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Abstract

Daylight redirecting systems with vertical windows have the potential to offset lighting energy use in deep
perimeter zones. A microstructured prismatic film designed for such use was characterized using
goniophotometric measurements and ray tracing simulations. The synthetically-generated bidirectional
scattering distribution function (BSDF) data were shown to have good agreement with limited measured
data for normal incident angles (0-60°). Measured data indicated that the prismatic film was most efficient
when vertical angles of incidence were between 18-35° and within +45° of normal incidence to the plane of
the window so maximum energy savings across the full depth of the zone occurred over the equinox to
winter solstice period. Annual lighting energy use and visual comfort in a deep open plan office zone were
evaluated using the Radiance three-phase method in several climates and for south and east-facing window
orientations. Lighting energy savings were 39-43% for a 12 m (40 ft) deep south-facing perimeter zone
compared to the same zone with no lighting controls. The prismatic film with and without a diffuser
controlled glare for views parallel to the window but produced glare for seated viewpoints looking toward
the window. At mature market costs, the system was projected to have a simple payback of 2-6 years.
Technical challenges encountered throughout the evaluation led to improvements in measurement and
modeling tools and stressed the importance of having accurate input data for product development.

Keywords: Daylighting; prismatic film; microstructured film;bidirectional scattering distribution function;
complex fenestration systems

1. Introduction

There has been significant research dedicated to developing micro- and macroscopic materials and systems
for the purpose of redirecting sunlight and diffuse skylight deeper into the building interior. Since lighting
energy use represents 13% of the total primary energy used by buildings in the United States or 5.42 quad
(quadrillion = 10® Btu) in 2010 (D&R International, 2012), such innovative technologies can play a
significant role towards aggressive energy-efficiency and greenhouse gas emission reduction goals.
Microstructured devices include angular selective coatings on glass and holographic optical elements
(HOES) (Smith and Grangvist, 2010; Sullivan et al., 1998; Papamichael et al., 1994). Static macroscopic
systems for vertical windows include prismatic optical elements (POEs), mirrored louvers, lasercut panels,
and enhanced light shelves (Wadsworth, 1903; Bartenbach et al., 1987; Moensch et al., 1987; Ruck et al.
2000; Andersen and Thuot, 2012; Beltran et al., 1997; Rogers et al., 2004). Motorized solar tracking
systems have also been developed for sidelighting applications (e.g., Bartenbach, 1994). More optimized
and complex solutions have involved roof-mounted, sun-tracking heliostats coupled to skylights, atria and
light-guiding mirrored ducts (Whitehead, 2013), or fiberoptics systems (Muhs et al., 2007). For both static
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and dynamic systems, the technical challenge has been how to achieve significant redirection of daylight
for a broad range of incident angles without causing discomfort glare.

Given the call for low-cost solutions that can meet aggressive building energy efficiency and carbon
emission reduction goals in the near term, interest in surface relief microstructured windows films such as
holographic diffusers, holographic optical elements, diffraction gratings, and prismatic structures has been
renewed, particularly if applicable to the retrofit market. Such films can be made through embossing with
surface textures of depths between 10 nanometers up to 200 microns. Films are manufactured in a
cleanroom environment via roll-to-roll processes with widths that are applicable to large-area windows
(e.g., 2 m). The substrate film can be composed of multiple layers of acrylic (polymethyl methacrylate or
PMMA), polycarbonate, or other materials that are not susceptible to degradation under prolonged
exposure to sunlight. The daylight film can be combined potentially with solar control films in a multilayer
system that achieves both solar and daylight control.

As with most innovations, creating the volume manufacturing capability for an emerging technology
requires significant capital investments so launching a venture enterprise needs to be justified carefully.
Quantifying technical and market potential is a critical part of decisionmaking. Until recently, the tools for
characterizing performance impacts have been limited, making it difficult to build an economic case for
widespread deployment of daylighting technologies by potential adopters (building owners, utility
emerging technology programs, regulators) and difficult to identify the key markets where their application
would be most promising.

Significant progress has been made within the R&D community toward more routine and more accurate
evaluations of the energy and comfort impacts of optically-complex daylighting systems. First,
measurements of angularly-resolved transmittance and reflectance properties of light-scattering materials
and coplanar systems have been facilitated using scanning goniophotometers (Apian-Bennewitz and von
der Hardt, 1998; Andersen and de Boer, 2006; Andersen et al., 2010). Second, the algorithms defined by
Klems (1994a, 1994b) to determine solar heat gains through multi-layered fenestration systems involving
scattering layers have been incorporated and extended to the calculation of daylight illuminance and
luminance within the Radiance simulation tool (Ward et al., 2011, McNeil and Lee, 2012). Assessments of
daylighting systems now take a fraction of the time that was needed in the past, opening up opportunities to
leverage the power of parallel cluster computing for both detailed assessments of performance impacts as
well as improvements to technological designs.

The primary objective of this study was to evaluate the performance of prototype microstructured
daylighting films, which have become more economically viable given advances in roll-to-roll
manufacturing. The study evaluates two prototype designs in a south- or east-facing, 14.6 m deep open
plan office zone with daylight-responsive electric lighting in four climates. Annual lighting energy use and
visual comfort performance is compared to that of a conventional shading system. Detailed data are
presented as a means of relating temporal and spatial performance to the angle-dependent optical properties
of the prototypes. As a developer of measurement and modeling tools, a second underlying objective of
this study was to identify the various challenges encountered in the characterization and modeling of
prototype systems during the early stages of product development and then define potential comprehensive
solutions for addressing the challenges. As with all R&D activities, assessments must be conducted within
real world time and resource constraints which in turn have impacts on the accuracy of the outcomes. This
study examines the impact of measured and synthetically generated bidirectional scattering distribution
function (BSDF) input data on modeled results, providing limited insights as to the importance of having
accurate input data for product development. Enabling accurate characterization of optically-complex
fenestration systems within tight resource constraints is identified as a key critical challenge for the
buildings industry.



