisms including injection of 

soap bubbles, or nitrogen gas, circulating tinted fluids, internal water spray, rotating 

lamellas and retractable screens. Some of these mechanisms have been described in great 
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detail in the literature; however, very few systems have passed beyond the experimental 

prototype phase, and even less have been tested so far in a commercial building application. 

The most relevant systems are discussed later in this section. 

 

 

Figure 2. 5. Environmental control mechanisms for multi-layer foil construction  

(images by the thesis author, published in: Flor et al., 2017) 

 

The currently most widely used active mechanism for ETFE cushions is a triple 

layer system which employs positive and negative, reflective printing patterns on the 

middle layer and the inner or outer layer. These printed patterns fit exactly when 

overlapped, covering 100% of the cushion surface. The middle layer position can be moved 

by the control of the air pressure within the cushion chambers, making it geometrically 

overlap, either with the inner or outer layer. This allows adjustment to achieve a partial 

percentage of light translucence or total coverage, depending on the layer position, as can 

be seen in the diagrams and schematic sections of Figure 2.6.  
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Figure 2. 6. Dynamic triple-layer shading mechanism for pneumatic foil constructions, 

functional diagram and rendering of a section in perspective view  

(image by the thesis author, published in: Flor et al., 2017) 

 

The ETFE cushion assembly comprises three foil layers, inner-, middle- and outer -layer 

(IL, ML, OL), which are welded air-tight and clamped to a structural frame on the perimeter 

edge, forming the shape of a rectangular cushion, when fully inflated with air. The cushion 

becomes a pre-tensioned structural system through the air pressure inside the cushion, able 

to carry external loads. The middle layer divides the cushion into two air chambers, C1 

(between the ML and OL) and C2 (between the ML and IL), with individual air-valves. All 

three layers have the same but symmetrically mirrored, three-dimensional synclastic 

geometry. The position of the middle layer within the boundaries of the cushion can be 

changed by inflating one chamber and deflating the other. The middle layer overlaps 

geometrically either on the inside of the inner or the outer layer. The middle layer and the 

outer layer are printed with a reflective frit ink. The pattern of the frit is a geometry which 

covers approximately 50% of the surface area of the middle and outer layer. The pattern is 

shifted in a way that when the foils overlap, the unprinted areas of the inner foil are covered 

with the printed areas of the outer foil and vice versa, arriving at a 100% covered or 

ñclosedò position. When chamber C1 is inflated, while C2 is deflated, the middle layer 

changes its position and moves from the geometric position of the outer layer to the inner 

layer. While it does so, the geometry of the middle layer flips over from a convex to a 

concave shape. When the external air chamber C1 arrives at the maximum pressure and all 

air is evacuated from the inner chamber C2 the middle layer is geometrically overlapping 
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with the inner layer and has arrived at the ñopenò position. A system overview with all 

functional components is shown in Figure 2.7.  

 

 

 

Figure 2. 7. System overview of a pneumatic multi-layer foil construction (switchable) 

(image by the thesis author, unpublished)  

 

 

The light transmittance of the foil cushion changes when the fritted middle layer is moved 

from one position (open/closed) to the other. This movement is achieved by redirecting the 

air supply and changing the internal pressure of chamber C1 and C2. The air supply for the 

foil cushion is generated by an air blower which connects to valves at chamber C1 and C2 

of the foil cushion. The air blower operates with a high air volume but at low pressure. 

Based on a case study building application, two different schemes for the airflow control 

of the shading mechanism of triple-layer ETFE cushions were identified and explored. The 

diagrams in Figure 2.8 A and B show the two alternative air supply system and the 

switching process as a step by step working flow scheme in Figure 2.9. 
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Figure 2. 8. (A, B) Diagrams showing two alternative air-supply and control schemes for 

the switching mechanism of the pneumatic foil cushion  

(image by the thesis author, published in: Flor et al., 2019) 

 

 

 
 

Figure 2. 9. Function flow chart of pneumatic switchable triple-layer foil cushion  

(image by the thesis author, published in: Flor et al., 2019) 

 

This mechanism has been reported in several studies [Poirazis, 2009; Gómez-

González et al., 2011; Knippers et al., 2011, Xie, 2011; Chilton, 2013; Juaristi & Monge-

Barrio, 2016; Shahin, 2019] and was first employed in a building for the World Exposition 

pavilion ñDuales System Deutschland (DSD) Cycle Bowlò in Hannover, Germany in 2000 

[Forster & Mollaert, 2004; LeCuyer, 2008]. The project comprised an 1800 m² active 

shading façade composed of a triple layer system with positive/negative frit patterns. In the 

same year another innovative building complex, the ñFesto Technology Centerò, an office 
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building with a 2655 m² roof structure of triple-layer ETFE cushions was constructed in 

Germany, and later in a scaled version for a branch project in France. A similar system as 

in the DSD project was employed, with the same mechanism of a switchable middle layer, 

but with a different frit pattern. In this case, the frit pattern was laid out as a squared 

checkerboard pattern. This project was followed by the ñKingsdale Schoolò project in the 

UK in 2004, where a courtyard was covered with a dynamic ETFE roof which employed a 

rectangular frit pattern, as can be seen in the images of Figure 2.10. 

 

 

Figure 2. 10. Project Images: A) Duales System World Exposition Pavilion, Hannover 

Germany; B) Festo, Paris, France; B) Kingsdale School, London, United Kingdom, 

(photos © Vector Foiltec, retrieved from: http://www.vector-foiltec.com, accessed 30th 

April 2017, published with permission in: Flor et al., 2017) 

 

Several other projects incorporated the same or a similar mechanism in recent years 

and are listed below in Table 2.1. In addition to the mechanism mentioned above, very few 

alternative systems have been applied in commercial buildings. Retractable opaque middle 

layers have been employed in a 56 m² ETFE skylight of a gas-station in Munich, Germany, 

in 2004 [Moritz et al., 2005]. Venetian blinds have been incorporated into membrane 

envelopes only in a few built projects. One case is the Association for Medical Information 

(GFI) in Munich-Riem, Germany, built in 2003, which incorporates solar shading lamellas 

inside the air chamber of a triple layer cushion covering an area of 120 m² [Köster, 2003]. 

The Media-Tic building in Barcelona, Spain built in 2009 is an experimental building 

which integrated the above discussed dynamic triple-layer shading mechanisms into the 

façade. In the same building, a novel shading mechanism based on gas injection was used 

for the first time, where the solar transmittance of the cushion was modified by pumping 
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nitrogen into the air chambers of the ETFE cushions [Chilton, 2013; Juaristi & Monge-

Barrio, 2016]. 

 

Table 2. 1                                                                                                                              

List of projects incorporating multi-layer foil constructions with integrated dynamic 

environmental control mechanisms  

(table by the thesis author, published in: Flor et al., 2017) 

 

 

Recently, there has been a spate of interest in the more unconventional mechanism, 

incorporating spray, liquids and bubbles as a strategy for dynamic environmental control 

mechanisms at an experimental stage. Mainini et al. [2016] investigated the influence of 

water spray on the thermal performance of a mechanically pre-stressed double-layer ETFE 

panel as a strategy for reducing solar heat gains on building façades during summer climate 

conditions. The effectiveness of different spray nozzles in relation to the thermal 

performance of the ETFE panel was tested. However, it was found that the system 

performance improvement was somewhat limited, as the water spray, while effectively 
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reducing the surface temperature of the foil, had only a small influence on the mean radiant 

temperature. This was mainly attributed to the fact that water is a weak absorber of solar 

radiation. The effectiveness of the system was therefore strongly reliant on the volume of 

water sprayed on to the foil. Previously a study with a similar approach had been carried 

out [Xie, 2011]. The evaporative cooling effect of water on the middle layer of a triple-

layer foil construction was investigated. This study found great potential in improving the 

thermal behaviour of foil constructions with water. Numerical calculations and 

experiments under laboratory conditions showed a reduction of the inner layer surface 

temperature of up to 5°C. Other research projects have explored the possibility of achieving 

environmental control of multi-layer foil constructions with tinted fluids [Hanke et al., 

2016]. The fluids are circulated in pre-formed channels, in-between the foil layers of the 

cushion. The system is made switchable from a transparent to a translucent state by 

changing the tint concentration of the circulating fluid. The system is able to modify the 

light transmission but also has the capacity to absorb and remove heat from the cushion. A 

general U-value of 0.64 W/(m²K) was calculated for the system. The optical performance 

was tested according to DIN EN 410 and showed absorption of 95.7%, a reflection of 4.3% 

and a solar transmission of nearly 0.0% using a 7.5% black-tinted fluid. A similar system 

was used for a showcase pavilion construction at the Milan EXPO 2015 [Poletto & 

Pasquero, 2019]. But instead of tinted fluids, an algae substrate was pumped through the 

ETFE panels. The algae substrate would filter the solar radiation eventually and absorb 

part of it and provoke photosynthesis of the algae. The growth of algae enhances a 

biological self-regulating effect on the shading performance of the canopy structure. 

Another highly experimental mechanism was tested for double layer foil constructions in 

greenhouses where for thermal and solar control soap bubbles where injected into the air 

chamber [Rayner, 2020]. This allowed the system to be switched from the initial 

transparent condition to a highly insulated and light scattering state. Prototypes have been 

built, and the thermal performance of the system was investigated. The results of CFD 

simulations showed that liquid bubbles could improve the performance of greenhouses. 

The temporary increase of the thermal insulation with liquid bubbles reduces the energy 
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demand for heating in winter and the risk of overheating during the summer season [Gan, 

2009]. 

 

2.5. The thermal and optical behaviour of membrane and foil constructions 

The complexity of the building physics of membrane and foil constructions raises 

questions of considerable interest for our understanding of the affecting parameters. 

Various investigations have mentioned that the difficulty of describing the building physics 

of membrane and foil constructions is mainly related to their unique optical characteristics, 

low mass and geometric complexity. This section reviews the most recent studies reported 

in the literature in an attempt to provide an overview of the state-of-the-art of the 

understanding of the thermo-optical properties of membrane and foil constructions. 

Fabric membranes are currently widely used, but the off-trade of single-layer 

systems is the reduced thermal resistance and their limited visual translucency. Therefore, 

they are mostly employed in open or semi-open structures, like canopies and walkways, 

where no special measures for thermal insulation are required, and shading is more a need 

then natural lighting. The building physics of spaces enclosed by single layer fabric 

membranes have been comprehensively covered by Harvie and later by Devulder who 

developed a thermal model, calculated the energy performance and validated their results 

with monitoring data from multiple case studies [Harvie, 1996, 2015; Devulder, 2004, 

2007]. Attempts have been made to improve the thermal performance of single-layer foil 

and membrane constructions by combining them with other functional layers. A study 

reported on a system where ETFE foil was combined with layers of thermal insulation, 

PVC/Polyester fabrics and silicon glass fabrics in order to create an energy harvesting 

multi-layer system for a tensile building envelope, which resulted consequently in an 

opaque system with little possibilities for creating working conditions with natural lighting 

[Karwath, 2011]. Similar studies had been previously carried out investigating multi-layer 

textile membrane constructions for inflated air halls where multiple layers of fabric textiles 

were combined with insulation materials in order to improve the thermal performance. The 

studies reported similarly on a significant reduction of the light transmittance up to the total 
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opaqueness of the envelope which resulted in higher energy demand on artificial lighting 

counterbalancing the savings for the better thermal performance [Lombardi & Canobbio, 

2016]. Advanced Air halls with multi-layer membranes were also covered by Suo et al. 

[2015] and Cremers et al. [2016] who reported on the design and construction of a 

transparent multi-layer membrane roof with improved thermal performance. 

Multi -layer constructions, especially foil cushions, have been reported to have a 

much better thermo-optical performance. However, a general building physics model has 

only partially been established what can be accounted to the multiple system configurations 

and the lack of material and monitoring data. Also, the integration of optical and thermal 

calculations has been a reported problem in literature which has been studied by many 

authors and is currently the concern of ongoing research projects. The following review 

discusses the multiple studies related to the description of the thermo-optical behaviour of 

transparent foil, and especially multi-layer foil constructions to outline the state-of-the-art 

regarding the general understanding of their building physics: 

Robinson-Gayle [2003] investigated the environmental impact of transparent 

building envelopes and measured the solar and visual light transmittance and reflectance 

(Tsol 92%, Rsol 7%) of clear ETFE foils as well as the U-value according to BS 874 

horizontal (2.7 W/m²K) for a triple-layer cushion construction for different radiation 

incidence angles and observed better thermal performance in vertical than in horizontal 

position. Another study by Antretter [2008] calculated the heat transfer through double-

layer ETFE cushions using computational fluid dynamics (CFD) and compared the results 

with experimental measurements of temperature distribution and heat flux taken from a 

real scale mock-up under realistic condition. The experimental climate data, heat flux and 

internal and external air temperatures were used to set up the boundary conditions of a CFD 

model with similar dimensions to the mock-up. The CFD simulation was carried out using 

the software Ansys Fluent. The characteristic behaviour of the cushion in each scenario 

was outlined, and the comparison showed good consistency what allowed for an 

extrapolation with new boundary conditions, including different temperature scenarios and 

angle orientation. The CFD simulations revealed the air temperature distribution and air 
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velocities within the cushion chamber as well as the flow patterns in horizontal, vertical 

and 45-degree angle position. The study concluded that without considering solar radiation, 

the total heat flux is by 30% caused by convection and 70% by surface radiation. The 

radiative heat transfer increases with the temperature differences between the internal and 

external side of the cushion surfaces independent from the inclination angle, while the 

convective heat transfer increases with the inclination of the cushion. Parameters like direct 

solar radiation, thermal bridging of the clamping system and the constant airflow of the 

pressure system were not taken into account, which may limit the general applicability of 

the results [Antretter, 2008]. Poirazis [2009] discussed thermal and solar transmittance for 

glazing units and ETFE cushions with a general approach and presented relative U-values 

from a previous report [Salz & Schepers 2006] for double, triple and quadruple layer 

cushions, with values of 2.9, 1.9 and 1.4 W/m²K, respectively. Ward et al. [2010] measured 

and calculated transmittance and U-value for different frit pattern prints on ETFE finding 

for a clear foil, with a thickness of 200 ɛm and a frit coverage of approx. 65% transmittance 

of Tsol 47%. Printing of the foils with reflective inks is currently the most used technique 

in the industry to mitigate the thermal and optical downside effects of ETFE [Hu et al., 

2017; Mikkonen et al., 2018; Lamnatou et al., 2018]. These so-called frit patterns are 

designed in a way that their geometry density per area reflects the required amount of solar 

irradiation and reduce the solar gains in order to keep the indoor environment at peak 

periods at an acceptable thermal comfort level while ensuring sufficient natural lighting 

[Ward et al., 2010]. Recently a novel workflow methodology for qualitative and 

quantitative analysis of daylight performance of pneumatic ETFE foil cushions with 

printed frit patterns was proposed by Roudsari and Waelkens [2015]. The complexity of 

mapping frit patterns onto a double-curved surface was addressed using parametric open-

source software applications. The study aimed with the newly developed workflow to 

automate the daylighting analysed with Radiance for a range of frit print variations with 

different pattern sizes for a ETFE cushion project. Given the flexibility of ETFE for the 

application in complex building geometries, the number of individual cushion modules , 

with a particular shape and orientation, rises according to the division ratio of a 
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multifaceted building envelope and increments the number of cases to be considered for 

design variations and daylighting scenarios. The schematic study shown below in Figure 

2.11 demonstrates the complexity of different reflection patterns of solar rays for different 

orientation angles of printed multi-layer cushions with a switchable middle layer. The 

interaction between solar angles, curved geometry, cushion orientation and the printing 

pattern is intricate, and it is thus of interest to learn how the different parameters are related 

to one another and affect the thermo-optical performance. Opportunity for future research 

addressing the building physics of shading mechanisms in an integrated way is evidentð

the proposed solution resides within parametric and automated design and analysis tools.  

