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ABSTRACT

This paper reports on the daylighting performance of switchable ethylene-tetrafluoroethylene (ETFE) foil in
double-skin facades (DSF). In contrast to conventional glazing or static ETFE facades, switchable ETFE moderates
incident daylight and controls internal light distribution by actively responding to weather conditions and solar
light intensity. To better understand the light control function of ETFE and the impact of parameters such as
climate, latitude and window-to-wall ratios (WWR), a validated optical model was used to evaluate different DSF
designs. ETFE facades were modelled with a Bidirectional-scattering distribution-function (BSDF) and spectral
data, obtained from experimental measurements, to accurately represent specular and diffuse light trans-
mittance. Based on the five-phase method, a parametric climate data-driven simulation of an office room with
different facade designs was conducted for three climate scenarios (Oceanic, Mediterranean, Sub-Tropical).
When employing switchable ETFE in facades with different WWRs (30-90%), an annual increase of useful
daylight illuminance (UDI) from 11 to 69% in the range of 500-20001x was recorded. The calculated glare
probability (DGPs) declined 59% in the best-case scenarios, providing working conditions with imperceptible
glare for 94% of the scheduled time. Simultaneously, the daylight uniformity ratio (UR) increased up to 19%
compared to a room with a conventional double-glazed fagade. Significant improvements of daylight quality
were achieved for facades with large windows in climates with abundant solar light available all year long.
Overall, this study contributes to expanding the knowledge on adaptive membrane facades, demonstrating their
capacity to enhance the daylighting performance of indoor spaces in different climates.

1. Introduction

1.1. Opportunities and challenges for daylight optimization in buildings

with ETFE

energy consumption [5,6]. New buildings offer the opportunity to
incorporate design considerations for sufficient natural daylighting
provision and create synergetic effects to reduce energy consumption.
However, retrofitting windows and shading devices of outdated build-
ings to improve the internal daylighting conditions is often limited by

Providing sufficient natural daylighting in buildings is essential for
enhancing user comfort and reducing energy consumption. Literature
suggests that access to daylight could substantially improve building
occupants’ well-being and productivity while reducing at the same time
energy demand for artificial lighting [1]. For the same reason, buildings
with better daylighting are also financially more attractive, as suggested
in a recent study on the economic value of high-rise real estate, finding
rent prices 5-6% higher for spaces with good daylight [2]. It is estimated
that artificial lighting in buildings accounts for approximately 15-20%
of the global electric energy consumption [3] and 25-40% of the total
energy consumption in commercial buildings [4]. Studies have shown
that fenestration type and size significantly impact a building’s overall
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multiple factors. Old buildings are usually unsuitable for major changes
due to structural limitations, or modifications costs are too high [7].
Demolition and new construction are preferred in most cases, adding to
the energy and material consumption. Instead, retrofitting and
upgrading would extend the building’s lifecycle and reduce the CO;
emission of the building sector [8,9].

Adding an external membrane facade of inflated ETFE foil cushions is
proposed in this study, combining lightweight (W = 0.34 kg/m?), me-
chanical resistance (TS warp/weft = 64/56 N/50 mm) and high-
transparency (Tyis = 95%) material characteristics of flexible ETFE foil
in a transformative building solution for the enhancement of daylighting
performance [10]. This retrofitting measure could improve the
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Solar Radiation
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Fig. 1. A) Visualization of a building structure with a double-skin facade with different ETFE foil types. B) Section of a typical single-unit office room with an ETFE

double-skin facade and incident solar radiation.

Table 1
Double-skin facade buildings with ETFE.
Project name Year of Location ETFE Switchable
completion facade
type
The Shed 2019 New York, US multi- No
layer
1IT Innovation 2018 Chicago, US multi- yes®
Center layer
US Embassy 2017 London, UK single- No
layer
Canary Wharf 2015 London, UK multi- no
Crossrail Station layer
Tic-Media Building 2010 Barcelona, multi- yes®
Spain layer
Unilever 2009 Hamburg, single- no
Headquarters Germany layer
Centre for 2003 Bad Toélz, single- no
Gerontology Germany layer

# Pneumatical actuation of triple-layer, frit printed ETFE cushion.

building’s natural lighting condition with an integrated switchable
mechanism adapting to different solar radiation conditions, and poten-
tially also lead to energy savings for heating and cooling due to reduced
solar gains and the insulating capacity of multi-layer ETFE [11-15]. A
visualization of the building system and a section of an office room with
a double-skin facade integrating ETFE foil cushions are shown in Fig. 1A
and B.

1.2. Background on ETFE and double-skin fagades

ETFE is a fluorine-based polymer with diverse industrial applica-
tions. It is frequently used in the form of extruded thin foil (100-300 pm)
as an alternative for glass in building construction [16]. Since the
erection of the first permanent ETFE foil-covered structure in 1983 in
Arnheim, Netherlands [17], ETFE has mostly been employed as a

structural or cladding material for canopy coverings of large-scale event
facilities. Built examples for the use of ETFE in building facades are
encountered less frequently than in roof structures [18,19]. For struc-
tural reasons, inflated multi-layer systems are usually preferred over
single layer mechanically tensioned systems [20,21].

In recent years, the use of ETFE foil systems has been expanded to a
greater variety of building typologies, including educational, commer-
cial and office buildings. However, most projects employing ETFE are
still new constructions and only 15.6% account for existing buildings
[22]. Within the newly built ETFE constructions, an emerging category
using ETFE as a secondary layer of a double-skin facade has become
more noticeable over the last decade [23]. This trend seems partly
motivated by the demand to reduce the energy consumptions of build-
ings. Studies show that an external ETFE layer improves the thermal and
natural lighting performance of the building envelope and may lead to
substantial energy savings [24-29]. Recent research suggests that this
might also be true for ETFE with adaptive features [30-32]. An overview
of built projects where ETFE has been employed in double-skin facades
is provided in Table 1, with examples shown in Fig. 2, A-C.

1.3. Daylight control with switchable ETFE cushions

ETFE has been used previously for daylighting control in buildings
[331, mainly due to its capabilities to scatter and evenly distribute light
diffusely in space [34-36]. With the increasing number of buildings
equipped with ETFE facades, the necessity of understanding the impli-
cations on internal daylighting conditions becomes more urgent.
Currently, most ETFE buildings are geographically located in the
northern latitudes between 50° and 60°. There are significantly fewer in
the southern latitudes, with only rare examples in the tropical climate
belt [22]. The applicability and benefits of DSF with ETFE for different
architectures and climates is currently a question under investigation,
and the hypothesis is that the employment of adaptive systems might be
a part of the answer [37]. While previous research has mainly focussed
on the material performance of ETFE, this study intended to look at the

Fig. 2. Double-skin facades with ETFE A) Unilever Headquarter in Hamburg, with single-layer clear ETFE; B) Tic-Media Building in Barcelona with double-layer
ETFE cushion in south-west facade, C) Canary Wharf Crossrail Station in London with fritted double-layer ETFE cushion (Pictures by J.-F. Flor, 2016/2017).
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Fig. 3. Light transmittance and reflectance of a switchable ETFE cushion in
open (A), switching mode (B) and closed mode (C).

implications of daylighting in architectural spaces. Therefore, an optical
model was developed to determine under which parameters ETFE fa-
cades, and especially switchable types, deliver adequate daylight per-
formance for well-lit working environments. Fig. 3 A-C shows a
schematic section of the adaptive ETFE system investigated in this study.

In contrast to other mechanisms for smart windows, which rely on
novel thermochromic or electrochromic materials to achieve the
switching effect [38,39], ETFE is a well-established building material
proven for large scale applications. With the pneumatic actuation based
entirely on mechanical principles, manufacturing, installation and
maintenance, as well as control adaptations, are cost-effective and
straightforward. The air-inflated ETFE system consists of three layers of
transparent foil, with the outer and middle layers printed with a
reflective frit pattern [40-42]. The pattern of each layer is shifted to
cover the transparent areas of the other when overlapping. The middle
layer can be changed from the outer to the inner layer position by
injecting air through valves into one or the other air chamber as shown
in Fig. 3B and described in Ref. [43]. This process is reversible, allowing
the cushion to switch from closed to open mode and back. When the two
printed layers are separated from each other, the cushion is in ‘open
mode’ (A), with one part of the incident light passing directly through
the cushion while another part is reflected on the outer and middle layer
with internal reflections. When the two printed layers are overlapping,
the cushion is in ‘closed mode’ (C), with only a minor part of the incident
light passing through the cushion, diffused by the matching frit pattern.
In closed mode, most of the incident light is reflected by the reflective
print pattern on the cushion’s overlapping outer and middle layer. The
interplay of specular and diffuse transmission and reflection between the
clear and printed parts of the three ETFE layers is complex and further
convoluted by the three-dimensional geometry of the pneumatic
structure.