2. Method

2.1. Perimeter zone configuration

A 178.5 m® (1920 ft?) furnished, open plan perimeter office zone was modeled using the Radiance
simulation software (Ward and Shakespeare, 1998). The zone’s overall dimensions of 12.2 m wide by 14.6
m deep (40x48 ft) were based on a modified version of the US Department of Energy (DOE) large office
commercial building prototype (Deru et al., 2011). The zone was made purposely deep to assess the ability
of the prototype daylight redirecting systems to deliver daylight beyond the typical perimeter daylight zone
of one to two times the head height of the window (Table 1). The ceiling height of 2.7 m (9 ft) is typical of
US commercial office building construction. The height of the furniture was low (1-1.4 m, 3.3-4.5 ft) to
reflect common trends in the industry to lower workstation heights in order to provide all occupants with
access to outdoor views. Surface reflectances were typical of commercial office finishes. No exterior
obstructions were modeled.
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Fig. 1. Exterior elevation of the perimeter zone facade.

Fig. 2. Floor plan view of the open plan perimeter office zone showing a) locations and directions of the
nine views used for glare assessments (left image) and b) locations of the work plane illuminance grid
points, where the four zones are divided by the cubical partitions parallel to the window (right image).
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Table 1

Summary of modeling assumptions

Dimensions (SI)

Dimensions (IP)

Zone dimensions
Floor area
Floor-to-floor height
Furnishings

Reflectance of indoor
surfaces (Rvis)

Ground reflectance
Obstructions (trees, etc.)

Upper clerestory
windows

Lower view windows

Window frames
Venetian blind

Window-to-wall area
ratio (WWR)

Facade orientation
Lighting control zones:
Zone 1

Zone 2

Zone 3

Zone 4

Illuminance setpont
Simulation timestep
Zone illuminance level

Lighting schedule
Lighting energy use

View locations:

View 1

View 2
View 3
View 4

Image resolution
BSDF basis

12.2 m wide, 14.6 m deep, 2.7 m high
178.5 m?

3.96 m

(16) 1.83 x 2.44 m cubicles with 1 m

high partitions parallel to the window

and 1.4 m high partitions perpendicular
to the window

Walls: 0.65, floor: 0.3, ceiling: 0.8,
desks: 0.4, partitions: 0.45, chairs: 0.2.
Rvis=0.1, uniformly diffusing

None

(5) 2.44 m wide x 0.72 m tall, sill height
1.98 m above the floor

(5) 2.44 m wide, 1.65 m tall, sill height
0.37 m above the floor

76.2 mm

Venetian blind over full height, slat
width: 25.4 mm, slat to slat distance: 20
mm, 45° slat angle, Rvis=0.80.

Total: WWR=0.60; Upper:
WWR=0.183; Lower: WWR=0.417

South and east
Distance from window (m):

40 x 48 x 9 ft
1920 ft?
13 ft

(16) 6x8 ft cubicles with 3.3 ft high
partitions parallel to the window and 4.5
ft high partitions perpendicular to the
window

(5) 8 ft wide x 2.375 ft tall, sill height
6.5 ft above the floor

(5) 8 ft wide, 5.42 ft tall, sill height 1.21
ft above the floor

3inches

Venetian blind over full height, slat
width: 1 inch, slat to slat distance: .79
inch, 45° slat angle, Rvis=0.80

Distance from window (ft):

0.00-3.05m 0-10 ft
3.05-6.10 m 10-20 ft
6.10-9.15m 20-30 ft
9.15-12.20 m 30-40 ft
500 lux 46.47 fc
1 hour

Average illuminance of 0.30-m grid of
points at desk height (0.76 m) per zone

8:00 - 18:00 Local Time, all week days
of the year

10-100% light output, 20-100% powver,
3% standby power

1.22 m above the floor
Distance from window (m):

Average illuminance of 1 ft grid of
points at desk height (2.5 ft) per zone

4 ft above the floor
Distance from window (ft):

1.5 m, looking at window, side wall,
and rear wall

4.6 m, looking at window and side wall
7.6 m, looking at window and side wall

10.7 m, looking at window and side
wall

800x800 pixels
146x146 modified horiz Klems basis

5 ft, looking at window, side wall, and
rear wall

15 ft, looking at window and side wall
25 ft, looking at window and side wall
35 ft, looking at window and side wall




2.2. Window configurations

The facade was divided into upper daylight and lower view windows (Fig. 1). The upper daylight windows
form a continuous strip of clerestory windows with a sill height of 1.98 m (6.5 ft) above the floor. These
windows have a center-of-glass visible transmittance (Tvis) of 0.61 and a window-to-exterior-wall area
ratio (WWR) of 0.18. The lower view windows were also continuous in width with a height of 1.65 m (5.4
ft) and sill height of 0.37 m (1.2 ft) above the floor (WWR=0.42). The center-of-glass transmittance was
Tvis=0.29. The makeup and properties of the modeled window are given in Table 2.

The window configurations were defined by one reference case and two test cases (Table 3):

e The reference case (“VB”) was defined with interior white Venetian blinds covering both the
upper and lower windows. The Venetian blinds were comprised of curved, concave down, matte,
1.6 cm (0.63 in.) wide white slats (Rvis=0.80, Tvis=0.05) spaced 1.2 cm (0.47 in.) apart and set at
a 45¢ tilt angle (lower edge of slat toward the exterior).

e The first test case (“P1”) uses a daylighting film on the upper windows and the same Venetian
blinds as the reference case on the lower windows.

e The second test case (“P2") consists of daylighting and diffusing films on the upper windows and
the same Venetian blinds as the reference case on the lower windows.

The two test cases involved a microstructured, asymmetrical, multi-sided refractive prismatic film (3M
Daylight Redirecting Film, Padiyath et al. 2013). The film consisted of an orderly array of linear
protrusions between 50-250 micrometers high. Each protrusion can be described as a four-sided prism
where sunlight from an incident range of 5-80° is refracted by total internal reflection. The film can be
manufactured using roll-to-roll processing methods and then adhered to a vertical window as a retrofit or
replacement measure. Views through the film are distorted, not clear. The film itself is colorless.

The first daylight-redirecting system (“P1”) consisted of this film adhered to the indoor surface (#4) of the
upper clerestory window. The second daylight-redirecting system (“P2”) used the same daylight-
redirecting film and a second light diffusing film (3M Fasara™ Mat Crystal 2 SH2ZMACRX2; Hao et al.
2012) in a triple-pane low-e window. The low-e coating was on surface #2, the daylight-redirecting film
was adhered to surface #4 and the light diffusing film was adhered to surface #5; the base glazing layers
were the same used in the reference case (see Table 2).