Knippers et al. [2011]  measured and calculated transmittance and U-value for 

different foil thicknesses, frit coverage and cushions with different layer combinations and 

presented a thorough description of the building physics of multi-layer ETFE cushion 

constructions. Cremers [2011] discussed the energy-saving design of membrane building 

envelopes and reviewed several ETFE projects which employ energy-saving or producing 

strategies. He compared the optical behaviour of different membrane and foil materials and 

reviewed an energy model for multi-layer foil construction which was earlier presented by 

Knippers et al. [2011]. A reproduction of the energy model is shown in Figure 2.12. 

 

 

Figure 2. 11. Ray reflection for different orientation angles of switchable multi-layer 

ETFE cushions in the open and closed position  

(image by the thesis author, unpublished) 
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Figure 2. 12. Building physics of a pneumatic cushion structure  

(image published in: Cremers, 2011) 

 

Improvement of the energy performance of foil constructions was also investigated 

by Maxa et al. [2012], who presented an experimental design where ETFE foil and float-

glass were combined into a novel system. The light transmittance of the multi-layer system 

was measured for different spectral ranges and incidence angles in a field experiment with 

hot boxes. Dimitriadou [2013] calculated the transmittance (Tsol 91%) and U-Value (2.9 

W/m²K) for a double layer cushion of clear ETFE foil and a double layer with frit on the 

inner layer (Tsol 54%) making use of IES simulation software. The results were validated 

with an experimental test [Dimitriadou & Shea, 2015 Dimitriadou 2015]. Two 

experimental set-ups using hot boxes under real sky conditions evaluated the thermal and 

energy performance of unprinted and printed single and double layer ETFE foil panels 

compared to double glazing. The comparison of the measurements with the simulation 

results showed good consistency with a satisfactory level of correlation with a bivariate 

correlation coefficient of 0.98 and an error of 0.001 kWh for the energy consumption of, 

both, the double-glazing and ETFE sample. Based on the results of the study it was 
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estimated that a building with a fritted ETFE cushion roof would consume 4.9% less energy 

for space conditioning, compared to double glazing, and a roof with clear ETFE cushions 

would consume 3.5% more energy. Mainini et al. [2014] investigated the influence of 

soiling effects on the thermal and optical transmittance of double-layer panels of ETFE. 

The visual transmittance was measured for different incidence angles and the thermal heat 

flux measured horizontally by exposing the sample single-sided to a guarded hot box with 

a controlled temperature scenario. The U-value was determined with measurements 

obtained before and after the soiling had happened (EN673 HF horizontal, 3.0 W/m²K). 

Martin et al. [2015] tested thin double-skinned framed panels with different ETFE foil 

thickness in a climate chamber measuring the thermal flux through the panel in a vertical 

position and calculated the U-value (3.0 W/m²K) using results from the test. Buchner 

[2015] calculated the annual light transmission and U-value for a double layer ETFE 

cushion using newly developed software. Opposed to the steady-state approach of the DIN 

normative (DIN 6946, DIN 673), Buchner calculated a variable monthly U-value according 

to the fluctuating temperatures of the annual seasons. The values ranged from 0.04 W/m²K 

in July to 1.43 W/m²K in December. This seems to be a more realistic approach but lacks 

the back up of any normative. A similar approach had previously been presented by 

Kaufmann [2013] in a study where the U-value was calculated from the dynamic heat flow 

measured on an ETFE cushion.  

Another widely adopted strategy to improve the thermal performance is to simply 

increase the number of cushion layers in order to increase the thermal performance of the 

façade module by adding with each air chamber and ETFE foil to the overall thermal 

resistance. U-values comparable with double pane standard glass windows can be 

achieved, making use of this strategy. With each additional layer of ETFE foil, which 

subdivides the cushion inner chamber volume, and adds two additional surface resistances 

(between air and membrane on both sides of the foil layer), contributing to the overall 

thermal resistance. While thermal conduction through the very thin ETFE foil is not 

significant for the overall thermal transfer, convection on foil surfaces and in the inner air 

chamber are of great importance for the thermal insulation properties of the cushion unit. 
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Thus, U-values significantly decrease with the number of layers as has been shown by 

Lippke [2009] and Knippers et al. [2011], calculating the U-value according to the standard 

DIN 673 and DIN 6946 for ETFE cushions with different layer numbers and cushion 

orientations. While it was found that the air chamber width had only a limited influence on 

the overall heat transfer, the orientation and heat transfer direction through the cushion had 

a more significant impact. However, radiative heat transfer caused by solar radiation is the 

most import aspect of the thermal performance, as mentioned in the previous section and 

shown in Figure 2.12. Unconsidered in this study but of the utmost importance in practice, 

is the avoidance of thermal bridging at the aluminium clamping profiles of the cushion, 

avoiding undesired heat gains and losses as well as internal condensation. Key results of 

the above-mentioned studies are summarized in Table 2.2 at the end of this chapter.  

In building practice, a combination of passive strategies, such as previously 

discussed reflective frit prints and multiple foil layers, is commonly applied and has been 

reported for several commercial projects, for example on the roof structure of Canary 

Wharf Crossrail station and on an elliptical-shaped envelope for a winter garden project in 

Verona, Italy [Monticelli et al., 2013]. In both cases, the orientation of the cushion towards 

the solar angle and resultant incident solar radiation was taken into account as a criterion 

to design the frit patterns and decide on the layer application and percentage of coverage 

density. The evident downside of these passive techniques is that the design is static and is 

usually calculated to respond only to the requirements of peak situations or average 

condition scenarios. This contains the risk for overheating during summer or the lack of 

natural light during the winter period. 

A similar approach to the printing of the foil with reflective ink is the application 

of Low-E coatings to the film, reducing the emission of longwave radiation. This technique 

is mainly used by ETFE foil manufacturers who offer Low-E coated foils as standard 

products of their catalogue. Cremers and Marx [2016] measured and compared the 

transmittance and U-value of clear ETFE foil and a new ETFE foil with infrared light-

absorbing properties. The study included simulations on the effect of the building envelope 

on the environmental performance of buildings in different climate regions.  The 
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performance of the foil was compared to conventional clear and printed ETFE foils by 

computational dynamic simulations using climate data sets. Optical measurements were 

conducted on the new foil, conventional clear and silver printed ETFE foil in order to derive 

by spectral analysis the coefficients for transmittance, reflectance and absorbance on a 

different wavelength. A reproduction of the results is shown in the graph of Figure 2.13. 

The measured data was imported into the raytracing programs Optics 6 and Window 7.4 in 

order to generate angle dependence data which was required for further energy and comfort 

calculations in the program TRNSYS. The main parameters for the performance evaluation 

of the foils were considered to be the operative temperature and surface temperature, which 

allowed the calculation of the heating and cooling demand during a period of time. The 

results showed generally good performance for the tested systems, but the novel low e-foil 

would most likely outperform conventional ETFE foils in some climatic regions [Cremers 

& Marx, 2016]. 

 

 

Figure 2. 13. Measured spectral data for ETFE foils  

(image published in: Cremers & Marx, 2016)  

 

A recent study [Liu et al., 2016] about the solar radiation properties of common 

membrane materials used in roof structures was carried out to determine the effect of the 

solar load/heat gain to the supporting steel structures underneath. The solar radiation 



Switchable ETFE façades: Chapter 2: Literature Review 80 

 

   

coefficients of common membrane roof materials were obtained from systematic specimen 

tests. One of the evaluated materials was ETFE foil with different print and ink variations. 

While the solar radiation coefficients of transmission and reflectance of the material 

samples were obtained experimentally, the solar absorbance was derived numerically using 

the equilibrium formula of Kirchhoffôs law. Further Numerical calculation methods were 

applied to determine the solar radiation transmittance of ETFE foils with different printing 

dot ratios and different layer numbers. It was found that the printed frit patterns have a low 

solar transmittance and a high solar reflectance and absorbance coefficient, which 

consequently modifies the overall solar performance of the foil according to the ratio of 

the printed area.  

Integration of energy-producing elements into the building envelope is a relatively 

new trend in the building industry and has been investigated broadly. PV cells are now 

being integrated into membrane and foil cushion systems. The iterative thermal exchange 

between the foil cushions and the PV cells is of much interest because of the thermal 

sensitivity of the PV cells, which influences on their efficiency. Hu et al. [2015] 

investigated the thermal performance of triple-layer ETFE cushions with integrated, 

flexible photovoltaic cells. The study focused on the temperature distribution within the 

cushion, the role the photovoltaic cells may play in the thermodynamic processes and the 

influence on the thermal performance which may affect the overall building performance . 

This topic is not directly related to the focus of this study but gives an outlook to the broad 

interest of understanding the environmental behaviour of membrane and foil constructions 

and the applicability for future developments. 

It can be concluded that the thermal and optical performance of kinetic multi-layer 

ETFE systems has been described in the literature only to a limited extent making reference 

merely to the potential benefits, with scarce or no evidence at all on simulated or monitored 

data on the performance in building applications. Documentation of the few built projects, 

which employ this technology, is limited to photographs and schematic diagrams of the 

mechanismôs principle but no data on energy performance has been published so far.  
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Table 2. 2                                                                                                                    

Thermo-optical properties of ETFE foil constructions from different literature sources 

(table by the thesis author, unpublished) 
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The direct comparability of the measured and calculated values from the reviewed 

studies is somewhat difficult due to the great variety of measurement methodologies and 

tools. Additionally, the specification details of the tested materials are not always clear. 

The calculation methods and software used are also varying from study to study. A lack of 

information regarding details on simulation parameters assumed model simplifications and 

geometry definitions for the simulated cushion systems could be noticed in most of the 

reviewed studies. A selection of the most complete and well-defined values, calculated or 

measured, for optical transmittance, reflectance and u-values found in the literature is 

summarized in a comparative Table 2.2 on the previous page. 

 

2.6. Chapter summary 

This chapter investigated the material characteristics of ETFE foils and outlined the 

working principles of pneumatic foil constructions. Additionally, an overview of the main 

applications in building envelopes was provided, including a general description of the 

thermal and optical behaviour. The main goals of this chapter were to provide a theoretical 

base for the investigations carried out in the following chapters, providing a comprehensive 

overview of ETFE as a building material and recording benchmark values for the 

comparison of its thermal and optical behaviour in alternative scenarios.   

The method used for the study was based on a comprehensive literature review 

which collected systematically material and system performance data from different 

sources. Additionally, state-of-the-art projects were visited on-site in the United Kingdom, 

Germany and Spain were applications of static and switchable ETFE cushions in building 

envelopes were reviewed and documented. 

The results from the literature review revealed that even though ETFE as a building 

material has been investigated extensively, most of the studies focus on the structural and 

form-finding aspects and considerably less on the thermal and optical performance. 

However, it was found that recently there had been a widespread interest, from both 

industry and science, on the environmental performance of buildings incorporating ETFE. 

It was found that this spate of interest was due to the fact that ETFE was being applied 
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more frequently in building envelopes, leading to a recent increase in research studies 

related to the energy and daylighting performance of ETFE. Moreover, it was found that 

the knowledge on the thermal and optical performance of ETFE multi-layer foil 

constructions was scattered and, in some cases, inconsistent among different sources, with 

specific information on switchable ETFE cushions completely lacking. It was therefore 

decided that a comprehensive approach towards evaluating ETFE as a building material 

was required to gain a fundamental understanding of the thermal and optical characteristics 

which would enable further investigations on the effects of ETFE on the building energy 

performance.  

Corresponding to the identified knowledge gap in the literature review, the aim of 

this thesis, as stated in detail in section 1.3,  is to obtain a better understanding of the climate 

adaptive behaviour of switchable ETFE façades to enable the prediction of the 

environmental performance in building envelopes and estimate potential energy savings 

and daylighting performance. Herein, the main objective is, as stated in section 1.4, to 

identify the multiple aspects of system design, control and material parameters that affect 

the climate-adaptive behaviour of switchable ETFE cushions in order to evaluate and 

quantify if their application could significantly improve the environmental performance of 

buildings in comparison to conventional building façades or other types of static ETFE 

double-skin façades. The research studies carried out to fill the knowledge gap on the 

thermal and optical characteristics of switchable ETFE cushions will be covered in the 

following two chapters, three and four. Further studies on investigating the effects on the 

daylighting and energy performance of buildings will be addressed in chapter five and six. 