1.4. Research aim, objectives and methods rationale
The aim of this study is to understand the daylighting performance of

switchable ETFE in a comprehensive way, providing quantifiable per-
formance metrics for different building scenarios and climate
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conditions. The study’s methodological approach uses ray tracing as the
primary research method. With the objective to model ETFE double-skin
facades realistically for physical accurate daylight simulations, the
bidirectional-scattering-distribution-function was used based on spec-
tral data of material samples. Dynamic metrics of useful daylight illu-
minance, daylight uniformity ratio and glare probability were
considered as meaningful dimensions to compare the daylighting per-
formance of different double-skin facades with static and switchable frit
prints to conventional double-glazed window facades objectively. The
findings are anticipated to make an important contribution to the field of
adaptive membrane structures, demonstrating, for the first time, with
physics-based simulations, how switchable ETFE in DSFs meet dynamic
daylight metrics.

2. Methods
2.1. Overview of the research methodology

The workflow adopted for this daylighting study comprises a com-
bination of experimental and computational methods supported by a
network of simulation software. Spectral analysis of ETFE material
samples was conducted in a laboratory setup which provided the source
data for applying the bi-directional scattering distribution function to
generate detailed multi-angled optical models for the daylighting
simulation. These were based on the five-phase-method using Radiance
software, operated through Honeybee/Ladybug environmental analysis
tools and the graphic programming plug-in Grasshopper within the 3D
modelling software Rhinoceros [44,45]. Annual weather data and BSDF
files were compiled together with the model geometry, calculating
hourly illuminance values for a grid of test points. The results were
transferred to the 3D environment of Rhinoceros via the controls of
Honeybee/Grasshopper for visualization and data post-processing [46,
471. A simplified outline of the described workflow can be seen in Fig. 4.
The specific method for each of the above-summarized procedures is
described in detail in the following sections.

2.2. Tested ETFE foil

This section describes the methodological steps towards obtaining
the optical properties of ETFE foil with switchable print patterns
required to generate an optical twin model of the switchable ETFE
cushion. Measurement methods, spectral data and overall transmittance
and reflectance of ETFE foil are detailed on continuation. Architen
Landrell supplied the commercially available foil samples for the tests.

2.2.1. Optical measurement method

The optical characteristics and lighting qualities of ETFE foil have
been well covered in the literature [33,48-51]. Considerable variations
in the optical characteristics have been reported for different foil types
depending on parameters, such as thickness, tint saturation, tint colour,
frit ink, print density and area of frit coverage. However, scattered light
transmission and reflection is usually not considered, yet it is an

Spectral Analysis
(Material Transmittance —>|
and Reflectance)

genBSDF
(Radiance program to
generate BSDF files)

IWEC Weather Files

(Annual weather data on
Jj hourly basis, epw format)

Grasshopper
Sl (Visual Scripting
Interface Plug-in)

Rhinoceros
(3D Modelling Program)

Honeybee & Ladybug RADIANCE
(Environmental > (Rendering and Daylight
analysis Plug-In) Simulation Software)

Fig. 4. Workflow diagram for model generation and daylight simulation.
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Fig. 5. Specular (A) and diffuse (B) light transmittance and reflectance on a
translucent material section.

important aspect of daylighting. In order to accurately predict the
daylighting qualities of spaces covered with switchable ETFE, a
physics-based model describing the specular and diffuse light trans-
mission and reflection, as depicted in Fig. 5A and B, is necessary.

Due to the lack of data at the required resolution, spectroscopic
measurements determining specular and diffuse light transmittance and
reflectance of the ETFE material were carried out. These measurements
were crucial to generate the BSDF files needed for the annual daylight
simulations.

The material sample consisted of a 210 x 297mm sheet of clear 200
pm extruded ETFE foil printed with a silver ink pattern in two densities.
The sample’s print pattern was composed of a square grid with clear,
fritted and densely fritted areas. The spectral transmittance and reflec-
tance of the three surface areas were measured using a calibrated
spectrometer USB2000+VIS-NIR-ES (spectral range: 339-1024 nm), a
tungsten halogen light source HL-2000, a transmission integrating
sphere FOIS-1 and a reflection integrating sphere ISP-REF, supplied from
Ocean Optics, as shown in Fig. 6 A/B. The ISP-REF integrating sphere
includes a gloss trap on the sphere wall to fully absorb the specular
component of reflected light and allow the measurement of the diffuse-
only reflectance. When the gloss trap is disabled, the specular compo-
nent is included, and the integrating sphere performs a total reflectance
measurement. The specular reflectance can be calculated by subtracting
the diffuse reflectance from the total reflectance. The FOIS-1 integrating
sphere is designed for total transmittance spectra acquisition. The
specular transmittance can be measured by using a similar setup as in
Fig. 6A but with a fibre detector (with a field of view of 0°) instead of the
integrating sphere. The details of this method are described in Ref. [52].
Based on the measured total and specular transmittance, the diffuse
transmittance can be calculated. A picture of the switchable ETFE
sample is shown in Fig. 7.

2.2.2. Optical properties of ETFE foil samples

For the daylight analysis, and hence, for the optical characterization,
only the visible light spectrum was considered, following Equation (1)
[53]:

A)

Halogen lamp
HL - 2000

Optical fibre
¢ 400 pm

74 -0V

Collimating lens
PC + OceanView USB 2000+ /
Software Vis-Nir-Es
Spectrometer

sample

: ’ FOIS -1

=W e

pamm—

Integrating Sphere
Data cable e BREae
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Fig. 7. Two samples of switchable ETFE foil.
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Equation 1

Where D, is the relative spectral distribution of illuminant D65, t())
is the spectral transmittance of the material sample, V() is the spectral
luminous efficiency for photopic vision defining the standard observer,
and A) is the wavelength interval. Therefore, the spectral data outputs
were trimmed to a useful wavelength range from 380 nm to 780 nm for
the subsequent daylight simulations. This was done using Ocean Optics
spectrometer operating software OceanView (1.6.7) according to the
relative spectral distribution D, [53].

The graphs of Fig. 8 A, B, C and D show an overview of the measured
specular and diffuse transmittance and reflectance for each material
combination on the sample. Data observations show, that all three ETFE
surface types have distinct optical characteristics. While the clear ETFE
has a high specular transmittance ascending over the spectrum, the
diffuse transmittance reduces, according to Fig. 8 B. The opposite is the
case for fritted ETFE, showing a low specular transmittance (Fig. 8 A)
and approximately doubling for the diffuse light transmittance in com-
parison to the clear ETFE (Fig. 8 B). The densely fritted ETFE has both
the lowest specular and diffuse transmittance values but the highest
diffuse reflectance values over the wavelength range.

Based on the spectral measurements, the global, specular and diffuse
visible light transmittance Ty;s and reflectance Ryjs were calculated ac-
cording to BS EN 410 [54]. The visible light absorbance A;js was derived
using the calculated global visible light transmittance and reflectance
according to the law of energy conservation: Tyjs + Ayis + Ryis = 100%
[55]. Table 2 summarizes the optical characteristics of the tested
samples.

Overall, the spectral analysis confirmed the observations reported in
the literature about the relatively homogenous light distribution of ETFE
across the visible spectrum [56-58]. However, taken together with the
results from the specular and diffuse light analysis, it becomes clear that

B)

PC + OceanView

Software
Spectrometer

c i~
Z 7y/ o \) sample
TR
ISP - REF

(_' i Integrating ,\ Shutter for
- sphere specular reflection
A/ Daacable SP

inclusion/exclusion

USB 2000+
Vis-Nir-Es

Optical fibre
¢ 400 um

Halogen lamp [ °
HL-2000 \

Fig. 6. Experimental setup: A) measurement of specular transmittance and B) specular reflectance.
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Fig. 8. Spectral distribution of specular transmittance (A), diffuse transmittance (B), specular reflectance (C) and diffuse reflectance (D) of three surfaces (clear,

fritted and dense fritted) on switchable ETFE foil.

Table 2

Optical characteristics of visible light transmittance, reflectance and absorbance of three types of surface (clear, fritted and dense fritted) on switchable ETFE,

calculated according to BS EN 410 [54].