Table 2
Window composition and center-of-glass properties.
Description Tvis U-value SHG
(W/m?K) C
Upper Layer 1: 6 mm low-e glass (Viracon VRE1-67) 0.606 1.693 0.449
window Layer 2: 6 mm clear glass
Lower Layer 1: 6 mm low-e glass (Viracon VRE1-30) 0.290 1.855 0.302
window Layer 2: 6 mm clear glass
P1 Layer 1: 6 mm low-e glass (Viracon VRE1-67) 0.532 1.693 0.449
Layer 2: 6 mm clear glass, prismatic film on
surface 4
P2 Layer 1: 6 mm low-e glass (Viracon VRE1-67) 0.427 1.855 0.302
Layer 2: 6 mm clear glass, prismatic film on
surface 4
Layer 3: 6 mm clear glass, diffusing film on
surface 5




Table 3
Shading condition for simulation cases.

Case Daylight (upper) window condition View (lower) window condition

VB  White Venetian blind with 45° slat tilt angle ~ White Venetian blind with 45° slat tilt angle
P1 P1 system White Venetian blind with 45° slat tilt angle
P2 P2 system White Venetian blind with 45° slat tilt angle

2.3. Radiance simulations

The Radiance three-phase method was used to perform annual daylight simulations to evaluate both
lighting energy savings and visual comfort (Ward et al. 2011). This method separates light transport into
three phases or matrices that: a) relates solid angles or patches from a subdivided hemispherical sky to
incident directions on the window (daylight matrix), b) describes the outgoing angular and intensity
distribution of reflected and transmitted flux from the fenestration system as a function of incident angle
(bidirectional scattering distribution function (BSDF) matrix), and c) relates the outgoing directions from
the window to the desired locations in the interior (view matrix). The sky vector assigns luminance values
to patches representing the sky directions. The resultant illumination is obtained by performing matrix
multiplication of the three phases and the sky matrix for each time step. This approach enables quick
computation of the annual performance of any arbitrary optically-complex fenestration system. Facades
can be changed without simulating the entire light path, just substituting a new sky vector or fenestration
BSDF matrix. The dctimestep tool within Radiance (version 4.0) calls this calculation for each time step to
compute illuminance and luminance quantities defined by the user. Appendix Al lists the Radiance
parameters used for the simulations.

To generate the sky vector, direct normal irradiance and diffuse horizontal irradiance values are taken from
TMY2 weather data. The program gendaylit uses the irradiance data to generate a Perez sky definition for
Radiance. The Radiance program genskyvec divides the sky into Tregenza or Reinhart patches and
computes the average luminance of the patch. This study used a highly resolved sky to improve accuracy
of the calculation (Reinhart MF:4 subdivision scheme with 2305 patches).

The daylight matrix was generated using the Radiance rtcontrib program for a window without near- or far-
field obstructions. The exterior ground was uniformly diffusing with a reflectance of 0.1.

The view matrices were defined for nine rendered views at a height of 1.2 m (4 ft) above the floor and for
four zones of workplane illuminance sensor points. The nine views were used to assess daylight discomfort
glare in the space (Fig. 2a, Table 1). Workplane illuminance sensor points were defined by a grid of points
spaced 0.30 m (1 ft) apart across each of the four zones (Fig. 2b).

The BSDF matrix was defined using Window 6.3.3 (Mitchell et al. 2008) where individual glazing layers
were selected from the International Glazing Database (LBNL, 2013) and the BSDF data for individual
shading and daylighting layers were defined using measured data and/or ray-tracing tools as described
below. Window 6 was used to combine the glass and shading or daylighting layers to form a single
window system whose whole window BSDF were then output by Window 6 in an XML file format for use
by Radiance.

The Radiance genBSDF tool (McNeil et al., 2013) (and other ray tracing tools like TracePro) can produce
full BSDF datasets, requiring inputs of geometry and material data. In this study, the geometry of the
prismatic film was provided by the manufacturer and modeled in Radiance using genBSDF. The film,
adhesive, and 6 mm glass substrate were all modeled as dielectric volumes with refractive indices of 1.511



for the film, 1.497 for the adhesive and 1.52 for the glass." Section 3.1 discusses the derivation of the
BSDF dataset in more detail.

The BSDF for the diffusing film was generated using goniophotometric measurements. Since the film is
isotropic, only one measurement per incident theta band was required (Klems coordinate system has nine
theta bands, so nine incident angles each for front and back of the sample).

The BSDF for the Venetian blind was derived from the built-in Window 6 Venetian blind model, where the
surfaces of the slats were modeled as hemispherically diffusing (Lambertian).

For all cases, the synthetic BSDFs used a modified version of the full Klems angle basis which provides a
clear division between upward and downward flux (Fig. 3). Flux just above horizontal provides deep
daylight penetration while flux just below horizontal is most likely to cause glare. In the full Klems angle
basis, flux just above and just below horizontal are lumped into the same patch. The horizontally divided
angle basis used in this analysis separates flux just above and flux just below into separate patches.
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Fig. 3. Diagrams showing divisions of the full Klems angle basis (left) and the modified Klems horizontal
angle basis (right).

2.4. Lighting system and energy use

The perimeter zone was divided into four 3.05 m (10 ft) deep lighting control zones parallel to the window
(Fig. 2b). Dimming was proportional to available daylight, where the average hourly daylight illuminance
was determined in each zone from a 0.31 m (1 ft) grid of points.

Given the evolving dimmable lighting market and diversity of lighting solutions (fluorescent and LED
lighting, ballast efficiency, digitally addressable lighting controls, etc.), the lighting system was first
modeled as an ideal continuous dimmable system with 0-100% light output for a corresponding 0-100%
power use. The setpoint workplane illuminance was defined by the Illuminating Engineering Society of

! Radiance parameters used for sampling were -ab 2 -ad 700.



North America (IESNA) Lighting Handbook recommendations for open plan offices with intermittent (500
lux) visual display terminal (VDT) use (Rea, 2002).

Total perimeter zone lighting energy use was determined from the average of the four zones and expressed
as fractional lighting energy use where 1.0 is the lights on at full power and 0.0 is with the lights off all
hours. Annual fractional lighting energy use was determined for daytime office work hours from 8:00-
18:00 local time (LT) for all days of the year.