 

 

 

 

 

 

 



Switchable ETFE façades: Chapter 3: General Methods 84 

 

   

 

Chapter 3: General Methods  

 

3.1. Introduction to chapter three 

This chapter outlines the methodological approach to the proposed research project 

and links a review of appropriate methods to the specific methods adapted in the individual 

studies reported in chapter four to eight. Due to the diversity of the different 

methodological and technical requirements for each of the individual research studies 

presented in this thesis, the specific methods applied to test and analyse influencing 

environmental parameters, and system-specific aspects of building physics are discussed 

in individual project related methods sections throughout the chapters of the main body of 

the thesis. Here in chapter three, an overview is provided, summarizing the principal 

research methods and techniques used in each of the chapters of the main body of the thesis, 

followed by a critical review and discussion of alternatives that let to the guided selection 

of the chosen methods.  

 

3.2. Methods outline 

This section briefly outlines the methods used in each of the chapters as a mode of 

introduction for the following detailed review and discussion. With the aim to identify 

research gaps the method used in chapter one is based on a preliminary literature review, 

scanning and outlining the current state-of-the-art on research and technology regarding 

switchable ETFE facades and linked aspects of energy efficiency of buildings. Chapter two 

reports on the thermo-optical material properties and general system characteristics of 

switchable ETFE facades and uses a systematic literature review as well as specific case 

studies as the primary method of research. This chapter three critically reviews appropriate 

methods employed in science and industry to study and characterize the thermo-optical 

properties and predict the energy and daylighting performance. Chapter four employs 

forward ray-tracing techniques to evaluate the effects of coatings, shape, and solar angles 
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on the overall transmittance and reflectance on the optical performance of switchable ETFE 

cushions. Chapter five investigates the thermal performance of ETFE cushions using 

experimental methods and standard calculations to determine heat flux and thermal 

resistance of a real-size mock-up sample under different climate scenarios. A large climate 

chamber and multiple measurement devices were used as the primary research tools. 

Chapter six investigates the natural daylighting qualities of spaces enclosed by ETFE foil 

cushions, with a focus on the effects of the adaptive mechanism using 5-phase parametric 

simulation techniques. Radiance ray-tracing software with BSDF data, derived from 

spectral analysis of ETFE material samples was used. Chapter seven uses weather-data 

based whole-building energy simulation techniques within EnergyPlus software to 

investigate the energy performance of buildings incorporating switchable multilayer ETFE 

cushions. The eighth and last chapter of the main body of the thesis investigates the user 

perception of  ETFE cushions in double skin building façades. The view clarity and 

emotional response to window views through ETFE façade systems were evaluated within 

immersive environments, using virtual reality equipment and a developed questionnaire 

applied to a sample of volunteering participants. Chapter nine summarizes the findings of 

the previous chapters and states the conclusions of the thesis.  

 

3.3. Methods for the optical characterization of ETFE foil constructions 

Characterising the optical properties of translucent materials and building 

components is well understood and based on methods developed around classical and 

physical optics. However, complex fenestration systems with novel materials and complex 

geometries, such as pneumatic multi-layer ETFE foil cushions, require a combination of 

specialized methods to approximate a full description of there characteristics. Research has 

focussed, in the past, mainly on the structural aspects of foil constructions, being the most 

common type a pneumatic structure in the shape of a cushion, which consists of at least 

two foil layers and is pressurized with air for structural stability. Only recently has the 

optical performance of ETFE envelopes been addressed in depth in the literature [Pohl, 

2010; Knippers et al., 2011; Llorens, 2015; Liu et al. 2016]. This development, along with 
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the increasing number of built ETFE structures, has opened questions about the need for 

climate-adaptive foil systems [Lippke, 2009; Ward et al., 2010; Haase et al.; 2011; 

Kaufmann et al. 2013; Mainini et al., 2014; Lau et al., 2016; Hu et al., 2017; Lamnatou et 

al., 2018]. Although extensive research has been carried out, validation of predictive 

analysis results with specialist software packages and monitoring data remains a challenge 

for designers and researchers. The experimental determination of the optical properties of 

a full size inflated ETFE cushion is impractical and current instruments for physically 

deriving detailed information about reflection, transmission and scattering effect on both 

sides of the sample for multiple solar incidence angles, described by the bi-directional 

scattering distribution function (BSDF) could only be achieved with a large 

goniophotometer. While studies had shown a high degree of accordance between computed 

and the measured BSDF [Andersen et al., 2005; Grobe et al., 2015], common 

goniophotometry techniques only allow for relatively small samples, and speciality 

equipment is costly and rare. Classical spectral analysis provides here a generally more 

accessible route of optical analysis and is widely available. Outputs of spectral analysis are 

also commonly used as input data for simulation programs to calculate the performance of 

an optical system.  

Ray- tracing is a computational method used to calculate the trajectory of light and 

the refraction, reflection, and scattering effects through optical systems by the 

representation of beams and is evaluated for this study as an alternative for experimental 

characterisation of optical properties of ETFE cushions. The theoretical base for ray-

tracing was initially developed by Spencer and Murty [Spencer & Murty, 1962] and is now 

a widely accepted technique to aid the design of solar energy systems and solar façades 

[Kämpf & Scartezzini, 2011; Sun et al., 2017; Eltaweel & Su, 2017; Connelly, 2017]. The 

use of ray-tracing for the analysis of the optical behaviour of the multi-layer cushion system 

seemed, therefore, appropriate in this study. Ray-tracing has been used previously to 

examine the optical performance of CFS (Complex Fenestration Systems) [Andersen et al., 

2005; Chan & Tzempelikos, 2012; Sun et al., 2016; Sun et al., 2016; Wu et al., 2016; 

Capperucci et al., 2019] and offers a practical method to virtually trace solar beams through 
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geometrically complex components such as pneumatic foil constructions. The results of 

the reviewed optical simulations showed a distinctive optical profile for the switching 

modes of the cushion and provided insights into the angle-dependent behaviour of the 

different designs. Since the study proposed in this thesis aims to investigate the optical 

performance of switchable ETFE cushions in the open and closed mode under different 

solar angles and carry out a 360-degree analysis, this was another in favour of the evaluated 

method. Software packages such as SolTrace and TracePro, able to handle radiometric and 

photometric physical light models, were considered during the evaluation process as 

suitable tools for the intended task [Cruz et al., 2017]. Details on the software and specific 

details on the simulation set-up will be provided in the relevant chapters four and six. 

 

3.4. Methods for the thermal characterization of ETFE foil constructions 

Characterising the thermal properties of translucent materials and components used 

in building envelopes is an essential step on the path towards the energy efficiency and 

sustainability of buildings and the built environment. Therefore, this section provides an 

overview of the multiple methods and techniques which have been reported in the literature 

to investigate the thermal performance of transparent ETFE foil constructions.  

Studies from the literature frequently report on the potential of adaptive building 

envelopes to substantially improve the energy performance of buildings. However, due to 

the geometrical complexity of pneumatic structures and the specific material characteristics 

of ETFE, switchable foil constructions are hard to characterize with standard calculations 

and state of the art simulation software. Multiple evaluation criteria for solar control 

systems in building envelopes, such as switchable ETFE cushions, have been elaborated 

[Kuhn, 2017]. For the evaluation of the thermal performance with simulation software, the 

R-value is commonly required as an input to specify the thermal resistance of a building 

component. International building codes and standards have adopted the U-value, as a 

coefficient, which allows the building industry to quantify and compare the thermal 

transmittance of building components in order to evaluate the overall heat transfer of the 

building envelope. The U-value for different ETFE foil structures is frequently cited in the 
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literature and compared to the common clear double-pane or reflective glazing [Chilton, 

2013]. Numerical calculations based on available standards suggest ETFE cushions appear 

to have a comparative or even better thermal performance than common glazing [Lippke, 

2009]. However, questions about the accuracy of the calculated values arise due to 

difficulties resulting from the three-dimensional geometry and sensitivity to solar radiation 

of the ETFE cushions. The complexity of the heat exchange mechanisms in ETFE cushions 

may be represented only to a limited extent by standard calculation methods [Afrin, 2016]. 

A more realistic approach for investigating the thermal performance of the ETFE cushions, 

deriving U- and R-value and validating numerical models, might be through experimental 

testing, as the literature suggests: 

For the Eden Project (2000, St. Austell, UK), a large biome greenhouse assembly 

of geodesic domes, thermal performance tests of a triple layer cushion with 200 µm thick 

foil ETFE, were conducted using a combined method of theoretical analysis with 

computational fluid dynamics and finite element analysis, and experimental testing using 

the hot-box method. The tests were done during the planning phase to ensure that the 

thermal performance of the building envelope would create and maintain the required 

climate for the tropical biomes to grow inside. A U-value of 2.7 W/m2K was reported 

[Whalley, 2000]. 

Robinson-Gayle investigated the environmental performance of transparent 

building envelopes and carried out a number of thermal performance tests following the 

British Standard BS874 using a guarded hot-box. A small triple-layer ETFE cushion (150 

ɛm - 50 ɛm - 100 ɛm) with a surface area of 1964 mm2 was tested in a vertical, inclined 

and horizontal position. The U-value calculated from the experimental measurements 

found to range from 2.59 to 2.73 W/m2K, for the different positions, respectively 

[Robinson-Gayle, 2003].  

In an investigation on the soiling effects on ETFE transmittance, Mainini et al. 

[Mainini et al., 2014] also used the hotbox method following, but following ISO 9869, to 

determine the thermal performance of a clear ETFE double-layer cushion experimentally, 

measuring 1050 x 1140 mm, with a foil thickness of 100 µm. An approximate thermal 
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transmittance value of 2.75 W/m2K in a vertical sample position was derived from the 

experimental measurements which agreed well with the simulation results. In another 

thermal transmittance assessment, a climatic chamber was used to test a double layer flat 

ETFE panel, measuring 1200 x 1200 mm, with clear parallel foils of different thickness 

(100 ɛm, and 250 ɛm) and an air gap of 30 mm [Martin et al. 2015]. The reported U-values 

ranged from 3.00 to 3.06W/m2K.  

In a more recent study, which aimed for the thermal characterisation of a double 

layer ETFE foil cushions, in-situ long term measurements using a set of insulated boxes 

was used [Dimitriadou, 2015]. The cushion measured 900 x 900 mm, with a foil thickness 

of 200 ɛm, of clear ETFE with silver reflective dotted frit applied to the inner layer. 

Following numerical calculations of BS EN 6946 the derived U-value, using mean values 

from the experimental measurements was reported as 3.2 W/m2K for a horizontal position. 

Variations in the U-value of ETFE cushions not only depend on the number of layers, foil 

thickness, air chamber volume and frit prints, but also on the spatial orientation and 

direction of heat flux. The U-value of an ETFE cushion in a horizontal installation 

situation, as for example in a canopy of a roof structure, has an approximately 30 to 50% 

higher U-value, depending on the number of layers, for an up-wards orientated heat flow, 

in wintertime, opposed to a down-ward heat flow during summertime. The U-value 

variations using different calculation methods (DIN EN ISO 6946 and DIN EN 673) are 

only minor in comparison to the differences caused by the cushion orientation and heat 

flow direction [Knippers et al., 2011]. The difference of thermal transmittance between an 

ETFE cushion in horizontal or vertical orientation is largely affected by the convective 

cells that form inside the air chambers of the cushion [Antretter et al., 2008; Lippke, 2009; 

Knippers et al., 2011]. Experimental measurements conducted using a hot-box had shown 

for a triple-layer ETFE cushion a lower U-value in vertical position of 2.59 W/m2K in 

comparison to 2.73 W/m2K in horizontal orientation [Robinson-Gayle, 2003]. These 

observations are of importance for this study when considering the thermal characterisation 

for switchable ETFE cushions applied to building facades where the main geometric 

orientation of the cushion unit would be vertical. Overall, these studies provide evidence 
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that the hot-box method is the most commonly used method for testing the thermal 

performance of large-scale samples with complex geometries, as ETFE cushions. 

However, up to date, this method has not been used to investigate the thermal performance 

of ETFE cushions with switchable shading mechanisms. For the studies carried out in this 

thesis project, an adapted, simplified version of the hot box method has been used. The 

detailed description of the applied methods is provided in the methods section of chapter 

five. 

 

3.5. Methods for the daylighting performance prediction of ETFE foil constructions 

Simulating the daylighting performance of adaptive building components in 

glazing and façade systems is a complex matter. Various modelling and simulation 

methods have been proposed in the literature and are currently still under evaluation 

[Wienold, 2007; Do & Chan, 2018; Giovannini et al., 2018]. The methods evaluated to be 

used in this study to investigate the natural lighting qualities of semitransparent ETFE 

double-skin façades (DSF) are centred around climate data based daylighting simulations 

with radiosity-based tools and matrix-based methods that rely on raytracing. The validated 

programme package Radiance (by Greg Ward at Lawrence Berkeley National Laboratory 

(LBNL) a part of the U.S. Department of Energy (DOE)) had been used in earlier studies 

to calculate the annual daylighting performance of office spaces with south-oriented DSF 

with different material combinations, an approach previously reported [Bueno et al., 2015]. 