Foil Type Global Ty, Global Ry;s Specular Ty;s Specular Ry;s Diffuse Tyis Diffuse Ry;s Ayis
[%] [%] [%] [%] [%] [%] [%]
Clear ETFE Foil 91.0 6.2 81.8 3.8 9.2 2.4 2.8
Fritted ETFE Foil 23.0 45.7 6.1 10.6 16.9 35.1 31.3
Dense Fritted ETFE Foil 4.0 53.2 0.4 12.0 3.6 41.3 42.8

light scattering properties play an important role in overall light trans-
mittance of ETFE and, therefore, the daylight distribution in internal
spaces. This aspect might have been underestimated in previous studies.

2.3. Modelling of ETFE cushion

The following section describes the generation of an optical model
that mirrors a real-size, switchable ETFE cushion mock-up, designed
together with Architen Landrell based on previous developments and
manufactured in their production facilities to industry specifications.
Modelling the ETFE geometry and applying the optical material prop-
erties is a preliminary step for generating the BSDF transmission matrix
required for the simulation process [59]. The methodical steps described
in this section include geometry generation, material modelling, and
combining cushion geometry and material definitions.

2.3.1. Cushion geometry

The double-curved geometry of the inflated ETFE cushion was
generated using RhinoMembrane V2.0 [60], a Rhinoceros 3D plugin for
modelling tensioned membrane structures which is based on the Update
Reference Strategy (URS), a generalized derivation of the force density
method [61,62]. The form-found geometry of the virtual ETFE cushion
mirrored the existing mock-up with analogue dimensions described
previously in detail by the authors [43]. The ETFE cushion measured
1000 x 1000mm with a maximum curvature displacement of 10% on
each side of the central plane, equating to a 200 mm maximum distance
between the layers at the centre of the cushion section. The form-found
cushion geometry was meshed and edited to achieve a regularly laid out
triangulated mesh distribution, facilitating a smoothed surface for

A) B)

®)

10 x 10 (200 elements) 20 x 20 (800 elements)

50 x 50 (5000 elements)

accelerated ray intersection during the daylight simulation [63]. Five
models with increasing mesh density, ranging from 200 to 20000 mesh
face elements (A-E), were tested for curvature smoothness and mesh face
planarity. Fig. 9 shows the five cushion mesh models in plan view.

A mesh independence test was carried out to ensure the accuracy of
the shape and subsequent realistic optical behaviour. Beyond 9248 mesh
elements, no significant result deviations were found. Therefore, and for
the sake of computational economy, model D was chosen as the final
mesh geometry. The mesh was then divided into three sub-groups to
accommodate the switchable print pattern and facilitate the assignment
of the different material definitions.

2.3.2. Material definition

In a second step, Radiance material definitions were generated for
the three ETFE sample surfaces (clear, fritted, dense fritted) based on the
spectral measurements. Spectral data sets were converted to RGB (red,
green, blue) values, a requirement for the daylight simulations input. As
a pre-step for obtaining RGB, CIE X, Y, and Z values, representing the
emitted light intensity weighted for each wavelength, were calculated
[64]. RGB values for the diffuse reflectance were calculated using
spectral measurements at a wavelength interval of 10 nm in the range of
380-780 nm, converting spectral data first to XYZ chromaticity co-
ordinates for 2° and 10° of a standard observer and then transforming to
RGB values. The CIE chromaticity coordinates were chosen as an
appropriate standard for colour spaces of a D65 reference illuminance
source since CIE is also used by Radiance software to define the red,
green, and blue channels (RGB) of diffused light reflectance [63]. An
overview of the calculated RGB values, representing the reflected colour
of the material surfaces, is shown in Table 3.

D) E)

68 x 68 (9248 elements) 100 x 100 (20000 elements)

Fig. 9. Modelled cushion geometry with different mesh densities (A-E).
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Table 3
Diffuse reflectance values of red, blue and green channels (RGB) for switchable ETFE
surface types.

RGB Color Model  Clear ETFE Fritted ETFE Dense Fritted ETFE
R G B R G B R G B
CIE RGB 33 48 69 157 159 166 169 171 177

Based on the measured specular and diffuse transmittance and
reflectance as well as the RGB reflectance values, the ETFE material
types were modelled consequently as a Radiance ‘trans material’. This
material definition was selected as the closest fit to the characteristics of
ETFE among the available Radiance material options [63,65]. The
generated Radiance material definitions for the three ETFE types that
were assigned to the different parts of the cushion geometries are listed
below:

void trans Clear ETFE

0

0

7 1.000 1.000 1.000 0.038 0.001 0.946 0.899

void trans Fritted ETFE

0

0

70.942 0.953 0.999 0.106 0.001 0.270 0.265

void trans Dense Fritted ETFE

0

0

7 0.801 0.806 0.838 0.120 0.000 0.056 0.100

2.3.3. Combining cushion geometry with ETFE material

In the following modelling step, the generated ETFE material defi-
nitions were assigned to the individual mesh parts of the triple-layer
cushion geometry according to the switchable ETFE cushion mock-up
design. The meshes of each material and layer were recombined
within Radiance to obtain a complete triple-layer cushion model. Fig. 10
shows the generated three-dimensional mesh model of the switchable
triple-layer ETFE cushion in perspective, side and front view with all
material types colour coded for material assignment.

ETFE Cushion

Dense Fritted ETFE (grey)

Clear ETFE (blue)
Fritted ETFE (orange)

Double curved 3D mesh geometry

Fig. 10. Cushion geometry (perspective, section and plan view) with colour
code mesh divisions for material assignment. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 11. Photorealistic rendering of switchable ETFE cushion, in open (A) and
closed mode (B).

A test rendering of the switchable ETFE cushion in open and closed
mode was performed in Radiance with photorealistic image output
(2000 x 2000px), shown in Fig. 11. After visual verification of the
renderings and comparison with pictures from the mock-up to reconfirm
realistic representation of the materials and geometry, the model was
exported from the Grasshopper/Honeybee environment to Radiance as
separate material and geometry.rad files. Within the Radiance envi-
ronment, the material and geometry files of the individual layer parts of
the ETFE cushion were recombined into one single file for the BSDF
processing.

2.4. BSDF of switchable ETFE cushion

This section describes the methods for generating BSDF data for the
three-dimensional model of the ETFE cushion and presents the key
features of the ETFE BSDF in detail.

2.4.1. Methods for BSDF generation

ETFE is a material with light-diffusing properties, as shown with the
spectral analysis, with scattered light being a considerable fraction of
the overall material light transmittance [66]. Annual daylight simula-
tions of the optical behaviour require a high degree of computational
power to calculate the multiple reflections between different material
layers [67]. Therefore, instead of using a complete 3D model of the ETFE
for the daylight simulation, which would require ray-tracing calcula-
tions of material and geometry for every hour of the year,
bidirectional-scattering-distribution-function (BSDF) is employed. BSDF
is a mathematical function that describes the light scattering behaviour
of optical surfaces [68]. It is used in daylight simulations for solving the
angular light transmittance and reflectance of complex fenestration
systems, which is pre-calculated and then applied to a simplified proxy
geometry within the building model [69-73]. The state-of-the-art
methods for generating BSDF of window and facade daylighting sys-
tems have been identified recently by the International Energy Agency
[74]. However, deriving BSDF of a real size ETFE cushion sample
directly with experimental methods using goniophotometry [75] is
currently not feasible due to the unavailability and cost of large-scale
equipment. Therefore, in this study, computational methods were
employed using the Radiance program genBSDF. The virtual generation
of BSDF with ray-tracing methods had been validated previously with
studies on complex solar screens and other fabric facade materials
[76-78]. A workflow diagram showing the main procedure steps for
generating the BSDFs of the ETFE DSF is shown below in Fig. 12.

2.4.2. Key features of switchable ETFE’s BSDF

BSDFs were generated for the open and closed state of the switchable
ETFE cushion and three alternative DSF models with double-glazing and
static frit print patterns and clear ETFE. In order to verify values for
different incident angles and evaluate the plausibility of the overall
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Fig. 12. Workflow diagram for BSDF generation of ETFE cushion and combined DSF.

transmittance and reflectance data, BSDF data files were loaded for vi-
sual crosscheck in the BSDFViewer program [70]. Transmission and
reflection values for all 145 angles of the Klems hemisphere were plotted
on the front- and backside of sample matrixes and examined for indi-
vidual incidence angles [79]. A selection of the Klems BSDF diagrams
with the datasets for specific incidence angles of the open and closed
mode is shown in Fig. 13, with distinct transmission patterns observable
for both optical states of the model.