The annual fractional lighting energy use for an ideal dimming system was then correlated to annual
fractional lighting energy use for a fluorescent dimming system. Figure 4 shows a linear regression
between an ideal dimming system and a fluorescent dimming system with a 10-100% light output range for
a 20-100% power range, 3% standby power when off and a setpoint illuminance level of 500 lux at desk
height. Fractional lighting energy use was converted to energy for a fluorescent dimming system by
multiplying the fractional value by the number of daytime work hours (2600 h) and the ASHRAE 90.1-
2010 (American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 2010) maximum
prescribed lighting power density (LPD) of 10.5 W/m? (0.98 W/ft?) for open plan offices for new
construction, 14 W/m? (1.3 W/ft?) for retrofit construction (ASHRAE 90.1-2001), and 8.1 W/m? (0.75
WI/ft?) for new construction in California (Title-24 2013; California Energy Commission, 2012).
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Fig. 4. Linear regression between fractional lighting energy use for an ideal dimming system and
fluorescent dimming system.

2.5. Discomfort glare

The evaluation of discomfort glare was conducted using the daylight glare probability (DGP) and
discomfort glare index (DGI), both of which were computed using the evalglare software tool (version 1.0;
Wienold, 2012). The DGP index was derived from luminance data and subjective responses gathered in
full-scale daylit spaces (Wienold and Christoffersen, 2006). The Cornell-Hopkinson DGI formula was
derived from subjective responses to artificial lighting (Hopkinson and Bradley 1960). DGI has been found
to have low correlation to actual end user response to glare from daylight. It is however included in this
analysis as a conservative measure for glare analysis and to serve as a benchmark to prior studies.



For this analysis, the perimeter zone was illuminated solely with daylight so adaptation levels are expected
to be lower than expected for views furthest from the window due to low overall light levels.
Supplementary electric lighting would have raised adaptation levels and reduced frequency of discomfort
glare, but inclusion of this additional potential glare source would have confounded the analysis and so was
omitted in this study. The approach taken in this paper could produce a more conservative evaluation of
discomfort glare for locations in the rear of the perimeter zone where discomfort glare is largely determined
by luminance contrasts. Hirning et al. (2013) found that the DGP metric underestimated discomfort glare
when the lighting conditions were dominated by contrast-based glare (low vertical illuminance) in a field
study involving 63 office workers. If the DGP does underpredict discomfort glare when adaptation levels
are low, then this assessment may be less conservative.

Hourly images with a resolution of 800x800 pixels were generated by Radiance for each of the nine view
locations. Arbitrarily located glare sources with a solid angle greater than 0.002 steradians (st) were then
identified in each image by evalglare using the default method: pixels with a luminance greater than the
threshold luminance were identified as a potential glare source. The threshold luminance was defined as
five times the average luminance (the recommended default value in evalglare) within the entire 180° field
of view or scene. Glare source pixels were then merged into one glare source given a search radius
between pixels of 0.2 steradians. Non-glare source pixels were included with glare sources if they were
surrounded by a glare source (i.e., smoothing option was used). Luminance peaks (>50,000 cd/m?) were
extracted as separate glare sources.

To gain an understanding of when glare occurred as related to the prototypes’ design, a glare/ no-glare
hourly metric was defined based on the combined use of DGP and DGI values where for each hour (8:00-
18:00 LT, all weekdays of the year), if any of the nine views had a DGI value greater than 24 (threshold
between “just acceptable and “just uncomfortable™) or DGP value greater than 0.38 (average rating for
“perceptible” glare) then the hour was determined to have glare. Threshold values were not selected to
achieve equivalency between the DGP and DGI metrics since the fundamental definition of the two metrics
differ.

Annual glare performance was classified by accounting for the frequency of glare within a threshold limit
over a specified time period (Wienold, 2009):

e Class A or “best” class: 5% of the time must have an average DGP limit of 0.38 (“perceptible”
glare) and 95% of the time period DGP must be less than or equal to 0.35 (“imperceptible” glare).

e Class B or “good” class: 5% of the time must have an average DGP limit of 0.42 (“disturbing”
glare) and 95% of the time period DGP must be less than or equal to 0.40 (“perceptible” glare)

e Class C or “reasonable” class: 5% of the time must have an average DGP limit of 0.53
(“intolerable” glare) and 95% of the time period DGP must be less than or equal to 0.45
(“disturbing” glare).

These classes were calculated for the annual period defined by 8:00-18:00 LT, all weekdays of the year,
including periods after sunset.

3. Results

3.1. Characterization of the prismatic film

Goniophotometric measurements of actual physical samples are generally more accurate than synthetic
BSDF data generated using ray-tracing tools. Unfortunately, generating a full BSDF dataset through non-
automated measurements requires a significant investment of time. In prior work, the bidirectional
scattering properties of the base materials used in complex fenestration systems (CFS), such as the fabric



for roller shades or the painted metal finish on Venetian blinds, have been measured with a
goniophotometer and these data were then used in a ray-tracing model to produce full BSDF datasets. This
more practical approach was shown to produce data for solar heat gain analysis that were within acceptable
limits of error (Andersen et al., 2005; Molina et al., 2015). Further validation work was conducted
comparing synthetically-generated BSDF data using the genBSDF tool with measured data for flat mirrored
blinds and a micro-perforated metal mesh shade (McNeil et al., 2013).

In this section, we describe how limited BSDF measurements of the prismatic film were made and how the
full BSDF data set was generated using the genBSDF tool. A comparison between the measured and
synthetic BSDF data was made. Comparisons between illuminance and field of view luminance were also
made.

3.1.1. Measured BSDF data

A 25 x 25 cm sample of the microstructured film adhered to the surface of a 3-mm thick clear glass
substrate was provided by the manufacturer then measured using a goniophotometer. A total of eighteen
angles of incidence were measured: a) nine for ¢; = 90° (plane normal to the sample, vertical section) with
0 ranging from 0° to 80° at 10° increments, and b) nine for ¢; = 45° for the same set of 6; angles. The o
(“phi”) angle represents the angle between the horizontal x-axis of the sample and the incoming ray
projected onto the x-y plane of the sample. The angle of incidence, 8; (“theta™), is the angle between the
incoming ray and the z-axis normal to the surface of the sample. Fig. 5 illustrates how these angles are
defined for a CFS sample.

=

Fig. 5. General coordinate system for the definition of bidirectional properties (left). The incident polar
coordinates are given by 0; and ¢, from differential space angle dw; that defines the source. Outgoing polar
coordinates are given by the spherical coordinates 0; and ¢, for the outgoing differential space angle of
dw,. Definition of the Klems coordinate system used for representing discrete representation of
bidirectional data (right). (A) Vector coordinates for incident and forward going radiation. The z-axis is
perpendicular to the plane and points toward the viewer. (B) Coordinates for backward-going radiation, a
left-handed version of the system defined in (A).