Dynamic metrics, such as useful daylight illuminance (UDI), daylight glare probability 

(DGPs) and daylight illuminance uniformity ratio (UR) developed to describe the daylight 

performance comprehensively, with the illuminance-based results that Radiance can 

generate, were evaluated for this study. Those metrics had been used in previous simulation 

studies as an alternative to the traditionally used, but insufficient, dayligfht factor to 

evaluate other transparent building materials [Nabil et al., 2006; Santos et al., Fang et al., 

2019; Sun et al., 2020] 

The current state of the art method for the daylighting simulations is considered to 

be the validated five-phase method [Geisler-Moroder et al., 2018], based on the previously 
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developed and validated three-phase method [McNeil & Lee, 2013] which has been 

extensively discussed in the literature [Santos et al., 2018]. Within the three-phase method, 

the process of light transmission and reflection between the external environment and 

internal space is subdivided into three phases. In the first phase, the flux between the sky, 

dominated sky matrix, and the external surface of the window, named daylight matrix, is 

calculated. The second phase consists of the flux passing through the window, from there 

external surface or daylight matrix to the internal surface, referred to as the transmission 

matrix. The third phase accounts for the flux from the inner side of the window, i.e. 

transmission matrix to the interior analysis space, referred to as view matrix. The five-

phase method can be understood as a more sophisticated, advanced version of the three-

phase method, where the weather-data based sky matrix is subdivided into the direct solar 

and diffuse sky component. The solar component is replaced with a more precise solar 

model making the overall daylighting simulation results more accurate and realistic in 

appearance [McNeil, 2013]. Both methods make it computationally feasible to simulate the 

daylight performance of complex fenestration systems using bidirectional scattering 

distribution functions [Ward et al., 2011; Ward, 2011]. BSDF data is used within the 

calculation process of the five-phase method as the proxy representation of a complex 

fenestration system (CFS) such as a DSF with ETFE cushions. The specular and diffuse 

transmission and reflection of a CFS must be precalculated for 145 patches of light ray 

incident angles on a Klems hemisphere on both sides of the CFS using the genBSDF 

program, part of Radiance software [Molina et al., 2015]. A simplified proxy geometry 

with the assigned BSDF material matrix of the CFS can then be used within the simulation 

process thus reducing the time and computational power required to calculate the annual 

daylight performance based on hourly weather data [Brembilla et al., 2019]. The light 

transmittance and reflectance of the ETFE material needed for generating the BSDF data 

can be determined experimentally using common spectral analysis and calculation methods 

following international standards ASTM D1003 and BS EN 410 [ASTM 2013; BS/EN, 

2011]. In the industry, the leading ETFE foil manufacturers (ASAHI GLASS Co., LTD., 

NOWOFOL ® Kunststoffprodukte GmbH & Co. KG,) currently use these methods to 
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specify their products. The virtual generation of BSDF data with ray-tracing methods had 

been validated previously with a study on complex solar screens [Andersen et al., 2005]. 

The combination of different BSDF material matrixes allows to test hypothetical 

complex fenestration systems (CFS) and compare them to standard double-glazing 

solutions under different climate conditions. In order to obtain a comprehensive overview 

of the daylighting performance with sufficient data resolution, the use of annual weather 

data with hourly values was considered for the research of this study. Opposed to point-in-

time analysis, used previously to look at the performance at specific days and hours of the 

day, novel analysis approaches consider simulating every hour of the year, resulting in 

8760 sub-set for each simulation scenario [Brembilla et al., 2019]. This approach is made 

possible with more efficient simulation methods, using automation routines and BSDF 

data, and the availability of hourly weather data in online databases  [EnergyPlus, 2018].  

Comprehensive meteorological data compiled into ready to use weather files is available 

at effectively no cost for a wide range of places and cities around the globe [Deng et al., 

2016; Fela et al. 2019]. The great advantage of this method is the comprehensive analysis 

of daylighting conditions for virtually any place on earth, which makes it feasible to 

evaluate the suitability of different glazing systems in different environments and climates. 

For the simulation procedures in this study, a new integrated parametric control 

approach was adapted [Do et al., 2018], coupling several of the above-described methods 

and software, enabling efficient control of the simulation parameters and processes 

[Qingsong et al., 2015; Ghobad, 2018; Toutou, 2018]. The advantage of this approach is 

the ease of control and visualization of dataflows and the possibility for the automatization 

for simulation routines. A detailed description of the applied methods is provided in the 

methods section of chapter six. 

 

3.6. Methods for the energy performance prediction of ETFE foil constructions 

Over the last decades, ETFE has been used extensively in the building industry as 

an extruded thin foil in mechanically or pneumatically prestressed building envelopes, due 

to its lightness, transparency and resistance [Hu, 2020]. However, in the literature, only a 
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few studies have reported on the energy performance of buildings with ETFE enclosures 

[Hu et al., 2016; Harder et al., 2019] and even less have demonstrated an attempt to analyze 

the effect of ETFE in a double-skin façade. A possible reason for this gap in research may 

reside in the complexity of simulating ETFE foil construction with current energy 

simulation software and the unavailability of detailed data for the optical and thermal 

material characteristics required for the simulation input. This is a challenge for whole 

building energy simulation to be carried out and limits the understanding of the energy 

performance of ETFE double-skin façades. Therefore, this section reviews some of the 

most recent studies reported in the literature in order to evaluate the applicability and 

limitations of the used methods to achieve the goals of this thesis, which aims to assess the 

energy performance of buildings with ETFE double-skin façades. 

Due to double-skin façades' inherent complexity, reported examples of simulation 

studies are rare in the literature. One of the most recent studies which investigated the effect 

of ventilated DSF designs including a transparent and white single-layer ETFE foil on the 

lighting, heating and cooling energy consumption for a winter and summer condition in a 

hot Mediterranean climate (Naples, Italy) using a combination of WINDOW, Radiance and 

TRNSYS software for the modelling and simulation procedures [Scorpio et al., 2020]. The 

model for the energy simulation mirrored a single room test cell facility with a south-facing 

façade. The findings showed, for both the clear and white ETFE DSF, an improved energy 

performance with a reduction of 9.4% for the heating demand during winter and 34.9% for 

cooling demand during the summer scenario. However, the assumptions made for the 

material modelling of the ETFE revealed limitations as they were based entirely on 

theoretical values. The DSF geometry was modelled as a flat single-layered unit which 

hardly can represent a realistic application of ETFE in the building constructions, were 

double-curved single layer and inflated double-layer cushions usually are the norm of 

common building practice. Besides these limitations, a single climate study may not be 

sufficient for a general statement about the validity of the results as it is the only 

representative for the specific case of Naples and does not offer any differentiated view on 

the performance in other climate zones.  
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Significant analysis and discussion on the application of different methods for 

modelling the thermal behaviour of ETFE cushions was carried out by Cremers et al., 

[2019] investigating the influence of novel ETFE surface treatments with enhanced optical 

and thermal properties on the heating and cooling load of buildings in different climates. 

The study used different numerical models and commercial simulation software TRNSYS 

for a whole building energy simulation of a multi-zone atrium building. Different ETFE 

triple-layer ETFE cushion configurations were modelled and applied to the façade and 

atrium cover of the building model. The studied showed an improved energy performance 

for all ETFE fenestration designs; however, the most substantial energy savings for heating 

and cooling were achieved with an ETFE cushion design with a low emissivity coating 

followed conventional frit printed designs. Under the cool climate conditions of Munich, 

Germany, a maximum relative energy-saving potential of 29% for heating and 30% for the 

cooling demand was predicted. In contrast, in the hot climate of Riad, Saudia Arabia, a 

potential energy saving of 60% for the cooling demand was achieved with a design which 

employed the low-emissivity coating on the outer layer. A proposed theoretical design with 

electrochromic switchable shading mechanisms on PET was forecasted to deliver energy 

savings of up 22%. While this is an interesting result and provides theoretical ground for 

further discussion, the study came short of delivering more details and material 

characteristics of the system as well as a systematic description of the model set-up and the 

influencing parameters, which might have affected the results, besides the climate and the 

ETFE material itself. 

Another relevant study investigated textile double-skin façades using a software 

combination of IES, Ecotect and Radiance for a whole building energy simulation and 

daylighting analysis [Chiu & Lin, 2015]. The study analyzed the energy performance of a 

multi-story atrium building under different climate conditions replacing the façade with 

different membrane material options, including dynamic, responsive systems. The largest 

annual energy savings were achieved with an operated shading screen of perforated PVC 

polyester reducing the energy demand by 18%, 1%, and 12%, for the climate of Los 

Angeles, Chicago and Abu Dhabi, respectively. Unfortunately, the study considered the 
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ETFE façade only for the daylighting analysis and did not deliver any detailed analysis of 

the parameters responsible for the improved energy performance achieved with the other 

textile membrane materials. This methodological inconsistency made it difficult to 

evaluate the performance of ETFE in comparison to other DSF designs. The lack of 

methodological rigour, more in-depth analysis of the results and development of a 

hypothesis for the improvement of the modelling of commonly used membrane façades 

components is a shortcoming reflected in all the reviewed studies. Therefore, it is a crucial 

point to be considered in the methodological approach of the present study to reflect the 

interplay of the façade with the internal space realistically within the energy simulation, 

using validated simulation tools and material data to evaluate existing construction 

components for novel strategies in energy retrofitting of buildings. 

The literature review revealed several limitations of current software 

compatibilities to fully integrate thermo-optical data of ETFE with the bandwidth 

resolution of spectral analysis into whole building energy simulations. Up to the moment 

of this thesis being edited, it was not possible to incorporate BSDF data generated by 

Radiance into the EnergyPlus simulation due to the currently limited implementations of 

Honeybee to read and process BSDF files as IDF files. However, it is expected that the 

modelling of the DSF materials as reported in the following chapters, provide sufficient 

data resolution to obtain results which indicate a distinctive performance ranking of the 

tested materials in the given scenarios. The limitations of the façade modelling are taken 

into account in the results and discussion section in the relevant chapters to factor in any 

implicit bias due to modelling discrepancies. The study was also limited by the current 

capabilities of EnergyPlus to model complex fenestration systems such as switchable ETFE 

cushions. Simplifications and assumptions had to be made to model a climate adaptive 

building façade which in reality exhibits a complex geometry with unique optical 

characteristics. Modelling semi-transparent, multilayered double-skin façades is currently 

a challenge, and more flexibility would be a requirement for future building simulation 

program version to respond to the increasing complexity of state-of-the-art building 

envelopes. In addition, the control of the switching mechanism of the adaptive ETFE 
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cushion is currently limited to a single factor, which is the illuminance, due to software 

capabilities. For future studies, it would be highly recommended to incorporate multi-

objective control logics which allow mediating between the requirements of energy and 

daylighting performance. However, up to the finalization of the current literature review, 

no software capable of simulating these features and meeting the compatibility criteria with 

validated energy simulation software was identified. The adaptations made to the 

simulation methods to fulfil the requirements set by the objectives of this study are outlined 

in detail in the methods section of chapter seven. 

 

3.7. Methods for the evaluation of the view qualities of ETFE double-skin façades 

Conducting representative view experiments in a realistic setting to determine the 

ideal material for a façade project with specific requirements for natural daylighting and 

view clarity is difficult. Changing lighting conditions in realistic settings and the cost of 

fitting out a mock-up with interchangeable glazing materials represents a real challenge to 

repeatability and predictability of performance. Conventional glazing materials such as 

glass are well investigated, and view perception is assumed to be a common experience of 

daily life. However, the same assumption cannot be made for novel building materials such 

as ETFE. Especially when combined in multilayered façade assemblies with other glazing 

materials, view and lighting performance might have unexpected effects on space 

illumination and emotional response of the users. Therefore, this thesis aims in addition to 

determining the energy and daylighting benefits to investigate the user acceptance of ETFE 

foil façades with the objective to deepen the understanding of view perception and the 

associated emotional states in relation to design parameters for enhancement of future 

applications in building envelopes.  

In the building industry, it is customary to evaluate the visual qualities of a finished 

building surface comparing hand-samples from the production line to the final building 

application, as for example a façade or a window. It is common practice in the construction 

business, the sample is held against the finished surface and visually compared from a 

defined distance by professional representatives of the construction company, architect or 
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designer and the client, which agree or disagree in consensus on the quality of the finished 

product. For the case of transparent building components such as ETFE cushions, this 

method is useful to determine the quality of the product; however, it does not provide 

enough criteria to make a judgement on the view experience building occupants will have 

in the finished building. Haze is the material property describing the wide-angle range of 

light scattering, while clarity provides information about the narrow-angle (<2,5°) light 

scattering behaviour. Light scattering of transparent material can be caused by 

imperfections of the material, such as surface roughness, air or material enclosures in the 

material. The effect can be an unclear or distorted view through the material, undesired for 

applications in building fenestration. A method used in the material manufacturing industry 

as well as in the car industry to determine the see-through-qualities of transparent materials 

uses a hazemeter to measure the percentage of light transmission, haze and clarity. A 

hazemeter comprises a collimated beam light source and a reflective sphere photodetector. 

Light is sent through the sample reflected in the sphere, and the amount of reflected light 

is measured following international testing standards ASTM D1003 and BS EN ISO 13468. 

ETFE manufactures provide numerical data for the light transmittance level and haze in 

the datasheets of their foil products. Numerical data on haze and transmittance is a good 

indicator for the material performance, but still provides little information on the actual 

experience viewing a scenery through the material, or a complete fenestration system, 

which would be impossible to test with a small-scale hazemeter.  

The development of a view clarity index (VCI), which provides a combined 

evaluation of objective and subjective measurements offers a more differentiated criterion 

on the view clarity of transparent building envelopes, such as ETFE foil cushions. A 

simplified model for view clarity index was developed by Konstantzos et al. [2015], 

looking at metrics of openness factors and normal visible transmittance of textile shading 

material, and validating the relation of both factors with experimental data obtained from 

questionnaires. This approach seemed more appropriate for the evaluation of novel 

complex fenestration systems and was therefore evaluated for the work presented in this 
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thesis, though, still challenging in terms of construction and logistics considering the 

experimental test of several real size samples. 

Creating large mock-ups and walk-in experimenters room to test the view through 

novel fenestration systems is expensive. It has been speculated that the experimentation 

with a realistic, physics-based virtual representation of complex façade and glazing system, 

such as ETFE foil cushions, might lead to a reduction in costs for physical prototyping as 

has been suggested previously [Kim, 2019]. Facilitating pre-build testing of innovative 

building solutions with virtual mock-ups might also allow for more flexibility and risk-

taking in the decision making of the design process, leading to higher productivity, 

enhanced user experience and ultimately a better building performance [Heydarian et al., 

2015]. Immersive virtual reality tools have not been used previously for evaluating 

different ETFE foil constructions. However, VR has been used in recent studies as a novel 

and validated methodical approach to complement the otherwise difficult task of obtaining 

feedback from participants on experimental (luminous) viewing conditions of different 

window views [Heydarian et al., 2015; Abd-Alhamid et al., 2019; Subramaniam, S. et al., 

2020]. 