The data plots show that the direct hemispherical visible light
transmission at the backside side is somewhat lower in closed than in
open mode. The overall transmission values in open mode range from
10.5 to 58.2%, and in closed mode, from 4.1 to 57.8%. The lowest
transmission values were observed at perpendicular incidence angles
and the highest values at lateral incidence angles. The directional scat-
tering effects are more noticeable at incidence angles close to the
cushion’s horizontal axis, while a more homogenous light transmission
is observed for incidence angles close to the vertical cushion axis.
Dispersive scattering effects were observed to be more pronounced in
the reflected light due to the convex lens shape of the cushion geometry.
The plotted BSDF data shows a considerable variation of transmission
and reflection for different incidence angles. Therefore, the single inci-
dence angle is only indicative and does not reflect the overall

Incidence Angles

Open Mode

Closed Mode

performance of the ETFE cushion, confirming the authors’ previous
studies on optical aspects and angle-dependent behaviour of ETFE.

2.5. Validation of ETFE model

Radiance programs and daylighting simulations incorporating BSDFs
have been validated previously in several studies [65,66,80,81]. How-
ever, switchable ETFE cushions with multiple assigned materials have
not been assessed before, lacking reference data of ray-tracing simula-
tions for comparison. Therefore, and due to the model’s complexity, a
validation was carried out to evaluate the reliability of the BSDF model.
For this purpose, a test box measuring 1 m x 1 m x 1 m with opaque
non-reflective surfaces was built around the switchable ETFE mock-up.
The internal illuminance was measured with a DT-8820 illuminance
sensor, with an accuracy of +(5.0% + 10d), at 10 points with 100 mm
separation aligned along the centre line section of the box. The mea-
surements were done on the 21st of June at 10 a.m. under cloudy sky
conditions with an approximate sky luminance of 10k 1x with the ETFE
in open mode switch state and a southward orientation. The model and
sky conditions were replicated in Radiance, and a point in time simu-
lation of the virtual test box performed using the 5-phase method with
the corresponding BSDF file. Fig. 14 shows a picture of the switchable

Incident Hemisphere

Fig. 13. Selected BSDF plots of switchable ETFE cushion in open and closed mode.
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Fig. 14. A) Mock-up of switchable ETFE cushion with a solar shielded test-box; B) virtual-twin model of test-box with measurement points.
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Fig. 15. Comparison of measured and simulated illuminance across the test box
section with switchable ETFE cushion in open mode.

ETFE cushion mock-up (A) and an image of the mirrored virtual model
with horizontal test points (B).

Overall, the measured illuminance within the mock-up followed a
similar trend to the simulated BSDF model, with lower values at the back
of the test box and a steep increase towards the opening shown in
Fig. 15. The overall mean illuminance for the simulation results agreed
well with the measured value with only 4.3% difference. The errors are
most likely related to inaccuracies in the illuminance measurements,
common in experimental outdoor tests. Variances might have also
resulted from the changing solar exposure during the measurements and
inaccuracies in placing the sensor horizontally within the test box.
Another likely reason might have been internal reflection inside the test
box resulting from the black plastic box cover, which is not flat enough
and reflects some light toward the back of the box, therefore, causing
higher illuminance readings towards the backside of the mock-up box,
compared to the simulation model. Despite these uncertainties and
limitations, the comparative test results created enough confidence in
the BSDF models to proceed with the daylighting simulations.

Five-Phase
Method

Tregenza sky dome

B (145 patches/
% vectors)

Fig. 16. Five-phase method daylight scene.

2.6. Dynamic daylight simulation method

This section describes the main method and parameters of the
daylighting simulation, focussing on the details of the five-phase
method, sky model, office geometry, simulation scenarios and parame-
ters, weather data of the chosen locations and the dynamic metrics
employed for the analysis of the results.

2.6.1. Five-phase method

The current state of the art method for daylighting simulations is the
validated five-phase method, based on backwards ray-tracing [81-83].
This method makes it computationally feasible to simulate the annual
daylight performance of complex fenestration systems using
bidirectional-scattering-distribution-functions [69,84]. Light trans-
mission and reflection between the external and internal environment
are solved with individual matrixes within the five-phase method.
Compared to previous approaches in the three-phase method [80,85],
an advantage is the subdivision of the sky illuminance into the direct
solar and diffuse sky components, making the overall daylighting
simulation results more accurate and realistic in appearance. In Equa-
tion (2), the relationship between the different matrices within the
five-phase method is expressed as follows:

E = VTDS - V4 TDq Sq + Cqgs Ssun Equation 2

Where E is the illuminance matrix of the internal space, V is the view
matrix, T is the transmission matrix, D is the daylight matrix, and S is the
sky vector. Each sky vector contains an average sky luminance value of a
discretized sky patch for the specific sky luminance pattern of a point-in-
time conforming together the sky matrix in a dome of 145 patches [86,
87]. The direct sun components of the view matrix, daylight matrix and
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Fig. 17. Schematic room model for daylight simulation.

sky vector in Equation (2) are then replaced by the sun matrix S, and
the daylight coefficient matrix C4. for direct sun, resulting in an
enhanced representation of direct and diffused daylight. A diagram in
Fig. 16 shows the individual matrix transitions in a simplified daylight
simulation scene:

2.6.2. Office geometry, simulation scenarios and parameters

The office model adopted for this simulation study is based on the
minimum standard size for a single unit office according to DIN EN
4543-1:1994-09 [88] measuring 3.4 x 2.9 x 2.75 m (L-W-H). The
model was generated using parametric control functions of Honey-
bee/Grasshopper in the 3D environment of Rhinoceros [89]. The
southward-oriented wall represented the outer-facade while all other
space dividing elements would have adjoining spaces. Since the
five-phase method includes only three flux phases and the use of
non-coplanar elements is limited [90], the DSF glazing and ETFE had to
be combined into one single proxy geometry for the BSDF, covering the
whole facade area. The window-to-wall ratio was adjusted separately
with two variable wall elements on the interior side of the DSF facade, as
shown in Fig. 17. An overview of the window-to-wall ratio scenarios is
shown in Fig. 18 A-E, representing a simplified front view of the office
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library, with a diffuse reflectance of 35% and a specularity and material
roughness of zero. The simplification of the internal environment was
intended to limit internal reflections and account in the daylight analysis
primarily for the transmitted light from the DSF, allowing an objective
comparison between the different DSFs. For the same reason, no artifi-
cial lighting was applied to the model to simulate only the natural
daylight effect independent from other factors.

The overall setup of the simulation parameters was informed by the
literature and previous daylight studies using Radiance [63,86,91,92].
An overview of the main Radiance input parameters chosen for the
daylighting simulation procedure is shown in Table 5.

The sensor grid distributions for the illuminance simulation were
defined in close accordance with the international Standard
12464-1:2011 (Part 1), for the lighting of indoor workplaces [93]. For
the useful daylight illuminance (UDI), a total of 221 vertical sensors
arranged in a regular grid of 0.2 x 0.2 m at 0.75 m height on a horizontal
plane were required. For the simplified daylight glare probability
(DGPs), one single vertical sensor was placed at a distance of 1.7 m
facing the east wall of the room at the height of 1.2 m, representing a
typical side-lit working situation. The daylight illuminance uniformity
ratio (UR) was assessed with a regular 0.1 m x 0.1 m grid of 128 sensors
distributed regularly over an area of 0.8 x 1.6 m at the height of 0.75 m,
representing an office desk surface. Plan views of the room depicting the
sensor grids are shown in Fig. 19 A-C.

2.6.3. Weather data

In order to understand ETFE DSF daylighting performance under
different climate conditions, three cities in three different climate zones
were selected: London, Barcelona and Shanghai. These cities are located
at 51.5°,41.4°, 31.2° N, respectively, covering 20° of latitude within the
temperate and subtropical zones of the northern hemisphere. All three
cities are at sea level and exposed to a maritime climate influence.
However, solar irradiation and the available amount of light in each city
varies significantly throughout the seasons, according to the character-
istics of the corresponding Koppen-Geiger climate classification:

London (Oceanic-Cfb) receives an average of 1460 h of sunlight per
year with an average of 3:59 of sunlight per day, and it is sunny 33.3% of

Table 4
Material combinations for double-skin fagades.