Measurements were carried out with the the Lawrence Berkeley National Laboratory (LBNL)
goniophotometer (Pab Advanced Technologies Ltd, Pgll) using techniques developed by Apian-Bennewitz
(2010; Grobe et al., 2010). A halogen tungsten lamp was used for the light source which illuminated 2.5-
cm diameter region of the sample (more than 10 periods of the microstructure) at normal incidence. Two
wavelength bands were detected: the visible was obtained by using a vLambda filter over a Si-detector and
the near infrared was obtained by using an unfiltered indium gallium arsenide (InGaAs) detector. Detector
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measurements were made at a uniform angular resolution of 1° over the entire hemisphere with finer
resolution sampling around the peaks.

Measured data for the visible spectrum are shown in Fig. 6 with a falsecolor log scale. The view shows the
angular distribution and intensity of transmitted flux for the outgoing hemisphere with the outward surface
normal (blue line) pointing to the left of the image and the top of the graph corresponding to the top of the
vertically-positioned sample. Black regions within the circle indicate very low intensity values. The faint
red line indicates the @; angle with the small yellow half-circle indicating the direction if specular
transmission occurred and the red circle indicating the actual primary direction of peak transmission. The
yellow line in the images showing data for ¢;=45° indicates the horizontal line dividing the upper and lower
halves of the hemisphere (note: the line is not broken if the peak is in the upper hemisphere).

¢i=90° ¢i=45°

9i:

0i=50°

Fig. 6. Goniophotometric bidirectional transmittance distribution function (BTDF) data for visible light at
an incident angle of 6;=0° and 50° with ¢;=90° (left column) and ¢;=45° (right column).

In Fig. 6 (left), the plot for normal incidence (6;=0°, ¢;=90°) shows a strong downward specularly-
transmitting peak with additional smaller peaks also below the horizontal plane. By about 6;=30°, the
outgoing light focuses into a single peak redirected above the horizontal plane. Light is striking the linear
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microprisms at angles where total internal reflection for this design is most efficient. After about 6;=60°,
the outgoing light is still redirected upwards but multiple peaks begin to emerge.

When light is incident on the sample at an oblique angle, ¢;=45° (Fig. 6 right), the same pattern occurs but
a single strong peak occurs for 6; angles between 30° to 80°; i.e., multiple peaks do not occur at the higher
0; angles. The light-redirecting effect still occurs, but not quite as efficiently as for the ¢;=90° incident
angle: light is striking the linear face of the microprisms at an off-normal angle. Notice also the vertical arc
in these figures, which indicate a continuous region of low-level transmission. This bright arc is noticeable
when a large-area sample of the film is viewed at some angles on a sunny day (Fig. 7).

Fig. 7. Interior view of the film installed in the two upper clerestory windows. The bright arc of sunlight
being redirected to the viewer is visible close to the right-most edge of the right window.

The outgoing angle of the transmitted peak with the greatest magnitude was determined for each incident
angle then plotted in a summary graph in Fig. 8. For ¢; angles between 45° and 135° (since the system is
axially symmetric) corresponding to mid-day hours for a south-facing facade, this microstructured film was
able to achieve a low outgoing angle of redirection when the sun or incoming light was within 6; incident
angles between about 18-35°. An outgoing angle of about 3-5° enables flux to penetrate further from the
window wall to targeted depths of about 9-12 m (30-40 ft). Negative outgoing angles will cause glare.

The front visible reflectance of the sample is shown in Fig. 9. For the primary incident angles where the
system was found to be most efficient at redirection, the front reflectance was found to be low, between
0.10 and 0.15 for 6; incident angles between 10° to 60°. The effect is dominated by the glass substrate
reflectance rather than dependent on the film properties. There were no significant indications that the
azimuth (¢;) influences total reflectance.
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Fig. 9. Direct-hemispherical front visible reflectance integrated from measured BRDFs versus 0; angle of
incidence for ¢;=0° and 45°.

3.1.2. Synthetic BSDF data

The original design was not expected to match the fabricated prototype due to defects introduced during
manufacturing. Exact causes for variations in profile geometry are unknown. The surface relief grating is
created by pressing a mold into a resin at high throughput in a roll-to-roll process. Small deviations from
design may occur when the die is withdrawn or during the curing process when shrinkage may occur. We
attempted to capture the variation in the prismatic film’s geometry with modeling using geometric inputs
from various sources:

a) the original formulated design by the manufacturer (drawing of the profile) and

b) two drawn profiles of the fabricated structure taken from scans conducted by the manufacturer
using an electron microscope.
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The profiles generated using method (b) illustrated that there were slight variations in the fabricated profile.
Separate BSDF datasets were generated using the Radiance genBSDF tool for the original design and for
the two drawn profiles (b). A fourth BSDF dataset (“genBSDF average”) was generated by averaging the
intensities from each of the three separate synthetic datasets for each outgoing patch and incident angle.
This fourth dataset was used for the evaluations described in the following sections and in Section 3.2.

3.1.3. Comparison of synthetic BSDF data to goniophotometer measurements

A comparison of the direct hemispherical transmittance between the genBSDF average dataset and the
measured goniophotometric dataset for the P1 prismatic film mounted on 3 mm clear glass shows good
agreement with the exception of 6 greater than 60° (Fig. 10). The discrepancy at these higher outgoing
angles could be explained by experimental noise; the noise gets amplified at the highest angles since the
measured signal is divided by the cosine of the outgoing angle. The measured signal in the
goniophotometer is proportional to BSDF*cos 6 so when calculating the BSDF, the noise is amplified by a
very large factor for 6 values near 90°.

100%
90%
80% f —p o
70% \0:9;‘%

ANN

o \Q\O
40%

30% \

20%

Transmittance

—&—goniophotometer
10%

—@—genBSDF Average
0% ‘ : ‘ ‘ : : : : |
0 10 20 30 40 50 60 70 80 90
Theta Angle
Fig. 10. Direct-hemispherical transmittance as a function of incident angle (6;= 0-82.5°) in the plane
normal to the prismatic film (¢; = 90°). Measured goniophotometric and synthetic genBSDF bidirectional
transmittance distribution data were computed using the full Klems basis for the various incident angles.