Virtual reality equipment is a powerful tool to create an immersive environment for 

testing alternative designs within the same space and lighting conditions, thus bearing the 

potential for a better understanding of the impact of light and view on the space conditions 

and user experience [Heydarian et al., 2015]. Using virtual environments for visualization 

of products and spaces has been a reality for nearly fifty years, with well-established 

technologies and procedures allowing virtual scenarios in which users perceive and behave 

as in reality to be created [Naz et al., 2017; Gonzalez-Franco & Lanier, 2017]. In the 

automotive, aeronautic, medical and, recently, in the building industry as well, immersive 

environments are a practical tool for design reviews before prototyping and production 

[Dunston 2010; Leicht et al., 2015; Zaker & Coloma, 2018]. While previously this 

technology was very costly and the viewing experience through virtual reality googles 

limited by optical resolution and computing power [Heydarian et al., 2014], nowadays 

virtual reality equipment has become economically accessible and technically 



Switchable ETFE façades: Chapter 3: General Methods 99 

 

   

sophisticated enough to provide realistic simulations of reality for architectural purposes 

[Majumdar et al., 2006; Portman et al., 2015]. 

The detailed methodology description and with some of the optimisations and 

adaptions made to fit the purpose of this study is fully covered in the methods section of 

chapter eight. 

 

3.8. Chapter summary 

This chapter gave an overview of the methods considered to fulfil the objectives of 

this thesis. A Substantial review of methods considered suitable for the experimental tasks 

conducted in the main body of the thesis was presented. Previous studies using some of the 

proposed methods were analysed and evaluated. While far from covering comprehensively 

all possible methods to investigate the core topics of the thesis, the chapter instead focused 

on tracing the trail of methodological decisions that let to the development of specific 

methods, adapted and optimized to achieve the research goals of the studies proposed in 

each of the individual chapters. In the chapters, four, five, six, seven and eight detailed 

descriptions of the applied methods are provided based on the review presented in this 

chapter. 
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Chapter 4: Optical Characterisation  

 

4.1. Introduction  to chapter four  

This chapter reports on the attempt of an optical characterization of switchable 

ETFE cushion based on the findings from the previous chapter two. A parametric study 

was carried out with the purpose of investigating the optical performance of the switchable 

ETFE cushion in order to generate the base data for further studies to be carried out in this 

thesis focusing on adaptive building envelopes and its impact on building energy 

performance regarding heating, cooling and lighting. Ray-tracing techniques were used to 

investigate the effects of surface curvature, frit layout and frit properties, on the optical 

performance of the cushion in open and closed mode. A range of incidence angles for solar 

radiation were simulated with the purpose of deepening the understanding of the angle-

dependent optical behaviour for both switching states of the cushion. As such, this study 

provides additional insight into the optical behaviour of multi-layer foil constructions and 

the factors of design and environment that potentially have a major impact on buildings 

energy performance. 

Research reported in this chapter was published in 2018 in a paper co-authored by 

the applicant, supervisors and fellow PhD colleagues to contribute to the optical 

characterization of switchable ETFE foil cushions. Parts of the article which overlap with 

the content of other chapters have been omitted or modified to fit the structure of this thesis. 

The full reference of the article is given below, with the title page and authors declaration 

on individual contributions to the paper detailed in appendices O and P:  

 

Flor, J.-F., Liu, D., Sun, Y., Beccarelli, P., Chilton, J., Wu, Y., Optical aspects and 

energy performance of switchable ethylene-tetrafluoroethylene (ETFE) foil 

cushions. Applied Energy, 2018. 229: p. 335-351.   
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4.2. Optical aspects of switchable ETFE cushions 

The optical performance of ETFE material, and ETFE foil constructions is an 

important aspect for predicting the daylighting and energy performance of buildings. Due 

to their material thinness (t = 12ï300 ɛm), low weight (density = 1.75 g/cm3) and high light 

transmittance over a wide spectrum (solar = 93%, visible = 90 - 97%),  [Knippers et al., 

2011; Wypych, 2016], ETFE foils present both risks and opportunities for their use in 

building envelopes. ETFE allows one to build lighter while offering better light 

transmittance than glass, but uncomfortable conditions such as glare and overheating 

during the summer season have been reported as potential problems of spaces enclosed by 

ETFE foil constructions [Ward et al., 2010; Cremers & Marx, 2017]. Added functionalities 

with printing techniques, inks and material additives with high reflection, absorption and 

low emittance properties are some of the developments of recent years that can be used to 

improve the optical and thermal performance of ETFE foils and mitigate overheating and 

glare. Actively changing the optical properties to adapt to changing solar radiation is the 

strategy proposed in this thesis. The pictures in Figure 4.14 show a demonstrator model of 

a switchable triple-layer ETFE cushion with reflective frit print in open and closed mode, 

which has been created at the laboratories of Nottingham University, UK. 

 

 

Figure 4. 14. Switchable foil cushion in the open (A) and closed mode (B)  

(photos by the thesis author, published in: Flor et al., 2018) 
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The principle of the switchable shading mechanism is based on changing the overall 

solar transmittance of the cushion unit by controlling the air pressure in the two cavities 

between the three ETFE layers to adjust the position of the moveable middle layer, thus 

switching between open and closed mode as shown in Figure 4.15.  

 

 

Figure 4. 15. Transmitted and reflected light beams on a switchable foil cushion in open 

(A) and closed mode (B) 

(images by the thesis author, published in: Flor et al., 2018) 

 

Despite having been applied and tested in several buildings (ñDuales System World 

Exposition Pavilionò 2000 [Morris, 2000], ñFesto Technology Centerò 2000 [Jeska, 2008], 

ñKingsdale Schoolò 2004 [LeCuyer, 2008], ñMedia-TIC Buildingò 2010 [Juaristi & 

Monge-Barrio, 2016]), very little information has been disclosed on the building physics 

of this adaptable mechanism, and it is still unclear to what degree the dynamic performance 

of the foil cushion is contributing to the overall performance of buildings. This gap in 

knowledge is related to the fact that the relevant material properties data are only partly 

available in the public domain, resulting in limited implementation in daylighting and 

energy performance simulations. The same applies to data collection of long-term 

performance and post-occupancy studies, which have been carried out only to a limited 

extent, as in the case of the ñMedia-Tic Buildingò where user acceptance and comfort was 

evaluated [Juaristi & Monge-Barrio, 2016] but a clear link to the envelope performance 

could not be established. Therefore the main purpose of this chapter is to expand the body 

of knowledge of the environmental behaviour of adaptive foil constructions, aiming 
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specifically to investigate the optical performance of switchable triple-layer ETFE cushion 

with a dynamic shading mechanism. A series of design parameters for ETFE cushions, 

including geometry curvature and frit prints, were simulated under different solar angles 

using ray-tracing methods with the goal to characterize the optical performance of 

switchable ETFE. In the following section, the employed methods and investigated 

parameters of the optical characterization are presented and discussed. 

 

4.3. Methods and parameters 

 This section, and subsections, firstly describe the geometry generation process of 

the pneumatic ETFE cushion and the modelling of the ETFE material and frit patterns. The 

following part covers in detail the ray-tracing simulation methods and model settings, 

concluding with a description of the simulation scenarios for the optical model.  

 

4.3.1. Geometry and frit pattern design 

As the first step in this study of optical ray-tracing analysis, the cushion geometry 

of an inflated triple-layer cushion was generated. This was done using a combination of 

3D modelling software (Rhinoceros - 5 SR7 64-bit 5.7.31213.18395 Educational Version 

Release 2013-12-13, by Robert McNeel & Associates), a series of plugins 

(RhinoMembrane V2.0 64 Bit - 2.05 Release 2016-05-26, by ixRay ltd) and in-house 

developed software components. The form-finding procedure is based on the Updated 

Reference Strategy (URS). This method generates the equilibrium shape and principal 

stresses for tensioned membrane structures [Bletzinger & Ramm, 1999]. The specific 

method of modelling pneumatic multi-layer cushions has been described extensively 

[Ströbel et al., 2013]. The synclastic form of all three layers of the cushion is identical and 

mirrored to form a symmetric geometry where the middle layer offsets the inner or outer 

layer. The generated three-dimensional cushion geometry is illustrated in Figure 4.16 A.  

 



Switchable ETFE façades: Chapter 4: Optical Characterisation 104 

 

   

 

Figure 4. 16. Cushion geometry (A) and variable sag to span ratio (2.5% to 15%) of the 

centre section (B) 

(images by the thesis author, published in: Flor et al., 2018) 

 

For this study, the cushion geometry is limited to a 1 metre by 1 metre planar 

boundary frame. While these dimensions are relatively small, compared to typical ETFE 

cushions [Knippers et al., 2011], they provide ease for the control and analysis of the ray-

tracing simulation. The shape of the cushion geometry was controlled within a range of 

boundary conditions, where the main parameters are the span, which is the width of the 

main section, and the sag, which is the maximum displacement of the layer curvature at 

the centre of the main section relative to the span width, given commonly in percentage. 

The cushion sag for the centre section was selected based on evidence from the literature 

[Jones, 2000; LeCuyer, 2008; Jeska, 2008; Li & Yang, 2013], ranging in 6 steps from a 

minimum of 2.5% to a maximum of 15% sag, symmetrically on both sides of the horizontal 

boundary frame. The geometry of the cushion was controlled during the form-finding 

process by the parameters of surface pre-stress and the inner pressure. The centre section 

geometry of each of the cushion samples is shown in Figure 4.16 B.  

Printed frit patterns on the clear ETFE foil are an essential design aspect for 

controlling the optical performance of multi-layer foil constructions. The silver ink, which 

is used normally for the frit, is highly reflective and printed onto the foil surface in patterns 

which are designed to cover a specific area ratio in order to reflect a defined percentage of 

incident light and energy. A variety of transmittance gradients can be achieved when the 

frit ink is printed in different densities on the ETFE foil. The total transmittance of the foil 

and cushion is also dependent on the frit print coverage per area [Ward et al., 2010]. 
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Normally, common dot or hexagon frit pattern cover 20% to 75% of the foil surface area 

and thus result in an overall transmittance ranging between 39% and 74%, however, in this 

study, for the kinetic system a pattern is required that covers nearly 100% of the surface 

area when the positive and negative print, of both, the outer and middle layer, are 

overlapped (Figure 4.17 A). The inner layer is of clear material without any frit. Design 

variations of this layout, including different geometries and grades of print densities, are 

available in the building industry. However, the most commonly used design for this 

shading system is a chequerboard pattern covering 50% of each layer. This layout, based 

on a commercial ETFE frit print design developed by the industry , was adopted for this 

study and applied onto the generated meshes with three different grid sizes (100mm, 

50mm, 33mm), which correspond to a variation of common commercial frit design 

developed by the industry partner of the thesis author. The projection of the frit pattern to 

the cushion geometry was inspired by the method proposed by Roudsari and Waelkens 

[2015]. However, the method was modified according to the model requirements of the 

ray-tracing simulation. Therefore, the geometric deformation of the frit pattern layout 

caused by the double-curved surface had to be neglected for this study, since the software 

allowed only for planar mesh faces. The full array of design samples selected for the ray-

tracing simulation can be seen in Figure 4.17 B. 

 

 

Figure 4. 17. Material application on cushion model (A) and generated cushion samples 

(B) 

(images by the thesis author, published in: Flor et al., 2018) 
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4.3.2.  Optical model for ETFE 

 The optical model created for this study considered design variations, like the sag 

and frit pattern, of the ETFE cushion. The effect of the optical properties of printed frit ink 

on the optical performance of the cushion was investigated in depth. Based on a 

comprehensive literature review in chapter two, the absorptance and reflectance for ETFE 

and frit print were assigned to the cushion geometries [Robinson Gayle, 2003; Ward et al., 

2010; Knippers et al., 2011; Dimitriadou, 2013; Liu et al., 2016; Connelly et al., 2016, 

Maywald, 2019]. While precise optical data for clear ETFE is widely available, information 

on the properties of printed ETFE is somewhat limited. In order to further deepen the 

understanding about the impact of frit ink on the overall optical performance of the ETFE 

cushion, theoretical variations of frit transmittance and reflectance were added as a 

parameter to the study. Additionally, to the collected data from the literature for printed 

[Goia et al., 2010] and clear [Davey et al., 2010] ETFE foil, the transmittance of a notional 

frit ink was modified gradually from 5% to 95% with an interval of 15%, while the 

reflectance was correspondingly reduced from 95% to 5%. The selected optical property 

variations for the clear and printed ETFE foil are shown in Table 4.3. For the ray-tracing 

simulation TracePro software (7.7 Release 2016-01-25, by Lambda Research Corporation) 

was use. A homogeneous radiation source with a known intensity was assumed, incident 

to the surface of the ETFE system, with each ray carrying the same amount of energy. After 

the initial process of ray independence testing, 1,000,000 rays were applied on the square 

frame aperture containing the ETFE cushion. The beams were emitted from a one metre 

square grid with one metre distance to the horizontal centre section of the cushion. The 

dimensions of the radiation source were corrected to adjust for the changing incidence 

angle, thus projecting beams only onto the surface, while maintaining the same flux ratio. 

Figure 4.18 A, B illustrates the ray-tracing simulation set-up for the proposed ETFE 

cushion at a solar incidence angle of 90°. The beams were traced, allowing up to 10 

multiple reflections. The flux of the transmitted and reflected light-beams was collected 

with virtual absorber surfaces and quantified while calculating the total absorbed energy 
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according to the law of conservation of energy. An overview of the starting conditions for 

the ray-tracing simulation is shown in Table 4.4.  