Index  Material combination for double-skin facades

room fagade. 1 Clear Double Glazing
Additionally, five scenarios with different material combinations 2 Clear Double Glazing + clear ETFE double-layer foil cushion
were defined. The first scenario is the reference scenario of clear double i gear g"u:}e giazf“g + f“fmddEggEdm?blle'llayer ff‘{‘ll C“S;]h_“’n bl
L . . . ear Double Glazing + printe triple-layer foil cushion, switchable
glazing: the other four comprised double g_lamng and an ETFE cushion as 5 Clear Double Glazing + printed ETFE triple-layer foil cushion, switchable
the second layer of the DSF. For scenario number two, a clear ETFE (modified)
double-layer cushion was added to the DG. Scenario three includes a
double layer ETFE cushion with a silver fritted outer layer. Scenarios
four and five consisted of switchable triple-layer ETFE cushions, with Table 5
scenario four representing the existing mock-up and scenario five an Simulation Parameters for Radiance daylighting simulation.
improved theoretical model with optimized reflectance and trans- - - - - -
ittance characteristics Ambient Ambient Ambient Ambient Ambient
mi X . X R . Bounces Divisions Supersamples Resolution Accuracy
An overview of the DSF material scenarios is listed in Table 4. (-ab) (-ad) (-as) (-ar) (-aa)
All other walls, ceiling and floor eler.nents were modelled using a o 2048 2048 o 0.200
grey (RGB = 186/186/186) opaque plastic material from the Radiance
A) B) ©) D) E)
D Window
30% 45% 60% 75% 90%

Fig. 18. Window-to-wall ratio scenarios for daylighting simulation.
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Fig. 19. Plan views of the office room showing the sensor grid distribution for UDI (A), DGPs (B), and UR (C).
on average 1874 h of sunlight per year with an average of 5:07 h of
A)12am sunlight per day, and it is sunny for 42.8% of the daylight hours and

6 PM
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12AM
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B) 12AM

12AM

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

C) 12AM

Oct Dec

- Closed mode

Jan Feb Mar Nov

1. Jan 1:00 — 31. Dec 24:00

Apr May Jun Jul Aug Sep

. OPEN mode

Fig. 20. Annual, hourly switching schedule for Barcelona climate with
different luminance sensor thresholds: A) Olx (closed mode = 100% sun-hours),
B) 5001x (closed mode = 68% sun-hours), C) 1000lx (closed mode = 45%
sun-hours).

the daylight hours with an overcast sky during the remaining 66.7% of
the hours. In contrast, Barcelona (Mediterranean-Csa) has an average of
2437 sunlight hours per year with an average of 6:40 h per day, of which
55.6% of daylight hours are sunny. Shanghai (Sub-Tropical-Cfa) counts

A)
Barcelona. South Orientation, 21 of June
4000
3500 == Open Mode
3500 —

=== Closed Mode

[lluminance at test point [hours]

Time [hours]

cloudy during the remaining time.

For the daylight simulation, annual weather files in EnergyPlus
Weather Format (EPW) with hourly climate data based on IWEC mete-
orological data were used. The Figures in Appendix A display a data
outtake with annual graphs for each city’s direct and diffuse solar ra-
diation patterns on a monthly basis. Data indicates that London is
exposed to a total annual solar global horizontal irradiation (GHI) of
1023 kWh/m?, Barcelona to 1621 kWh/m? and Shanghai to 1325 kWh/
m?2 While average monthly weather data provides a good overview of
each city’s annual solar radiation patterns, it lacks information on spe-
cific days and hours where shading might be required. The graphs in
Appendix B offer a more detailed view of the solar radiation patterns and
potential critical peaks, showing the hourly global horizontal radiation
in Wh/m?. All three cities receive the highest solar radiation values in
the summer months between April and September in the hours between
10am and 2pm. While not a surprising fact, it further justifies investi-
gating adaptive building envelopes to mitigate the peaks of solar radi-
ation responding actively to climate conditions.

2.6.4. Switch control strategy

Another important aspect for the realistic performance prediction of
switchable ETFE is the calibration of the control mechanism. The
luminance threshold of the control sensors determines when the ETFE
will switch from one state to the other. Setting the luminance threshold
at the right level is crucial for achieving the best daylight conditions
within the space.

To outperform a conventional static facade system, the switching
threshold needs to be set at a convergent point to achieve maximum
hours of quality daylighting and minimal disturbance due to glare and
inconvenient daylight distribution. If the threshold is too high, the
shading mechanism might switch to closed mode, only when glare is

B)
Barcelona, South Orientation, 21% of December
4000
3500
3000
2500
2000 — . 1
1500
1000
500

0

== Open Mode

=== (Closed Mode

1 1

[lluminance at test point [hours]

24

18

0 6 12
Time [hours]

Fig. 21. Hourly Illuminance values for the summer solstice A) and winter solstice B) in open and closed mode, simulated under Barcelona climate conditions,

recorded at a centred sensor point with a switch threshold of 10001x.
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already unbearable, and switch back to open mode when daylight is still
beyond comfort conditions. On the other hand, when the threshold is set
too low, the adaptive mechanism might stay in closed mode during most
working hours when natural daylight is needed. After a preliminary
analysis with all three climate files, a threshold of 10001x was adopted
with the corresponding switching schedule shown in Fig. 20 C. This
setting limits the switching of the cushion to the peak hours of solar
incidence, maximizing daylight and minimizing glare. The graphs in
Fig. 20 A and B, in contrast, show switching schedules for lower
threshold settings with the switchable ETFE in the open for fewer hours
of the year.

Equally important for the performance of the switchable ETFE is the
position and orientation of the virtual luminance sensor. For the
threshold calibration, the sensor was positioned horizontally at 0.75 m
height within the principal task area in the centre of the room model.
Fig. 21 shows two graphs with the illuminance recorded at a test point at
the centre of the space simulated over 24 h, with a Barcelona climate
file, demonstrating the performance of the switchable ETFE with a
1000Ix threshold.

Graph A in Fig. 21 shows the illuminance plotted for both switching
modes on the 21st of June, the summer solstice and graph B for the
winter solstice, the 21st of December. For both test periods the illumi-
nance can be reduced and kept within the 20001x range when switched
in peak hours to the closed mode and during morning and evening hours
to open mode. At the summer solstice an amplifying effect on useful
daylight hours is clearly notable, whereas at the winter solstice a
reducing effect on daylight intensity is more predominant. This can be
explained with the extended hours of solar daylight exposure during the
summer period, and the effective control of direct incidence at lower
solar angles on the south facade in wintertime.

2.6.5. Dynamic daylight metrics

The metrics used in this study to evaluate the daylighting perfor-
mance are dynamic, intending to provide a comprehensive annual
overview rather than focussing on a specific point in time situations.
Hourly results are summarized according to the established daylighting
metrics of useful daylight illuminance (UDI), glare probability (DGPs)
and illuminance uniformity (UR). The theoretical background and
methodological approach of these metrics are outlined in the following
three sections.

2.6.5.1. Useful daylight illuminance metrics. Useful daylight illuminance
is a common metric used in daylighting studies to evaluate dynamic
daylighting performance of architectural spaces [47,94-100]. There-
fore, UDI was considered an appropriate metric to evaluate different
design options of switchable ETFE double-skin facades. The concept of
UDI informs how often in the year daylight illuminance is achieved
within a range that is useful for a specific task or user profile. The UDI is
expressed in percentage of time, providing a comprehensive numerical
value that can represent the time and space dimension simultaneously
[101]. Useful daylight illuminance usually falls within 100-20001x.
However, the range was adjusted for this study to fit the purpose of
evaluating the daylighting conditions of office spaces. International
building standards recommend illuminance levels of a minimum of
500Ix for an office, where typically tasks like writing, typing, reading
and data processing are carried out [93,102]. Consequently, all values
below 500lx were considered as undersupply, requiring additional
artificial lighting, and illuminance values above 20001x were defined as
excessive oversupply, which might cause glare.

2.6.5.2. Daylight glare probability metrics. Work in office spaces can be
affected negatively by glare caused by incoming bright, unfiltered sun-
light through windows. Direct or reflected creates visual discomfort,
which affects the capacity to focus on a specific task, manually or
intellectually. Glare creates adverse visual conditions with excessive
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light contrast, making it difficult to distinguish details and objects [103].
Methods to estimate the probability of glare in architectural spaces have
been discussed extensively in the literature [82,104-112,113,90,73,
114,115,99,116,117,118]. The method used in this study is based on the
simplified daylight glare probability (DGPs) developed by Wienold,
defined in the following equation:

DGPs = 6.22 x 10E-5 x E, + 0.184 Equation 3

where E, is the vertical illuminance in lux at eye-level height, multiplied
and summed with correction factors.