The measured and averaged genBSDF synthetic data computed using the Klems basis are shown for
varying incident angles (6; = 0-82.5°) in the plane normal to the prismatic film (¢; = 90°) in Fig. 11. If the
transmitted flux is redirected upward, then the flux will occur in the positive outgoing patch angles.
Negative patch angles capture downward transmitted flux. The peak transmission was found to occur for
the most part in the same outgoing patch for incident angles between 20-70°. At normal and very oblique
angles of incidence, multiple outgoing peaks emerged and the peak energy was spread between adjacent
patches so agreement between the two datasets was less. The intensity of the peak transmitted energy of
the genBSDF dataset was also found to be less than the measured data for most incident angles even though
the synthetic data predicted less scatter.
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Fig. 11. Measured goniophotometric and synthetic genBSDF bidirectional transmittance distribution data
computed using the full Klems basis are shown for varying incident angles (6; = 0-82.5°) in the plane
normal to the prismatic film (¢; = 90°). Outgoing patch angles are given for 6, = 82.5° (upwards to the
ceiling plane to -82.5° (downwards to floor). The synthetic data are given for the average BSDF dataset.
Data are given for the P1 film on a 3 mm clear glass substrate.
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3.1.4. Comparison of illuminance and luminance from measured versus synthetic BSDF data

To determine the significance of the differences between the measured and synthetic averaged BSDF
dataset, average workplane illuminance levels in the open plan office zones were computed, where the sun
and sky intensity was assigned to a single incident direction (6; =20°, 30°, 40°, 50°, 60° and 70°, ¢;=90°).
These data are shown in Table 4. The relative difference in average illuminance between genBSDF and
goniophotometer BSDFs is low for the first two zones. In the first two zones the angular difference in the
peak transmission has a muted effect on illuminance, overall transmission is much more critical. For the
third and fourth zones, the difference in angular direction of the peak has much greater effect, as is
evidenced by relative differences ranging from -44% to 46%. These large percentage differences result
from minor differences in the BSDF data, whether or not the full intensity of a peak is contained in one
patch or spread over several. Such difference can be considered local and random, and as such they will
average out as the other angles of incidence over the incoming hemisphere are considered at once, similar
to the total hemispherical data where all outgoing angles are integrated to one value in Fig. 10.

Using a similar method, images of the open plan office were generated using the measured or synthetic
averaged BSDF datasets, where the sun and sky intensity was assigned to a single incident direction (0; =
20° or 50°, @; = 90°). The relative difference images in Fig. 12 (righthand column) show that the synthetic
genBSDF dataset produced significantly greater ceiling luminance than the measured BSDF dataset for
most incident angles. These images also show little difference in workplane illuminance aside from the
portion of the desk close to the partition parallel to the window, which is predominately illuminated by
daylight reflected from deeper regions of the ceiling.

Modeled performance is likely to be improved if a greater number of measured profiles of the
manufactured prismatic film were modeled and if resolution of the BSDF basis was increased (e.g., two or
four times the full 145x145 Klems basis). Use of variable resolution BSDF datasets, which provide highly-
resolved data (i.e., smaller solid angles per patch) in areas where peak transmission occurs (Ward et al.
2012) would also improve modeled performance.
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Table 4
Average workplane illuminance (lux) for a single incident direction. Data are given for the P1
film on a 3 mm clear glass substrate.

¢;=90° Zone (m) 0-3.0 3.0-6.1 6.1-9.2 9.2-12.2
Zone (ft) 0-10 10-20 20-30 30-40
®i=20° goniophotometer 4250 1858 546 349
genBSDF 3900 1569 672 455
absolute difference -350 -289 127 106
relative difference -8% -16% 23% 30%
®i=30° goniophotometer 5363 1332 295 117
genBSDF 5068 1571 432 166
absolute difference -295 239 138 49
relative difference -5% 18% 47% 42%
®i=40° goniophotometer 4307 899 208 81
genBSDF 4235 1023 240 118
absolute difference -71 124 32 37
relative difference -2% 14% 15% 46%
®i=50° goniophotometer 3723 692 196 79
genBSDF 3919 798 188 60
absolute difference 196 106 -7 -19
relative difference 5% 15% -4% -24%
®i=60° goniophotometer 2523 585 147 60
genBSDF 2443 554 137 51
absolute difference -80 -30 -10 -8
relative difference -3% -5% -7% -14%
®i=70° goniophotometer 1534 380 96 44
genBSDF 1396 331 69 24
absolute difference -137 -49 -27 -19
relative difference -9% -13% -28% -44%
Mean absolute difference -122 17 42 24
Mean relative difference 4% 2% 8% 6%
RMS relative difference 6% 14% 25% 35%
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70°

Fig. 12. Renderings of an open plan office zone looking toward windows with the P1 film applied to a 3
mm clear glass substrate. The left column of images were generated using goniophotometric BSDF data
for incident angles of 20° and 50° while the center column of images were generated using genBSDF data.
The falsecolor linear scale runs from 0-2598 cd/m? where values greater than 2598 cd/m? are also shown in
yellow. The right column contains the absolute value of relative error.

3.2. Annual performance of the daylight-redirecting systems

3.2.1. Annual lighting energy use and peak demand

Radiance parametric simulations were run for the reference, P1, and P2 window conditions for south- and
east-facing perimeter zones in four climates: Chicago, Houston, Sacramento, and Burbank (Table 5).
Results are summarized for varying depths of the perimeter zone in Table 6. The P1 system produced the
greatest lighting energy savings while the reference Venetian blind produced the least. The P2 system, for
example, produced 22-23% greater savings in fractional lighting energy use compared to the Venetian blind
system with the same lighting control system in a 40 ft deep south zone across the four climates. For east-
facing zones, the P2 system was slightly less effective, producing 19-21% savings compared to the
reference blind.