 

Table 4. 3                                                                                                                                                

Optical properties of frit prints and material for ray-tracing simulation input  

(table by the thesis author, published in: Flor et al., 2018) 

 

*[Liu et al., 2016], **[Knippers et al., 2011] 

 

 

Figure 4. 18. Ray-tracing 3D model (A) and ETFE cushion section with traced rays (B) 

(images by the thesis author, published in: Flor et al., 2018) 
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Table 4. 4                                                                                                                                                      

Starting conditions for the ray-tracing simulations 

(table by the thesis author, unpublished) 

 

 

The initial sample group consisted of 36 different cushion models in open and in 

closed mode, corresponding to the three different frit grid sizes and six sag variations. The 

performance of all cushion samples was compared for the open and closed position while 

only three sag ratios (5%, 10%, 15%) were selected for further scenario simulations. 

During the following simulation round, the optical properties and the grid geometry of the 

frit print was kept constant, simulating the transmittance of the cushion at different incident 

angles. The rays were traced at incident angles ranging from 10° to 90°, in steps of 20°, on 

a vertical plane, parallel to the rectangular boundary frame of the cushion. In a further step 

the effect of the frit print grid size variation in combination with different sag ratios was 

evaluated under a single incident angle. A grid size of 33 mm, 50 mm and 100 mm was 

tested on six different cushion geometries with a sag of 2.5%, 5.0%, 7.5%, 10.0%, 12.5% 

and 15.0% under a 90° incidence angle, perpendicular to the horizontal plane of the 

cushions. For both scenarios only the optical properties gathered from the literature were 

considered in the simulation. In order to evaluate, as well, the three-dimensional 

performance, multi-angle scenarios including polar ranges, were set up. For all further 

simulations within these 3D scenarios, a single model with a sag of 10% and a frit grid size 

of 50 mm was selected. This selection was considered appropriate to limit the influence of 

other parameters such as the mesh smoothness and overall accuracy of the model while 

reducing the sample size and simulation time. The previously performed mesh 

independence test had shown that the accuracy of the model would not further improve 

beyond 1 million rays, however, the calculation time for each individual model was 

increasing heavily with higher mesh grid densities. Convergence for both factors was 
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achieved with a 50mm grid density, as a reasonable compromise between model accuracy 

and computation time.  

On continuation, the optical properties of the theoretical frit print variations were 

assigned to the cushion and the optical performance compared with the material data 

selection from the literature. The incidence angle scenarios ranged in steps of 15° from an 

azimuth angle of 0° to 45° and a solar altitude of 15° to 90°, perpendicular to the horizontal 

plane of the cushion. The symmetry of the model geometry allowed extrapolation all other 

hemispheric angles as can be observed in Figure 4.19 A and B. 

 

 

Figure 4. 19. Incidence angles of rays on cushion geometry, hemispheric (A), section (B) 

(images by the thesis author, published in: Flor et al., 2018) 

  

The analysis of the optical performance of different cushion designs over a wide 

range of solar angles provided the basis to conduct a comprehensive energy simulation of 

a whole building incorporating switchable ETFE glazing systems. This predictive 

performance simulation with selected material scenarios is described in the following 

section. 

 

4.4. Results and discussion 

The following section covers in detail the ray-tracing simulation methods and 

model settings, concluding with a description of the simulation scenarios for the optical 
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model. The present study was designed to determine the effect of design parameters, like 

geometry and frit print, on the optical performance of a multi-layer ETFE cushion with a 

kinetic shading mechanism. It was further hypothesized that such switchable glazing 

system may improve the overall energy performance of buildings and enhance comfortable 

lighting conditions. In the following sections, the results of the ray-tracing and energy 

simulations relating to these questions are presented, and the performance of the ETFE 

cushion under different environmental scenarios is discussed.   

 

4.4.1. The effects of sag and frit pattern on the optical performance 

 The effects of sag and frit pattern on the optical performance of an ETFE foil 

cushion with switchable mechanism are discussed in the following section. At first, three 

different cushion geometries with a sag ratio of 5%, 10% and 15% were simulated in open 

and closed mode with material and frit print properties collected from the literature [Liu et 

al., 2016; Knippers et al., 2011], (scenario of frit print 8). Solar incidence angles ranging 

in steps of 20° from a nearly horizontal angle of 10° to 90°, perpendicular to the horizontal 

cushion plane, were simulated using ray-tracing. Figure 4.19 (A and B) shows the total 

transmittance of the ETFE cushions in the open and closed mode. As can be seen, the 

optical performance of the cushion in open and closed mode showed a clearly distinctive 

behaviour with a characteristic higher transmittance in open mode. In the open mode 

transmittance values from a minimum of 2.8% to a maximum of 24.0% were obtained, 

while in the closed mode the transmittance ranged between a minimum of 0.1% to a 

maximum of 7.0%. While the sag proportions have only minor effects on the optical 

performance of the cushion it can be seen from the results that the optical behaviour is 

strongly dependent on the incident angle, an observation which had also been noted for 

single-layer structures in previous studies [Kaufmann et al., 2013; Robinson-Gayle, 2003; 

Good et al., 2016]. The results in Figure 4.20 A and B show a general trend of decreasing 

transmittance and increasing reflectance for an ascending incidence angle. A higher 

number of Internal reflections due to overlaps between the two fritted layers caused by the 

surface curvature of the cushion are the factors which generate the above-described optical 
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effect for the ascending incidence angles. Higher transmittance values at lower incident 

angles can be explained by higher optical permeability of the cushion, allowing for 

unobstructed, direct solar ray paths through the reflective frit patterns of the printed layers. 

 

 

Figure 4. 20. Optical performance of switchable triple-layer cushion (50 x 50 mm frit 

layout) with varying sag geometry ï angle dependent transmittance in open (A) and 

closed mode (B) 

(graphs by the thesis author, published in: Flor et al., 2018) 

  

In the next step, the combined effect of the frit print grid size with variations of the 

cushion geometry was evaluated at a perpendicular 90° incidence angle. From the graphs 

in Figure 4.21, it can be seen that the general tendency in open mode is of lower 

transmittance for smaller sag ratios (0.6%) and higher transmittance for larger sag ratios 

(4.3%). The effect of the grid size was minimal, showing only a small increase of 

transmittance for bigger frit grid-sizes (0.8%).  For the closed mode under the same 90° 

incidence angle, a constant transmittance close to zero and a reflectance of 60% was found 

with little variance for all simulated models, as shown in Figure 4.21 A to F.  
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Figure 4. 21. Optical performance of switchable triple-layer cushion (10% sag with 

varying frit layout) ï transmittance at 90° incidence angle in open and closed mode (A ï 

F) 

(graphs by the thesis author, published in: Flor et al., 2018) 

  

In general, the obtained transmittance values for the perpendicular angle were 

significantly lower compared to those all other incident angles. However, these results only 

represent an extreme case; in real roofs, the solar incidence will typically be less than 90°, 

except for regions close to the equator. The transmittance of a switchable cushion in open 

mode ranges typically between 20% to 25%, as can be seen from the previous  Figure 4.19. 

The relatively small difference of energy flux, of less than 4%, for all the combinations of 

cushion geometries and frit pattern (Figure 4.21), led to the conclusion that the grid size 

has only little influence on the performance. Therefore, the grid size parameter was not 

considered for further analysis. Nevertheless, from a perspective of lighting comfort, it 

might be beneficial to opt for a smaller grid size as the light will be transmitted in a more 

homogenous distribution. 
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4.4.2. Optical performance with variations of frit print properties and different  

incidence angles 

From the discussion in the previous section, it can be seen that design parameters, 

like sag and frit pattern size, have only a relatively small influence on the optical 

performance of the ETFE cushion, while the incidence angle of solar radiation has a higher 

impact on the transmittance. In addition to these preliminary results, it is essential to ask if 

other factors like the optical frit print properties can contribute to improved performance 

of the switchable cushion. What follows is a description of the results obtained from an 

amplified study on multiple cushion models with gradually modified optical frit print 

properties. The simulations were conducted under a range of three-dimensional ray-tracing 

scenarios that produced hemispherical mean transmittance values for the cushions with 

different frit print types applied. Seven virtual frit print types were generated, each with a 

gradually increasing transmittance and simultaneously decreasing reflectance. The 

absorptance was neglected in this specific test case scenario and kept at a constant value of 

zero. This was believed feasible firstly because the absorptance of theoretically assumed 

ideal frit prints is, contrary to commercially available inks,  simply unknown, and secondly 

because limit ing the number of variables allowed to conduct the simulation routine more 

effectively. The optical properties from Liuôs [2016] and Knipperôs [2011] work (frit print 

type 8) were included in the study as a reference for comparison. The testing scenarios 

comprised a range of incidence angles in steps of 15° from 15° to 90° in a vertical plane 

and from 15° to 45° in a horizontal plane. The predicted optical performance of the cushion 

with 10% sag, 50 x 50 mm frit layout with various frit print is illustrated in the graphs of 

Figure 4.22 A to H. As expected, the cushions with an assigned frit print with a high 

transmittance also displayed a high overall light transmittance, and the inverse behaviour 

for high reflective frit prints was the case. It can also be seen from the graphs of Figure 

4.22 that the angle-dependent optical behaviour is characteristic in all models. Similar 

trends to the simulation scenarios from the previous section can be observed. However, a 
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more pronounced decrease of the overall transmittance rate at higher incidence angles (60° 

to 90°) is evident in cushions with frit prints with higher reflectance and lower 

transmittance. A significant increase in overall transmittance was observed at low 

incidence angles, with almost 10% at 45° azimuth angle in the closed mode. The effect 

seems to increase with a changing azimuth angle, reaching a maximum optical permeability 

at an azimuth angle of 45°, where the direction of incident rays is diagonal, relative to the 

rectangular frit pattern.  
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Figure 4. 22. 2D Plots (A - H) - Optical performance of switchable triple-layer cushion 

(10% Sag, 50 x 50 mm frit layout, varying optical frit properties) - Angle dependent 

transmittance in open and closed mode 

(graphs by the thesis author, published in: Flor et al., 2018) 
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For better visualization of the three-dimensional data, radial contour plots were 

generated, shown in Figure 4.23 A to P. From the summary data plots in Figure 4.23 again, 

the distinct optical behaviour of the switchable cushions in open and closed mode can be 

observed. In open mode, all cushion specimens show in comparison to diagonal incident 

angles (azimuth 45°) a higher mean transmittance when the rays are incident perpendicular 

to the cushion edge (azimuth 0°), with a difference ranging from 0.1% to 4.2%, for high 

and low transmittance frit prints, respectively. Analysis showed that effect results from the 

square boundary geometry but also from the frit grid layout, which has a higher percentage 

of optical overlap in diagonal ray direction. However, from Figure 4.23 it also can be seen 

that the opposite optical behaviour is the case for the closed mode, but with a much smaller 

effect. For the closed mode azimuth angles at 45°, perpendicular to the cushion, result in 

marginally higher mean flux rates, with a comparative difference to perpendicular azimuth 

angles (0°), ranging from 0.1% to 0.7% for high and low transmittance frit prints, 

respectively. In both operational modes, the transmittance of all cushion samples is higher 

at low altitude angles (15°) than close to the zenith, 90° angle, with a mean difference 

ranging from 0.6% to 18.1%  at open and from 0.6% to 5.9%  at closed mode, for high and 

low transmittance frit prints, respectively. In case of the open mode, this observation can 

clearly bet attributed to the near-perfect alignment of the frit pattern of both, middle and 

outer layer, in the optical view angle direction of the zenith. Even though the layers are 

physically separated, solar rays are effectively blocked out in this precise position and 

orientation. Only a small proportion of the light flux is transmitted through the frit print 

itself and re-reflected internally by the concave curvature of the cushion layer, and 

eventually, some percentage is internally reflected and transmitted as secondary radiation. 

Comparing the different frit prints with varying parameters of transmittance and reflectance 

showed that the mean degree of influence on the cushion performance is related to the 

optical properties of the frit and the incidence angle of radiation. From the contour plots of 

Figure 4.23, it can be noted that in all eight cases of this study, the angular hemispheric 

transmittance shows similar patterns, but at different flux rates. 
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Figure 4. 23. 3D plot (A ï P) - optical performance of switchable triple-layer cushion 

(10% sag, 50 x 50 mm frit layout, varying optical frit properties) ï angle dependent 

transmittance in open and closed mode 

(plots by the thesis author, published in: Flor et al., 2018) 

 

Based on the ray-tracing results, hemispheric mean transmittance values were 

calculated for each of the cushion samples with a different frit print, in the open and closed 

mode shown in Table 4.5. The comparative graph of Figure 4.24 shows that the calculated 

mean transmittance follows a general trend towards a more distinctive optical behaviour 

between the two operational modes the lower the transmittance and higher the reflectance 

of the frit ink are. The cushion with a low transmittance (5%) and high reflectance (95%) 
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frit print (Frit Print 1) achieves the lowest overall mean transmittance of all analysed 

samples, with 31.1% in the open and 8.8% in closed mode, respectively. Nevertheless, the 

mean difference in transmittance between the open and closed mode is representing with 

22.3% the highest difference of transmittance of all simulated frit prints. From a design 

perspective, this finding might suggest that highly reflective and opaque frit inks could be 

more effective compared to frit inks with an inverse ratio, meaning, low reflectance and 

high transmittance. The summary results in Figure 4.24 suggest that a distinctive optical 

behaviour of the two modes is advantageous for a switchable building envelope, which is 

expected, to adapt to a wide range of temporary changes of climate, weather and solar 

radiation. This combination of findings provides support for the premise that the higher the 

difference in transmittance between the two modes, the more effective is the radiation 

control of the switchable ETFE cushion. While a gradual transmittance control of the 

cushion would be desirable for future developments, only a two-mode switch can be 

achieved with this system. Therefore, it is important to set the optical properties of the frit 

print at the best possible thresholds for transmittance and reflectance during the design 

phase in order to achieve the desired energy performance of the building envelope.  