In this study, hourly Illuminance values were captured for an entire
year with a vertical sensor within the simulation scene of the office
space. Glare probability was evaluated according to four established
categories with less than 0.35 corresponding to ‘imperceptible’,
0.35-0.4 to ‘perceptible’, 0.4-0.45 to ‘disturbing’ and 0.45 and above,
counting as ‘intolerable’.

2.6.5.3. Daylight illuminance uniformity metrics. Daylight uniformity is
of importance for a task to be carried out in a specific working area and
may lead to higher productivity, a better work quality, and a higher level
of safety [93]. However, achieving well-distributed natural lighting on a
specific task area is often challenging due to the changing environmental
conditions and decreasing daylight availability along the section of the
room. The daylight illuminance uniformity ratio (UR) is a metric to
quantify the homogeneity of light availability over a specific area. UR is
based on horizontal illuminance values and provides a percentage of
evaluated hours with the available daylight uniformity bins, of <0.4,
0.4-0.6, 0.6-0.7 and > 0.7 for an evaluated task area [99,119]. BS EN
12464-1:2011 requires office spaces to achieve an UR of 0.4-0.6 in the
task area and in the immediate surrounding area >0,40 while the
background area shall be > 0,10. For the simulation scenario, a hypo-
thetical task area with dimensions of a generic office desk was posi-
tioned at the centre of the virtual office room.

3. Results and discussion

The following sub-sections display the results obtained from the
annual daylighting simulation for one single unit office space. Hourly
results for a typical office schedule (9am-5pm, Mon.-Fri.) were sum-
marized according to the established daylighting metrics of useful
daylight illuminance (UDI), glare probability (DGPs) and illuminance
uniformity (UR). The daylighting conditions for different performance
criteria are discussed independently and then compared for a multi-
objective ranking of the applicability of the different DSF materials.

3.1. Useful daylight illuminance results

The results for the UDI are based on annual illuminance simulations
that provide a comprehensive overview of the daylighting illuminance
of the office space with DSF designs under different climate conditions.
The general trend observed in all analysed scenarios is that the UDI in
the office with the double glazed and clear ETFE DSF increases gradually
across the room’s section towards the back of the room. This can be
explained by the total illuminance levels close to the window, which are
much higher than the established UDI range, dropping sharply after a 1-
m distance and levelling down towards the back of the room where UDI
is achieved. For the cases with fritted and switchable ETFE double-skin
facade, the incident solar radiation is reflected in large parts by the outer
layer of the ETFE cushions. As a result, the internal illuminance levels
are reduced and do not contrast as severely across the room section as in
the case with double glazing only. Therefore, the overall percentage of
time with UDI is higher with fritted and switchable ETFE than double-
glazing and clear ETFE. The higher UDI values for these two DSF
types are concentrated, spatially, in the centre of the room. In contrast,
the highest UDI values for the double glazing and clear ETFE were
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Fig. 23. Shanghai, 21st of June, 12.00 a.m.

shifted towards the back of the room. This observation strengthens the
hypothesis that double-skin facades with fritted or switchable ETFE
deliver a better daylighting performance than a single facade with
double-glazing. A double-skin facade with clear ETFE might also not
contribute to significant improvements. The graphs in Figs. 22 and 23
support the above observations, comparing the annual UDI of Shanghai
with the point in time illuminance across the centre section of the room,
starting from the south-facing window towards the north-facing internal
wall with a WWR of 90%.

In Fig. 24, the UDI performance trends were plotted for a selected test
point at the centre of the room across all analysed WWR scenarios. While
this type of analysis does not represent the performance of the whole
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room, it provides an objective comparison of the effect that the pa-
rameters of climate, WWR and facade material have on the percentage of
annual UDI. The general trend observed from the graphs is that, inde-
pendently of the climate scenario, the annual hourly percentage of UDI
in the office space decreases with augmenting WWRs when double-
glazing single-skin or clear ETFE double-skin facades are employed.
The opposite performance trend is observed for the DSF with the fritted
and switchable ETFE cushion, showing a higher annual hourly per-
centage of UDI for increasing WWR. This leads to the interpretation that
for large window facades, it would be better to use fritted or switchable
ETFE as a measure for retrofitting, while for facades with small window
sizes, the most suitable solution for retrofit would be, depending on the
location, a DSF with clear ETFE or double glazing only. These results
appear reasonable when compared with recent studies on conventional
internal window shades [120,121]. The horizontal UDI plots in
Figs. 25-27, for London, Barcelona and Shanghai, respectively, reinforce
this interpretation but deliver a bigger picture of the overall perfor-
mance. The UDI plots, in plan view, show the annual UDI for every single
point of the test grid and provide an overview of the UDI levels for the
whole room at desk height. What becomes evident is that the switchable
ETFE cushion provides a daylight exposure focussed in the centre area of
the room, while for the scenario with the fritted ETFE, the
best-illuminated area is shifted from the centre towards the interior end
of the room. In a room with a sizeable window-to-wall ratio, a wide-
spread illuminated area in the centre of the room is more likely to be
achieved with a switchable ETFE cushion, while for a small WWR, this
effect is more effectively achieved with a fritted ETFE cushion. The only
scenario where the double-glazing without any additional facade skin
was observed to be more beneficial in terms of useful daylight illumi-
nance was the room with the smallest window-to-wall ratio. At 30%
WWR, double glazing provided more useful daylighting hours on a
wider room area than any other investigated facade design, a pattern
that was observed in all three climate scenarios. Overall, the results
show that switchable ETFE DSFs provides equally satisfying, if not better
natural lighting conditions in office spaces when applied as a retrofitting
measure to the building envelope.

3.2. Daylight glare probability results

The results for the daylight glare probability obtained for the
different climate scenarios and DSF material combinations are summa-
rized in Tables 6-8. The tables show the percentage of time when glare is
either intolerable, disturbing, perceptible, or imperceptible during the
assumed occupied office hours. The results obtained for London, listed in
Table 6, show that the glare probability within the office increases with
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Fig. 24. Annual UDI, 500-2000Ix bin at the centre of the room for different double-skin facades with varying WWRs across different climates: A) London, B)

Barcelona, C) Shanghai.
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Fig. 27. Annual UDI, 500-20001x bin at 0.75 m height horizontal plan for a 5-day working hours schedule of a south-facing office in Shanghai: DG (1), DG + fritted

ETFE cushion (2) and DG + switchable ETFE cushion (3), for different WWR ratios: A) 30%, B) 45%, C) 60%, D) 75%, E) 90%.
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Table 6
Simplified Daylight Glare Probability (DGPs): numerical data summary for London.

Building and Environment 209 (2022) 108650

WWR  Glare Bin Clear Double Glazing DG + clear ETFE 2 DG + fritted ETFE 2 DG + switch. ETFE 3 DG + switch. ETFE
Perception (DG) Layer Layer Layer modif.
30% Imperceptible: <0.35 92.16% 93.21% 98.87% 97.17% 97.17%
Perceptible: 0.35-0.4 5.13% 4.44% 0.44% 0.44% 0.44%
Disturbing: 0.4-0.45  0.36% 0.24% 0.12% 0.16% 0.16%
Intolerable: >0.45 2.34% 2.10% 0.57% 2.22% 2.22%
45% Imperceptible: <0.35 70.06% 68.20% 96.77% 94.51% 94.46%
Perceptible: 0.35-0.4  16.04% 17.74% 0.53% 0.48% 0.48%
Disturbing: 0.4-0.45 6.91% 8.24% 0.61% 0.40% 0.44%
Intolerable: >0.45 6.99% 5.82% 2.10% 4.61% 4.61%
60% Imperceptible: <0.35 56.61% 55.68% 95.31% 93.25% 93.13%
Perceptible: 0.35-0.4  15.84% 14.87% 1.01% 0.53% 0.65%
Disturbing: 0.4-0.45  12.73% 13.41% 0.69% 0.44% 0.40%
Intolerable: >0.45 14.83% 16.04% 2.99% 5.78% 5.82%
75% Imperceptible: <0.35 49.66% 49.66% 94.67% 92.61% 92.40%
Perceptible: 0.35-0.4 11.56% 10.30% 1.33% 0.85% 1.05%
Disturbing: 0.4-0.45  14.79% 13.86% 0.57% 0.57% 0.57%
Intolerable: >0.45 24.00% 26.18% 3.43% 5.98% 5.98%
90% Imperceptible: <0.35 47.60% 46.91% 89.29% 92.32% 92.24%
Perceptible: 0.35-0.4  10.14% 9.25% 6.51% 1.13% 1.21%
Disturbing: 0.4-0.45  12.73% 11.64% 0.65% 0.57% 0.44%
Intolerable: >0.45 29.54% 32.20% 3.56% 5.98% 6.10%
Table 7

Simplified Daylight Glare Probability (DGPs): numerical data summary for Barcelona.