Table 5
Summary data for modeled climates.
Percent of Annual Annual
. Annual Cooling .
. Latitude Heating
City o Average Degree
(°N) . Degree Days
Possible Days (65°F)
Sunshine* (65°F)
Chicago, Illinois 41.85° 54% 468 3506
Houston, Texas 29.76° 59% 1667 786
Sacramento, California  38.58° 78% 673 1411
Burbank, California 34.18° 73% 826 721

* http://www1l.ncdc.noaa.gov/pub/data/ccd-data/pctposrank.txt (accessed April 15, 2016)

Annual source lighting energy use for three levels of lighting power density is also given in Table 6, where
the site-to-source electricity conversion factor was 3.3. Compared to a non-daylit perimeter zone with a
total annual source lighting energy use of 120 kWh/m?-yr (11.15 kWh/ft>-yr), energy savings for the P2
system in a 12.2 m (40 ft) deep dimming zone were 46.8-51.4 KWh/m?-yr (4.35-4.78 KWh/ft>-yr), 39-43%
for the south-facing perimeter zone across all climates with an installed lighting power density (LPD) of 14
W/m? (1.3 W/ft?). With an installed LPD of 8.1 W/m? (0.75 W/ft%) and annual energy use of 69.3 kWh/m?-
yr (6.44 KWh/ft?-yr), savings were 27.0-29.7 kWh/m?-yr (2.51-2.76 kWh/ft?-yr) or 39-43%.
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Compared to a south-facing perimeter zone with Venetian blinds and daylighting controls, total annual
source lighting energy use savings for the P2 system across the 12.2 m (40 ft) deep dimming zone were
18.4-19.5 KWh/m?-yr (1.71-1.81 KWh/ft?-yr) or 20-22% across all climates with an installed LPD of 14
W/m? (1.3 W/ft?). With an installed LPD of 8.1 W/m? (0.75 W/ft?), savings were 10.7-11.3 kWh/m?-yr

(0.99-1.05 KWh/ft?-yr) or 20-22%.

Table 6

Fractional lighting energy use (FLE) and annual source lighting energy use (KWh/ft2-yr) for three levels
of lighting power density.

0-20 ft zone 0-30 ft zone 0-40 ft zone

VB P1 P2 VB P1 P2 VB P1 P2

FLE 055 029 0.32 0.68 045 0.48 0.75 056 058
savings 48%  42% 33% 29% 25%  22%

S 1.3WIit 6.49 3.71  4.03 7.87 5.42 5.74 8.62 6.59 6.81

° 0.98 W/ft>  4.89 280 3.04 593 408 4.33 6.50 4.97 5.13
g 0.75W/ft? 374 214 233 454 313 3.31 4,97 3.80 3.93
= FLE 0.64 0.37 0.41 0.74 053 056 0.8 0.63 0.65
© Savings 42%  35% 29%  24% 22%  19%
E 1.3W/Ht 745 456  4.99 8.51 6.27 6.59 9.15 734 755

0.98 W/ft*? 5.61 344  3.76 6.42 473 497 6.90 5,53  5.69

0.75 W/t 4.30 2.63 2.88 491 3.62 3.80 528 423 4.36

FLE 054 0.27 0.3 0.67 0.45 0.47 0.74 056 058
Savings 51%  45% 34%  30% 25%  22%

S 1.3WIit 6.38 350 3.82 7.77 5.42 5.63 8.51 6.59 6.81

c 0.98 W/ft>?  4.81 2.64 2.88 585 4.08 4.25 6.42  4.97 5.13
= 0.75 W/t  3.68 2.02 2.20 448 3.3 3.25 491 3.80 3.93
3 FLE 059 031 0.35 0.71 048 051 0.77 058 0.61
T Savings 48%  41% 32% 28% 24%  21%
E 1.3W/Ht 6.91 3.92 435 819 574 6.06 8.83 6.81 7.13

0.98 W/ft*? 5.21 296 3.28 6.18 433 457 6.66 5.13 5.37

0.75 W/t 3.99 226 251 473 331 3.50 5.10 393 411

FLE 049 024 0.28 0.63 041 0.44 0.71 053 055
Savings 50%  44% 34%  30% 26%  23%

S 1.3WIit 5,84 318 3.60 734 4,99 5.31 8.19 6.27 6.49

g 0.98 W/t  4.41 239 272 553 3.76  4.00 6.18 473 4.89
g 0.75 W/ft?  3.37 1.83 2.08 423 2.88 3.06 4,73 3.62 3.74
g FLE 057 0.32 0.36 0.69 048 051 0.76 058 0.61
3 Savings 43%  37% 31% 26% 23%  20%
E 1.3W/Ht 6.70 4.03 4.46 798 574 6.06 8.73 6.81 7.13

0.98 W/ft®  5.05 3.04 3.36 6.02 433 457 6.58 5.13 5.37

0.75 W/t  3.86 233 257 460 331 3.50 5.03 393 411

FLE 048 0.24 0.27 0.62 041 043 0.71 052 0.54
Savings 51%  45% 35% 31% 26%  23%

S 1.3WIit 5,74 318 350 723  4.99 5.20 8.19 6.16  6.38

™ 0.98 W/t  4.33 239 264 545  3.76 3.92 6.18 4.65 4381
_c;r_s 0.75 W/t  3.31 1.83 2.02 4.17 2.88 3.00 4,73 356 3.68
5 FLE 057 031 0.34 0.69  0.47 0.5 0.76  0.58 0.6
@ Savings 45%  39% 31% 27% 23% 21%
E 1.3W/Ht 6.70 392 424 798 5.63 5.95 8.73 6.81 7.02

0.98 W/ft*>  5.05 296  3.20 6.02 425 449 6.58 5.13 5.29

0.75 W/t  3.86 226 245 460 3.25 3.43 5.03 3.93 4.05
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Temporal plots of fractional lighting energy use are given in Fig. 13-15 for the south facing perimeter zone
in Sacramento. In Section 3.1, the goniophotometric data indicated that the outgoing angles of redirection
were more optimal between the equinox and winter solstice. This is supported by the temporal plots where
the most significant reductions in lighting occur during the core daytime hours (9:00-15:00) from March to
September, influencing zones 3 and 4 or 6.1-12.2 m (20-40 ft) from the window.