 

Table 4. 5                                                                                                                    

Optical performance of switchable triple-layer ETFE cushions with different frit print 

properties in open and closed mode 

(table by the thesis author, published in: Flor et al., 2018) 
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Figure 4. 24. Optical performance of switchable ETFE cushions with different frit print 

properties  

(chart by the thesis author, published in: Flor et al., 2018) 

  

4.5. Chapter summary  

In this chapter, the aim was to characterize the optical behaviour of inflated ETFE 

foil cushions and assess specifically the adaptive performance of switchable multi-layer 

foil constructions as a base study for investigating the impact on buildings. The results of 

this investigation suggest that the two modes of the kinetic shading mechanism allow the 

building envelope to adapt actively to the variant climate conditions and thus may lead to 

better natural lighting conditions in buildings. This might have positive implications on 

both the visual comfort of the buildingôs occupiers and the energy performance of the 

building because less electric lighting is needed, a hypothesis which will be addressed in 

chapter six and seven. While the analysis showed that the optical performance of 

switchable ETFE cushions is highly dependent on the solar incidence angle, design 

parameters like the sag and frit print size seem to have only limited influence. The optical 

properties of frit prints, however, play a crucial role. Frit prints with a higher reflectance 

and lower transmittance amplified the distinctive optical behaviour between open and 

closed mode and thus increased the adaptive performance of switchable ETFE cushions.  

Several limitations to this pilot study need to be acknowledged. Firstly, the cushion 

dimensions might not be representative of the most common building applications of 
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ETFE, however, they clearly indicate a trend in performance which can be extrapolated to 

building scales. Secondly, the used material data from Liu and Knippers [2016; 2011] can 

only serve as a reference that might need to be updated with complete spectral data from 

material suppliers or direct tests. Notwithstanding these limitations, the study contributes 

to the understanding of the building physics of adaptable multi-layer foil constructions.   

Future work on this topic would benefit from experimental investigation or post-

occupancy studies to support the validation of the simulation results. Further potential is 

also seen in experimentation with foils having modified optical properties, new printing 

inks and techniques which could possibly lead to a better overall optical performance of 

multi-layer cushions, and more effective shading mechanism, thus enhancing the energy 

performance of future buildings. Aspects of these interrogatives are discussed in depth in 

the following chapters of this thesis. 
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Chapter 5: Thermal Characterisation  

 

5.1. Introduction  to chapter five 

The research presented in the previous chapter revealed that the light transmittance 

of switchable ETFE cushions could effectively be modified, switching reversibly between 

two modes. Frit pattern design and reflective ink print properties play a crucial role for the 

effectiveness of the mechanism, under varying incident angles of solar radiation, and may 

contribute to an enhanced daylighting and energy performance of buildings. Chapter four 

aimed for an optical characterization of switchable ETFE cushions, yet the thermal 

performance is an equally important aspect to take into consideration for the 

comprehensive evaluation of building and energy performance. The thermal 

characterization of switchable ETFE cushions is, therefore, the aim and topic of the present 

chapter five.  

In this study, an experimental set-up was designed to test the thermal performance 

of a full-scale triple-layer ETFE cushion with a switchable frit print using a large climate 

chamber. Two additional samples, with a conventional, static, double-layer design of clear 

and printed ETFE foil, were used for comparative performance evaluation under different 

climatic conditions. Data of surface temperatures and heat flux were obtained from the 

samples by experimental measurements, for a range of climate scenarios with and without 

dynamic air-supply. Changing volume and temperature of air-supply was further evaluated 

as a variable for strategically improving the thermal performance during short term extreme 

weather conditions. The data obtained from the experimental measurements were 

compared with calculation methods based on international standards, CEN BS EN 673-

1998 [CEN, 2011], to pursue the hypothesis that basic predictions over the thermal 

performance of ETFE cushions can be approximated with simplifying calculation methods. 

Overall, this study contributes to the general understanding of the thermal performance of 

multi-layer ETFE foil constructions and offers some important insights into the building 

physics of switchable frit print mechanisms. Furthermore, the numerical results are 
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expected to serve as an initial basis for future studies on switchable ETFE building 

envelopes and provide preliminary input and calibration benchmarks for whole-building 

energy simulations in chapter seven. 

The work presented in this chapter has been carried out during the course of 2018 

in the laboratories of the Energy and Technology Building on Jubilee Campus at The 

University of Nottingham. The ETFE materials and mock-up structures were designed in 

collaboration with and manufactured by the applicantôs industry partner company, 

Architen Landrell. The results of the experimental work were presented at conferences in 

Hong Kong and Chengdu, China, and published in peer-reviewed papers in the conference 

proceedings, co-authored by the applicant, supervisors, industry partner and fellow PhD 

colleagues. The content of this chapter incorporates research reported in the following 

publications, with the title pages and authors contribution declaration attached in the 

appendices K, L, M and N: 

 

Flor, J.-F., Sun, Y., Beccarelli, P., Rowell, C., Chilton, J., Wu, Y., Experimental 

study on the thermal performance of ethylenetetrafluoroethylene (ETFE) foil 

cushions. 2019. IOP Conf. Ser.: Mater. Sci. Eng. 556 012004.  

 

Wang, H., Flor, J.-F., Sun, Y., Wu, Y., Numerical investigations on the thermal 

performance of adaptive ETFE foil cushions. Energy Procedia, 2019. 158: p. 3191-

3195.  

 

5.2. Background on the thermal performance of building envelopes with ETFE  

Predictability of performance is a key factor for designing buildings which consume 

less energy. In 2014 it was estimated that the building sector consumes 31% of the total 

world energy, which is used in large parts to heat, cool and light the built environment 

[IEA, 2017]. Developing building envelopes which can help to supply these functions with 

less energy is the goal, to unlock potential for reducing global CO2 emissions [IPCC, 2018]. 

Quantifying the savings at an early stage of design to ensure that the aims are met, is the 
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challenge. This, however, is not easy since technological advancements have driven the 

development of performance orientated building envelopes at a quick pace, showing in 

recent times an evolution from static and passive to active and flexible systems, which can 

adapt and compensate the changes of the environment [Hensel, 2013]. Novel designs for 

ETFE cushions with the capability of switching between high and low transmittance have 

been engineered to enhance an adaptive performance of the building envelope. A time step 

image of the switching process from open to close mode is shown in Figure 5.25 making 

evident the potential for the employment in climate adaptive building skins. Switchable 

ETFE cushions have been employed in a number of projects, listed in chapter section 2.4 

of chapter two. Illustrations of three examples are shown here in Figure 5.26 to 5.28.  

Despite the evident potentials outlined previously, questions arise if switchable 

ETFE foil cushions have the capacity to improve the energy performance of buildings 

substantially, in comparison to static building envelopes. Testing the new developments to 

evaluate the viability of achieving the necessary reduction of energy consumption in 

buildings, is the focus of this study, laying the basis that is needed to quantify the expected 

energy savings, which may justify a higher effort for engineering these systems. Therefore, 

an experimental study is carried out in this chapter to investigate the thermal performance 

of different ETFE cushion designs, monitoring and comparing the physical behaviour 

under varying climate conditions, investigating for the first the time, also the thermal 

performance of switchable ETFE cushions. Outcomes of this study are expected to 

calibrate and validate numerical models and simulation set-ups to calculate energy savings.  

 

Figure 5. 25. Switching sequence of switchable ETFE cushion (experimental mock-up) 

from open to closed mode (time frames per minute)  

(photos by the thesis author, unpublished) 
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Figure 5. 26. St. 

Bartholomew's Hospital, 

London, UK, courtyard 

cover with switchable 

ETFE foil cushions 

(photo by Architen 

Landrell, retrieved from: 

https://www.architen.com/) 

 

Figure 5. 27. RCS Pavilion 

EXPO2015, Milan, Italy, 

roof with switchable ETFE 

cushions 

(photo by Maco 

Technology srl, retrieved 

from:https://www.macotech

nology.com/) 

 

Figure 5. 28. ISS Building 

Lancaster University, 

Lancaster, UK, skylights 

with switchable ETFE foil 

cushions 

(photo by Architen 

Landrell, retrieved from: 

https://www.architen.com/)) 

 

5.3. Methods, equipment and samples  

Based on the conclusion drawn from the literature review in chapter three, this 

study sets out to investigate in a comparative way the thermal performance of different 

ETFE foil cushion designs under laboratory conditions, using a large climate chamber and 

real size, static and switchable, testing samples with different layer compositions and frit 

print. The specific objective was to determine the heat flux and surface temperatures of a 

vertical ETFE foil cushions under varying climate scenarios, and different air-supply levels 

in order to calculate the thermal resistance or R-value which is required to quantify the 

benefits on the thermal performance of building façades using simulation software. The 

experimentally and theoretically derived performance data will allow designers to 

incorporate this information in future prediction studies for energy performance of 

buildings. The experimental studies reported in this chapter were undertaken at the 

Laboratories in the Energy Technologies Building at the University of Nottingham. The 
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experimental set-up, the samples and the testing procedure as well as the data acquisition 

and analysis is described in the following sections. 

 

5.3.1.  Climate Chamber 

The thermal performance of the three ETFE cushions was investigated, making 

measurements of heat flux in an environmental test chamber, type TAS series 2 LTCL600 

manufactured by Temperature Applied Sciences Ltd. This apparatus (hereafter 

denominated climatic chamber) is able to independently control the temperature and 

humidity of two walk-in-rooms, simulating indoor and outdoor conditions. At the same 

time, a test sample can be installed in-between, in an insulated surround panel, which 

separates both rooms. The dimensions of left and right room are similar at 4.0 m x 3.5 m x 

2.6 m. The left side room is mounted on wheels and can be moved along rails, allowing 

access to the separating surround panel for construction and installation works. The 

temperatures and humidity levels of both rooms are controlled independently with integral 

air conditioning units allowing for steady-state or cyclic climate conditions in the range of 

-25°C to +60°C and 10% to 95%, respectively. Various parameters of environmental 

conditions and thermal performance of the test samples can be measured and monitored 

during the test cycles with sensors and measurement devices installed inside the chamber. 

A picture showing the components of the climate chamber is shown below in  Figure 5.29. 

 

 

Figure 5. 29. Climate Chamber in open position  

(photo by the thesis author, unpublished) 
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5.3.2.  ETFE cushion samples 

Three ETFE cushions were tested in the climate chamber. All samples measured 

1000 mm by 1000 mm with a sag/rise of 100 mm of the centre section curvature on each 

side of the centre plane, in state of full inflation. The air fill volume is 94 litres at a nominal 

pressure of 300 Pa. Each of the cushions has one air-inlet and one air out-let with removable 

valves. The cushion edges were clamped into an extruded aluminium profile with a keder 

system. The clamping profiles were mounted on a structural frame to support the cushion 

and withstand tension forces when fully inflated. The profile was sealed with a silicone 

gasket, and aluminium cover plates were screwed on top to close the frame. The whole unit 

measured 1200 mm x 1200 mm. An overview of the testing module and all its main 

components can be seen in Figure 5.30, A and B. 

  

 

Figure 5. 30. A) Isometric view of the test frame and ETFE cushion, B) exploded view of 

the test frame showing main system components  

(images by the thesis author, unpublished) 

 

All samples are composed of extruded clear ETFE foil with a thickness of 200ɛm, 

a weight of 350 g/m2 (according to manufacturer specification) and thermal conductivity 

of 0.24 W/mĀK [Wypych, 2016]. Different reflective silver frit prints were applied to the 
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layers of the cushions. An overview of the layer composition of all three cushion samples 

can be seen in Figure 5.31 A, B and C. 

 

 

Figure 5. 31. Section views of the sample dimension and layer compositions A) double 

layer clear ETFE; B) double layer clear and fritted ETFE; C) triple layer switchable 

ETFE  

(images by the thesis author, unpublished) 

 

Sample 1, shown in Figure 5.32 A, is composed of two layers of clear ETFE foil. 

Both foils are transparent, and the cushion has an overall solar transmittance of 

approximately 84% [Knippers et al., 2011]. Sample 2 shown in Figure 5.32 B, is composed 

of two layers, one clear (Figure 5.33 A) and one fritted (Figure 5.33 B), with a hexagon 

pattern of approximately 71% surface cover with standard silver ink with a print density of 

28%. The solar transmittance for the cushion unit is 46% (according to manufacturer data). 

Sample 3, in Figure 5.32 C, is composed of three layers, one clear (Figure 5.33 A) and two, 

with a square pattern of approximately 74% surface cover with standard silver ink with a 

print density of 28% (Figure 5.33 C). The square base-grid of the frit print measures 104 

mm x 104 mm. The clear square areas have a dimension of 74 mm x 74 mm. Around the 

clear area is a printed frame of ca 15 mm width, with a less dense frit ink application. The 

printed layers are shifted in a way that the printed areas of one layer are overlapping with 

the clear areas of the second. When one of the two cushion sides are inflated, the printed 
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middle layer can be moved to overlap or separate from the outer printed layer. This allows 

the solar transmittance of the cushion to be modified, switching from one state to the other 

(open / closed). 

 

 

Figure 5. 32. ETFE Cushion samples, A) two layers clear ETFE, B) two layers, fritted 

ETFE, C) three layers, switchable ETFE frit  

(photos by the thesis author, unpublished) 

 

 

 

Figure 5. 33. ETFE foil types, A) clear, B) hexagon frit, C) square frit, switchable 

(photos by the thesis author, unpublished) 

 

5.3.3.  Experimental set-up 

The experimental set-up for the measurement was based on the international 

standard BS EN ISO 12567-1:2010 [ISO, 2010] for the determination of the thermal 

performance of windows and doors. The chosen measurement method was in close 

accordance with the international standards BS ISO 9869-1:2014 [ISO, 2014] for in-situ 

measurements of thermal resistance and thermal transmittance using the heat flow meter 
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method. Due to the geometry of the ETFE cushion adaptations had to be made to the 

recommended method in order to carry out the measurements. The Testing frame was fitted 

in a 1200 mm x 1200 mm frame in the insulated partition wall which separates two rooms 

for the chamber. The partition wall had a thickness of 300 mm and measured U-value of 

less than 0.3 W/m2K. The ETFE cushion samples were clamped into the mounted test 

frame fitting flush with the edges to the outer surface plane of the surround panel. A silicon 

gasket was mounted on the clamping profile and covered by aluminium plates. Gaps 

between the test frame and the surround panel were covered from both sides with adhesive 

tape to avoid air infiltration. The ETFE cushion was inflated with air to a nominal pressure 

of 100 Pa and the air pressure monitored. In order to reduce forced convection effects, 

stemming from the air-conditioning to a minimum, thin wooden drywalls were installed on 

each side of the surround panel, with a separating distance of 500 mm, ensuring convective 

effect are reduced to a minimum in this baffle zone. Sensors were installed on the cushion 

surface and the baffled zone on both side of the sample. An overview section of the 

apparatus set can be seen in Figure 5.34.  