WWR  Glare Bin Clear Double Glazing DG + clear ETFE 2 DG + fritted ETFE 2 DG + switch. ETFE 3 DG + switch. ETFE
Perception (DG) Layer Layer Layer modif.
30% Imperceptible: <0.35 89.05% 89.33% 98.83% 98.22% 98.22%
Perceptible: 0.35-0.4  9.21% 9.09% 0.36% 0.04% 0.04%
Disturbing: 0.4-0.45 0.20% 0.20% 0.28% 0.20% 0.20%
Intolerable: >0.45 1.54% 1.37% 0.53% 1.54% 1.54%
45% Imperceptible: <0.35 60.77% 58.38% 93.82% 92.12% 92.12%
Perceptible: 0.35-0.4  16.08% 18.91% 0.73% 0.24% 0.24%
Disturbing: 0.4-0.45  10.63% 13.49% 1.09% 0.36% 0.36%
Intolerable: >0.45 12.53% 9.21% 4.36% 7.27% 7.27%
60% Imperceptible: <0.35 42.22% 37.98% 91.35% 89.66% 89.66%
Perceptible: 0.35-0.4  21.17% 20.89% 0.85% 0.48% 0.44%
Disturbing: 0.4-0.45  11.80% 14.99% 1.45% 0.36% 0.36%
Intolerable: >0.45 24.81% 26.14% 6.34% 9.49% 9.54%
75% Imperceptible: <0.35 33.70% 31.43% 89.37% 88.36% 88.36%
Perceptible: 0.35-0.4  15.56% 13.98% 1.82% 0.61% 0.48%
Disturbing: 0.4-0.45  16.57% 17.98% 1.17% 0.61% 0.69%
Intolerable: >0.45 34.18% 36.61% 7.64% 10.42% 10.46%
90% Imperceptible: <0.35 29.01% 27.84% 83.31% 88.32% 88.28%
Perceptible: 0.35-0.4  13.25% 10.55% 7.64% 0.40% 0.40%
Disturbing: 0.4-0.45 17.41% 14.59% 0.81% 0.77% 0.77%
Intolerable: >0.45 40.32% 47.03% 8.24% 10.51% 10.55%

larger WWR for facades with simple double-glazing and DG with added
clear ETFE. With a 30% WWR, the glare is imperceptible for 92% and
93% of the office hours for DG and DG + clear ETFE, respectively. For a
WWR of 90%, glare is perceptible 10% of office hours, 12% of the time
disturbing and intolerable for 32% of the working hours: hence, the
visual working environment is unacceptable for up 44% of the time, due
to glare. The immediate conclusion from the results is that DG and clear
ETFE DSF are not suitable to control glare in south-facing office facades
in London, especially when the WWR is large. However, the results from
the other DSF material combinations, with fritted and switchable ETFE,
show a reduced glare probability for all WWR scenarios and prove the
effectiveness of this retrofitting measure. Independent of window sizes,
the glare inside the room is imperceptible during 92-97% of the office
working hours when fritted or switchable ETFE is applied. In climates
with intense solar radiation and more daylight availability throughout
the year, the described trend is similar.

In Barcelona (Table 7), glare is imperceptible for most working hours
when using printed or switchable ETFE. For the largest WWR of 90%,
the glare is intolerable for only 10% of the working hours and reduces
considerably to 0.6% towards the smallest WWR with a 30% window
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area. For the DG and the clear ETFE facade, the percentage of working
hours with intolerable glare is considerably higher, with up to 47% for
the largest WWR.

In Shanghai (Table 8), a similar trend is observed for all simulated
scenarios suggesting a consistent optical behaviour of the simulated
facade design across different scenarios. In general, the findings indicate
that fritted or switchable ETFE facades could reduce the probability of
glare for a range of climates when employed as a second layer in a DSF.
The reflective properties of the frit prints in combination with the light
scattering behaviour of the material and shape of the ETFE cushion are
suggested as the reason for the effective control of glare.

The switching capabilities of the adaptive facade were expected to
reduce the glare even better during the peak hour of direct incident solar
radiation; however, the results show that this was only true for the
largest WWR (90%), and static frit prints were as effective. The density
and smaller scale of the print pattern may have been a related factor, by
scattering light more effectively over a large surface than a larger
pattern with clear ETFE sections, as is the case for the switchable ETFE,
thus leading to reduced glare. This finding is important for developing
new printing patterns for ETFE cushions to be applied specifically in
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Table 8

Building and Environment 209 (2022) 108650

Simplified Daylight Glare Probability (DGPs): numerical data summary for Shanghai.

WWR  Glare Bin Clear Double Glazing DG + clear ETFE 2 DG + fritted ETFE 2 DG + switch. ETFE 3 DG + switch. ETFE
Perception (DG) Layer Layer Layer modif.
30% Imperceptible: <0.35 91.68% 92.65% 100.00% 100.00% 100.00%
Perceptible: 0.35-0.4  8.32% 7.35% 0.00% 0.00% 0.00%
Disturbing: 0.4-0.45  0.00% 0.00% 0.00% 0.00% 0.00%
Intolerable: >0.45 0.00% 0.00% 0.00% 0.00% 0.00%
45% Imperceptible: <0.35 76.65% 75.64% 98.59% 98.42% 98.42%
Perceptible: 0.35-0.4  8.20% 8.85% 0.00% 0.00% 0.00%
Disturbing: 0.4-0.45 7.88% 12.24% 0.04% 0.04% 0.04%
Intolerable: >0.45 7.27% 3.27% 1.37% 1.54% 1.54%
60% Imperceptible: <0.35 64.77% 61.94% 95.72% 95.60% 95.60%
Perceptible: 0.35-0.4  12.85% 14.38% 0.36% 0.04% 0.00%
Disturbing: 0.4-0.45  6.42% 6.67% 0.04% 0.04% 0.08%
Intolerable: >0.45 15.96% 17.01% 3.88% 4.32% 4.32%
75% Imperceptible: <0.35 54.26% 51.96% 92.97% 93.86% 93.82%
Perceptible: 0.35-0.4 17.25% 17.01% 1.45% 0.16% 0.16%
Disturbing: 0.4-0.45  7.72% 9.09% 0.28% 0.08% 0.12%
Intolerable: >0.45 20.77% 21.94% 5.29% 5.90% 5.90%
90% Imperceptible: <0.35 48.81% 47.27% 87.47% 93.74% 93.70%
Perceptible: 0.35-0.4  16.20% 13.86% 6.91% 0.24% 0.24%
Disturbing: 0.4-0.45 11.47% 13.33% 0.24% 0.12% 0.16%
Intolerable: >0.45 23.52% 25.54% 5.37% 5.90% 5.90%

building facades as a retrofitting measure or for new builds.

3.3. Daylight illuminance uniformity results

This section discusses the simulation results for daylight uniformity.
Overall, the graphs A to E in Fig. 28 suggest that the DSF design with the
fritted ETFE provides the highest percentage of working hours with a
well-distributed daylight uniformity across all simulated scenarios. The
double-glazing alone and the DSF with clear ETFE tend to perform better
with smaller WWRs of 30%-45%, whereas the DSF with switchable
ETFE delivers better performance in terms of UR in the scenarios with
larger WWRs, from 60% to 90%.

For climates like Shanghai, which already receive a higher propor-
tion of diffuse daylight during the year, comfortable internal daylight
uniformity ratios are available for more office working hours than in
climates with more direct solar radiation, like in Barcelona.

However, climates like London with a pronounced variability of
sunlight availability across the seasons show no reduction of UR in the
0.4-0.6 range, an effect which would have initially been expected due to
fewer daylight hours during the winter season. UR in the desired range
(0.4-0.6) was achieved on average for approximately 60% of office
hours across all scenarios, with little variability among the facade ma-
terials. The only exceptions were the scenarios with large WWR and a
simple double-glazed facade, resulting in fewer hours in the desired UR
range. For Barcelona, the UR was on average 50% of the hours within
the targeted range across most WWR scenarios. Only with a larger WWR
from 65% to 90%, the percentage of hours dropped notably around
10%-15%. A possible explanation is the intense direct solar radiation
and the associated higher contrast of shade and light projected into the
room, typical for Mediterranean climates like Barcelona. For Shanghai,
the uniformity ratio was throughout all scenarios high, ranging between
65% and 70% on average. However, the double glazing showed a sig-
nificant performance drop for large WWR with 90% aperture.