 

Figure 5. 34. Overview Section of the experimental set-up in the climate chamber  

(image by the thesis author, unpublished) 
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5.3.4.  Dynamic air -supply 

With the aim to investigate the influence of the air supply on the thermal 

performance of ETFE cushions an experimental set-up was designed, inspired by a study 

which investigated adaptive thermal mechanisms of ventilated multi-chamber ETFE 

cushions using computational simulation techniques [Harder et al. 2018]. The experimental 

set-up for this study was based on the initial thermal performance test described in the 

previous section. The cushion was mounted in the opening of the surround panel and 

equipped with thermocouples and heat-flux sensors. Air was injected through an insulated 

tube to the cushion at an air inlet valve and released through an outlet valve and the air 

diverted through a second pipe out of the climate chamber. An overview scheme showing 

all relevant components of the experimental apparatus set-up is shown in Figure 5.35. 

Specifications of sensor types and position are presented in the following section. 

  

 

Figure 5. 35. Apparatus set-up for dynamic air-supply  

(image by the thesis author, unpublished) 
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The position of inflow and outflow was varied according to the schemes in Figure 

5.36 A to D, with the aim to rule out any influences on the overall thermal performance of 

the ETFE cushion. The inflow air was provided by equipment located outside the climate 

chamber. The supply air was preconditioned to a set temperature in a range between 15°C 

to 30°C, according to the chosen scenarios, by a portable air conditioning unit with a 

cooling capacity of 2052 Watt, and directed into a baffled tank with a volume capacity of 

90 litres, similar to the ETFE cushion. The air was pumped out of a baffled tank with an 

electric air pump with a maximum capacity of 708 litres per minute and a head pressure of 

49 mbar. The temperature of the supply air was monitored at the outflow valve of the 

baffled tank and the inflow and outflow valve of the ETFE cushion. The flow rate and 

pressure of the supply air was controlled with adjustable valves at the outflow of the baffled 

tank and the outflow tube of the ETFE cushion, while measuring pressure and the 

volumetric mass flow with a calibrated low-pressure drop gas mass flow meter, type FMA-

LP1608A-I2, with an accuracy of ±(0.8% of rdg + 0.2% FS), manufactured by Omega 

Engineering Limited. This allowed maintaining a stable airflow through the ETFE cushion 

with a constant flow rate, pressure and temperature. The air temperature of the two rooms 

of the climate chamber was set according to the scenarios outlined in the following 

sections. With steady-state achieve heat flux and surface temperatures of the cushion layers 

were measured and recorded at a frequency of 30 seconds for a period of one hour. A 

picture of the equipment set-up for the dynamic air-supply is shown in Figure 5.37. 

 

Figure 5. 36. Position of air-valves on cushion sample  

(images by the thesis author, unpublished) 
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Figure 5. 37. Equipment set-up for dynamic air-supply, A) air-supply with air-con unit, 

baffle tank and air-pump, B) Flow-meter and adjustable air-valve  

(photos by the thesis author, unpublished) 

 

 

5.3.5.  Sensor types and position  

The inflated cushions were equipped with calibrated heat flux sensors and T-type 

thermocouples. For the purpose of measuring the surface temperature of the ETFE cushion, 

a total of 22 temperature sensors, laboratory fabricated with IEC thermocouple cable type 

T 1/0.2mm conductors (tested for tolerance class 2 in accordance with IEC 60584:2013 

and ASTM E230/E230M-12), were distributed in a square pattern with nine positions, of 

three by three units, and fixed on the sample. The thermocouples were attached with 

reflective adhesive-tape to the exterior surface of the inner and outer layer of the cushion. 

In order to measure the heat flux (W/m2) through the ETFE cushion sample, three heat flux 

sensors, type HFP01 Hukseflux thermopiles, calibrated in accordance with ASTM C1130  

(uncertainty of calibration: ± 3 % (k = 2), sensor thermal resistance 71 x 10-4 K/(W/m2) 

nominal sensitivity: 60 x 10-6 V/(W/m2) were attached on the central vertical axis over the 

outer layer of the cushion using a thin layer of silicone heat transfer paste, type RS 217-

3835 (thermal conductivity: 2.9 W/m*K) between the sensor and sample surface and 

adhesive tape on the top side to secure the sensor position. The combined thermal resistance 

of the heat flux meter and heat transfer paste was low enough in proportion to the overall 
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heat transfer to not affect the measurements. An additional fourth heat flux meter was 

attached at the centre of the external side of the inner layer of the sample for measurement 

control. The homogenous distribution grid of the sensors allowed any variations in heat 

flux or change of surface temperature over the curved sample surface to be detected. The 

ambient air temperature was measured stationary with two calibrated temperature probes, 

Campbell Scientific type CS215 (accuracy ± 0.4°C), within the 500 mm baffle zone on 

both sides of the sample. An overview of sensor positions is shown in Figure 5.38 and 5.39. 

 

 

Figure 5 38. Sensor types and position on ETFE cushion 

sample  

(images by the thesis author, unpublished) 

 

Figure 5. 39. 

Instrumentation of 

ETFE cushion sample 

(photo by the thesis 

author, unpublished) 

 

5.3.6.  Testing scenarios  

Lightweight structures, such as pneumatic foil constructions, are sensitive to 

changing outdoor and indoor temperature. In order to characterize the thermal performance 

of ETFE cushions for different climate conditions, a range of testing scenarios was 

outlined. Based on the standard boundary conditions of CEN BS EN 673:2011 [CEN, 

2011] five scenarios with varying mean surface temperatures and surface temperature 

differences of the inner and outer cushion layer were established (Table 5.6). Scenario 3 

represents the standard condition with a temperature difference of 15°C between the inner 
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and outer layer surface temperature at a mean temperature of 10°C. Scenario 1,2, 4 and 5 

are variations of the standard condition, representing other conditions either for the low or 

high-temperature environment. In order to achieve the scenario target temperatures, the 

two rooms of the climate chamber were cooled and heated with built-in air-conditioning 

units to pre-calculated temperatures. Surface temperatures of the sample and air-

temperatures of both rooms were monitored continuously until a steady-state condition was 

reached. The transversal heat-flux through the samples was then measured at steady state. 

The measurement procedure is presented in the following section. 

 

Table 5. 6                                                                                                                     

Temperature testing scenarios  

(table by the thesis author, unpublished) 

 

 

5.3.7.  Experimental measurements 

The method for the experimental measurements was designed in close agreement 

with the recommendations of the standard ISO BS 9869-1-2014 [ISO, 2014]. Following 

this method, the surface temperatures and the heat flux through the samples is measured as 

well as the baffled air temperatures on both sides of the sample. The data of these 

measurements provide the input for the derivation of the thermal resistance and 

transmittance of the samples and allow for comparison with the results of the numerical 

calculation for the theoretical U- and R-value. The climate chamber was programmed to 

the required temperature settings, and the stable surface temperatures of the ETFE cushion 

sample were achieved after approximately 12 hours. The steady-state condition was 

monitored for another 24 hours until the measurements of the sensors were logged for the 

required period of time with a data logger, DataTaker type DT85, with 32 isolated analog 
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input channels and a resolution of 18 bits at a 30-second logging frequency. The logging 

procedure was monitored on a live screen with the data display in real-time. 

 

5.3.8.  Standard calculation method 

A numerical standard method based on CEN BS EN 673-1998 [CEN, 2011], which 

provides the empirical formulas for calculating a multiple-layer glazing system, was used 

to calculate the thermal resistance value of a clear ETFE cushion under different thermal 

conditions, with the purpose to compare the results with the experimental measurement 

[Wang et al., 2019]. The standard method only considers planar glazing geometries. 

However, the double-curved geometry of inflated ETFE cushions, as opposed to the two-

dimensional straight boundary of glazing, results in different airflow behaviour in the 

internal air chamber. Therefore, the compromise to this limitation is using an integrated 

average of the surface distance between the left and right layer to achieve an averaged 

chamber width of the ETFE double-curved cushion geometry. According to the standard 

calculation based on CEN BS EN 673 [CEN, 2011], the resistance of the ETFE cushion 

can be determined by the sum of the resistance of all the materials, which are the ETFE 

cushion as well as the air inside and outside the surface in this case. The U-Value is then 

acquired by adding the internal and external surface convection effects. The thermal 

resistance of ETFE cushion can be calculated through the equation with the ETFE cushion 

thermal resistance and radiation plus the convection conductance of the air chamber. The 

experimentally derived thermal resistance R, indirectly obtained from the heat flux 

measurements, was calculated according to the standard BS ISO 9869-1:2014; dividing the 

sum of the temperature differences between the internal and external surfaces, Tsi and Tse , 

across the cushion section by the sum of the measured heat flux q through the sample: 
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                                                            Equation 5. 1 
 

 

An estimate of the thermal transmittance, or U-value here determined U, was 

derived from the experimental measurements by dividing the sum of the heat flux q across 

the ETFE cushion section divided by the sum of the ambient temperature differences, Tij 

and Tej , measured within the baffle zone on both sides of the ETFE cushion:  

 

 

                                                         Equation 5. 2 
 

 

A graphical representation of the thermal model for a double layer ETFE cushion 

showing the main parameters which affect the overall thermal resistance is shown in Figure 

5.40, where T is the internal and external ambient air temperature, h the internal and 

external convective heat transfer coefficient, IR the internal and external infrared radiation 

and E the thermal emittance on both sides of the ETFE cushion. The very thin (200 µm), 

internal and external, cushion layer surfaces S1 and S2 are characterised in the below model 

diagram by the thermal conductivity k1 and k2, the surface Temperature T1 and T2, surface 

emissivity Ў1 and Ў1, and the convective heat transfer coefficient hg of the internal air-filled 

chamber.  
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Figure 5. 40. Thermal model for an ETFE cushion showing the main parameters which 

affect the overall thermal resistance  

(image by the thesis author, unpublished) 

 

 

5.4. Results and discussion 

The results obtained from the experimental measurements and numerical 

calculations are presented and discussed in the following section. Detailed analyses and 

comparison of the different datasets are provided, highlighting the main findings. 

 

5.4.1.  Thermal performance at standard condition  

The thermal performance tests were conducted at steady state. In general, the data 

obtained from the experimental measurements show a similar pattern throughout the 

climate scenarios for all three ETFE cushion samples. The mean surface target 

temperatures of the inner and outer layer, aimed for in each scenario was closely achieved 

with a maximum deviation of less than +/- 1.5°C. The deviation might appear rather high 

in relation to the given temperature ranges; however, given the difficulty within the 

experimental procedure to achieve the exact target temperatures, this value is considered 

relatively acceptable. The difficulty in achieving the exact temperatures resided mainly in 

the uneven temperature distributions on the double-curved surface geometry and the 

iterative effects between the left and right-side climate chamber controls, where any change 

in the temperature settings would immediately affect the surface temperature of both sides 
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of the ETFE cushion relative to each other due to the low thermal mass of the ETFE cushion 

and the convective heat exchanges. Therefore, calibration of the system and testing of the 

climate chamber input control settings were essential previous to the performance tests. A 

sample data outtake from the obtained measurements can be observed in Figure 5.41, 

depicting the data set of the first 18 hours of the clear cushion sample in the climate setting 

of scenario S3, standard condition. The measurement results graphical output shown in 

Figure 5.41 is characteristic for all three samples. 

 

 

Figure 5. 41. Example data set of measurements taken of surface temperatures and heat-

flux on a clear ETFE cushion sample 1 during standard temperature condition  

(graph by the thesis author, unpublished) 

 

As can be seen from Figure 5.42 the surface temperatures of both layers increase 

from the lower to the higher part of the cushion section, with a mean difference of 

approximately 3.5°C on the cold side and 2.5°C on the warm side. Heat flux across the 

cushion also varies at different points of the section with the highest flow values at the 

bottom and lowest at the top with an approximate difference of 10%. The values obtained 
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for the heat flux at different positions of the sample surface showed a variation according 

to the section height and width of the cushion at the measurement positions. This behaviour 

was characteristic for all measured samples under the tested scenarios. For the sake of 

further analysis and comparison with calculation results, these values were averaged and 

combined into a mean heat flux value for each sample and scenario. A complete overview 

of all measured values on the three samples for the different climate scenarios can be seen 

in Table 5.7 to 5.10. 

 

 

Figure 5. 42. Measured Values on the clear ETFE cushion at standard condition (S3) 

(images by the thesis author, unpublished) 

 

Regarding the temperature distributions depicted in Figure 5.42 it must be noted 

that the shown temperature values correspond to the measurements at the sensor positions 

and vary over the surface between each sensor depending on the section width of the 

cushion at that point, the surface curvature and orientation, and the internal and external 

convective dynamics. The measured field represented in Figure 5.42 corresponds 

approximately to the measured area depicted in the sensor positioning diagram of Figure    

5.38 and does not take into account any edge effects related to the clamping profile. 
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Table 5. 7                                                                                                                      

Sample No. 1 (2 layers, clear ETFE), measured values  

(table by the thesis author, unpublished) 

 
 

 

Table 5. 8                                                                                                                     

Sample No. 2 (2 layers, fritted ETFE), measured values  

(table by the thesis author, unpublished) 

 
 










































































































































































































































































































































































































