Overall, the results suggest that satisfying illuminance uniformity
can be achieved in small office spaces with natural daylight. Moreover, it
seems possible to achieve illuminance uniformity across different cli-
mates and latitudes. The results suggest that double-skin facades with
inflated ETFE cushions as a second facade layer improve the illuminance
uniformity and extend the number of working hours, with uniform
daylight available up to 70% of the total scheduled working hours. Only
an additional 30% of the hours would have to be supplied by artificial
lighting to achieve uniform light distribution for the complete schedule.
However, a high daylight uniformity value might also be interpreted as a
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sign of high light intensity leading to sharp contrasts in the office space
beyond the working area. This situation may require more solar shading
instead of additional artificial lighting. Therefore, it is not surprising
that fritted ETFE cushions with improved reflective print patterns per-
formed best among all simulated material combinations. Fritted ETFE
shows a better capability to scatter and distribute diffused light evenly
throughout the space than glass or clear ETFE, especially for facades
with large WWR. However, only experimental settings or post-
occupancy studies in real buildings might provide a definite answer to
this hypothesis and confirm the findings of this simulation campaign.

3.4. Multi-objective scenario ranking

Quality daylight conditions for productive office environments
require a balance of good light levels, an evenly lit work area and pro-
tection from glare. The above analysis showed that ETFE DSFs could
meet the criteria individually in most simulated scenarios. However, it is
of interest to understand under which conditions DSFs can provide the
best performance for all criteria together. Therefore, a multi-objective
analysis was carried out comparing and rating the different material
options for the climate and WWR parameters. Annual values for UDI,
DGPs and UR, at the center of the office room, were compiled and
grouped into low- (Min < /), medium- (s - %5) and high-
performance bins. An even criteria weight was assigned to all three
daylight metrics (UDL, DGPs, UR), and the sum of the recorded values
determined the total rating of the scenarios. Fig. 29 shows a summary
chart of the multi-objective ranking.

Overall, the chart shows that the trends observed for the analysis of
the individual criteria also prevail in general terms for the multi-
objective analysis:

Clear ETFE provides better performance for small WWR in climates
with fewer sunlight hours. In contrast, fritted and switchable ETFE is
well-performing with large WWR and in climates with abundant solar
light. However, only 12 out of 45 analysed scenarios (26%) meet the
high-performance criteria when combining all three daylight metrics.
Seven scenarios with exceptional performance were achieved with the
fritted ETFE, four with switchable ETFE and one with clear ETFE. Most
of these scenarios (10) were located in Shanghai, corresponding to the
Sub-tropical climate conditions. Here, where solar light is available all
year long, fritted and switchable ETFE performed satisfactorily for
almost all WWRs, while clear ETFE only fulfilled the high-performance
criteria for the smallest WWRs (30%). With fritted ETFE, the highest-
ranking scenario was achieved under Sub-tropical conditions, marking
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18



J.-F. Flor et al.

Building and Environment 209 (2022) 108650

* Mediterranean

UDI
Clear ETFE = DGPs

* Shanghai UDI
*312°N Fritted ETFE DGPs

* Sub-Tropical
UDI

Switch ETFE _DGPs

%o

[ Low PERF (Min < %)  [J Medium PERF (% « %)

Location DSF Metric Window-to-Wall Ratio (WWR)
& Climate Material | [%5] | 30% | 45% | 6% | 75% | 90%
UDI [D45% [o A D% [o 78 & 7R
Clear ETFE _DGPs [HI03%0N D6s%a  [J56%) D50% Da7%
e London UDI .
*51.5°N Fritted ETFE _ DGPs
e Oceanic
UDI 3%
Switch ETFE _DGPs (9720 o570 o7 [ [Dezzanin
UDI 552 a5 Di6% D13% D12%
Clear ETFE _DGPs [HS0% D58%0 88 0812 D28%
* Barcelona UDI
+414°N Fritted ETFE _DGPs [09% 0 [94% 00 [9i% | [Dse% i [8s%

UDI
Switch ETFE _DGPs [E198% N [102% 0 [E50% 0 (88 [D8ssnii
_ R DOssw  Os%  Osiw  Dew  Odow |

o 088
Oe2%

[0 TP o TER
Os52% O47%

B High PERF (% ++ Max) ‘ Best Case Scenario
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an annual UDI of 59%, DGPs of 99% and a UR of 72% for a WWR of 45%.
Switchable ETFE also ranked highest in the Sub-tropical climate sce-
nario, but for a larger WWR of 75%. The annual UDI marked 65%, DGPs
94%, and UR 66% for this scenario. The highest-ranking scenario for the
DSF with clear ETFE coincided with a small WWR of 30% under Sub-
tropical climate conditions, with a UDI of 62%, DGPs of 93%, and UR
of 73%.

Despite the diverse scenarios where the material types performed
best, the variance among the individual metrics across the three selected
high-performing scenarios was relatively low, with 6.0%, 6.8% and
9.5%, for UDI, DGPs and UR, respectively. This suggests that quality
daylight conditions can be achieved with all three ETFE material options
for different scenarios. As a general classification of the three material
options for applications in double-skin facades, fritted ETFE could be
considered an “allrounder” solution that would provide satisfactory
daylighting performance for a range of climates and window-to-wall
ratios. Switchable ETFE would classify as a “specialized” building so-
lution, providing good daylighting performance for complicated sce-
narios with medium to large WWRs in climates with abundant solar
light. Clear ETFE would be considered a “fitted” material solution,
reserved for small WWRs or climates with less solar light availability.

4. Conclusions
This paper investigated the daylighting performance of an office

space retrofitted with different facade materials and designs. The study
focussed on double-skin facades with clear, fritted and switchable ETFE
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and evaluated the daylighting performance with criteria of useful illu-
minance for office work (UDI), disturbance through glare (DGPs), and
illuminance uniformity (UR). The study was carried out using ray-
tracing and BSDF, performing the calculations for the daylighting sim-
ulations with the five-phase method using validated Radiance programs.
The simulations were based on annual weather data and spectral anal-
ysis of ETFE materials. An array of simulation scenarios was simulated,
testing the proposed double-skin facade materials under different
climate conditions and a range of window-to-wall ratios. The daylight
performance was evaluated using dynamic metrics based on hourly
climate data, analysing and expressing UDI, DGPs and UR as a per-
centage of time in a spatial grid. This approach allowed to assess the
overall performance of the different DSF materials in each of the sce-
narios. This combined methods approach, together with the creation of a
physics-based optical model of switchable ETFE, is intended to be the
main contribution of this paper to the daylighting performance analysis
of adaptive facades.

The results obtained through this method showed that glare can
effectively be reduced and better daylight uniformity achieved when
employing fritted or switchable ETFE in double skin facades. Likewise,
the percentage of time when useful daylight illuminance was achieved
increased when using fritted and switchable ETFE cushions as a second
facade. The most notable improvements of the daylighting performance
with switchable ETFE DSF were in the climate scenarios with the highest
annual exposure to solar radiation. Useful daylight was distributed more
equally at the centre of the space when switchable ETFE cushions were
employed, especially in facades with large window-to-wall ratios.
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Fritted ETFE tended to improve the daylight distribution in rooms with
smaller windows. In contrast, single-skin facades with double-glazing
and double-skin facades with clear ETFE underperformed in almost all
tested scenarios. The only exception was the climate scenario with lower
solar radiation and the smallest of the analysed window-to-wall ratios;
in this case, the double glazing outperformed all ETFE design options.
However, even if the performance of a specific system is exceptional
over the course of the year, there still will be periods of time when glare
and illuminance over or undersupply will affect the qualities of daylit
office spaces.

While in this study switchable ETFE cushions performed generally
well as daylighting control systems in double-skin fagades, a remaining
task for future research is to identify key parameters for improving the
energy performance. Therefore, further studies should investigate the
thermal performance of ETFE DSF and the primary and secondary im-
pacts on a building’s energy consumption when employed as a retro-
fitting measure. Effects of facade ventilation, orientation and integration
of energy-producing technologies might be other research fields worth
exploring before implementing ETFE in building retrofits on a larger
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Annual solar radiation graph showing average diffuse horizontal and direct normal radiation for London, Barcelona and Shanghai (graphs by the

authors based on climate data retrieved from EnergyPlus™ [123]).
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Annual solar radiation graphs showing the hourly global horizontal radiation for London, Barcelona and Shanghai (graphs by the authors based on
climate data retrieved from EnergyPlus™ [123]).
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