Building owners generally find that installing dimmable lighting controls in the first one to two times the
head height of the window (9-18 ft) is economical. If the installed cost of the daylighting film to the
consumer is assumed to be $20/ft>-window (based on mature market estimates from industry), the simple
payback is 2.2 to 3.3 years for a 0-20 ft and 0-30 ft dimming zone, respectively, assuming an LPD of 1.3
WI/ft2. With an LPD of 0.75 W/ft?, the payback lengthens to 3.8 to 6.3 years for the 0-20 ft and 0-30 ft
dimming zone, respectively. If the added installed cost of the daylighting controls at $2/ft>-floor is
included in the total, then the simple payback increases to 4.0 to 7.5 years for the LPD of 1.3 W/ft® and 7.0
to 14.2 years for the LPD of 0.75 W/ft?, respectively for the two zone depths. This analysis assumes a
utility rate of $0.20US/kWh, product life of 30 years, and discount rate of 6%. The utility rate is an
average flat rate equivalent for metropolitan areas that impose time-of-use demand charges.
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Fig. 13. Temporal plot of fractional lighting energy use in each zone for the reference case with a Venetian
blind. Zone 1 = 0-10 ft from the window, zone 4 = 30-40 ft from the window. South-facing perimeter zone
in Sacramento, California. The vertical shift in the plots mark the transitions between Standard and
Daylight Savings Time.
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3.2.2. Discomfort glare

Table 7 contains the two DGP metrics used to determine visual comfort classes for each view (Weinold
2009). Temporal plots are given in Fig. 16-17 showing when glare occurred throughout the year for the
south-facing window in the Sacramento climate. For the four views looking toward the sidewalls ranging
in depth from the window, there were no hours when visual discomfort occurred. Similarly, a view from
the front looking towards the rear wall yielded no occurrences of glare. For views looking at the window,
discomfort glare occurred from October to February between 9:00-15:00 for both the P1 and P2 systems,
with frequency increasing as the view position increased in distance from the window wall. Towards the
rear, the level of adaptation is less due to the lower overall illuminance levels further from the window. For
the period between the equinox and winter solstice, direct views of the orb of the sun are possible due to the
low altitude angles of the sun.

Table 7

Comfort Class metrics. The first value is average DGP in the 5% band, and second value is the DGP
limit for 95% of office hours. Unshaded are comfort class A, light gray shade is comfort class B, and
dark gray shading is comfort class C.

Burbank Chicago Houston Sacramento
S E S E S E S E

P1 |0.34 0.33;0.31 0.30{0.33 0.31:0.31 0.28|0.33 0.31{0.30 0.29|0.34 0.33; 0.34 0.33
vla P2 |0.31 0.31;0.29 0.28(0.31 0.30{0.29 0.27|0.31 0.29{0.28 0.27|0.31 0.31; 0.31 0.31
VB |0.22 0.22;0.21 0.21|0.22 0.21:0.21 0.21]0.22 0.21:0.21 0.21|0.22 0.22; 0.22 0.22

P1 |0.42 0.41: 0.41 0.39|0.42 0.40:0.40 0.38|0.40 0.38:0.43 0.39|0.42 0.41 0.45 0.42
vib P2 |0.40 0.39:0.39 0.37|0.41 0.38:0.38 0.36|0.38 0.36:0.40 0.37|0.40 0.39: 0.43 0.41
VB [0.29 0.28:0.27 0.27(0.28 0.27:0.27 0.26|0.28 0.26:0.27 0.26|0.29 0.28; 0.29 0.28

P1 [0.23 0.23:0.23 0.22|0.23 0.22{0.22 0.21|0.22 0.21:0.22 0.21|0.23 0.23} 0.24 0.23
vlc P2 |0.22 0.22;0.22 0.21{0.22 0.21i0.21 0.21|0.22 0.21{0.21 0.20|0.22 0.22; 0.23 0.22
VB |0.18 0.18;0.18 0.18|0.18 0.18:0.18 0.18/0.18 0.18:0.18 0.18(0.18 0.18; 0.18 0.18

P1 |0.31 0.24{0.22 0.21]0.29 0.23:0.21 0.21|0.27 0.22{0.22 0.21|0.31 0.26; 0.23 0.22
v2a P2 |0.250.24;0.22 0.21]0.25 0.23{0.21 0.21|0.24 0.22{0.22 0.21|0.26 0.23; 0.23 0.21
VB |0.19 0.19;0.19 0.18|0.19 0.18:0.18 0.18{0.19 0.18:0.18 0.18(0.19 0.19; 0.19 0.19

P1 |0.37 0.36;0.40 0.36|0.40 0.36:0.37 0.33|0.35 0.33:0.41 0.36|0.39 0.37: 0.43 0.39
vz2b P2 |0.36 0.35{0.37 0.34|0.38 0.35{0.35 0.32|0.33 0.32;{0.38 0.35|0.38 0.36: 0.40 0.37
VB [0.24 0.24:0.23 0.23(0.24 0.23:0.23 0.23|0.23 0.23:0.23 0.22|0.24 0.23;{ 0.24 0.24

P1 |0.31 0.22{0.21 0.20{0.29 0.22:0.20 0.19(0.25 0.21{0.23 0.21|0.30 0.22; 0.21 0.20
v3a P2 |0.24 0.22;0.21 0.20{0.25 0.22{0.20 0.19|0.22 0.21:{0.23 0.20|0.25 0.23; 0.22 0.20
VB |0.19 0.19;0.19 0.18|0.19 0.18:0.18 0.18/0.18 0.18:0.19 0.18(0.19 0.19; 0.19 0.19

P1 [0.37 0.32:0.38 0.31|0.39 0.33:0.35 0.29|0.32 0.29:0.39 0.32|0.40 0.35: 0.41 0.35
v3b P2 |0.34 0.32:{0.34 0.31]|0.36 0.32{0.33 0.30|0.30 0.29:{0.35 0.32|0.35 0.33; 0.37 0.34
VB [0.24 0.24:0.24 0.24(0.24 0.24:0.24 0.24|0.24 0.24:0.24 0.24|0.24 0.24{ 0.25 0.24

P1 |0.26 0.22:0.21 0.20|0.27 0.22:0.20 0.19|0.22 0.21:0.23 0.22|0.27 0.22: 0.22 0.20
vda P2 |0.24 0.22{0.22 0.20|0.25 0.22:0.21 0.20{0.22 0.21:0.23 0.21|0.25 0.22; 0.22 0.20
VB (0.18 0.18/0.18 0.18|0.18 0.18:0.18 0.18|0.18 0.18:0.18 0.17|0.18 0.18: 0.18 0.18

P1 |0.33 0.29;0.36 0.30{0.37 0.31:0.33 0.28|0.29 0.280.37 0.32|0.37 0.32; 0.39 0.33
vdb P2 |0.32 0.30{0.33 0.31{0.34 0.31:0.32 0.29/0.29 0.28:0.34 0.31(0.34 0.32; 0.36 0.33
VB |0.25 0.25{0.25 0.25|0.25 0.25:0.25 0.25]0.25 0.25:0.25 0.25(0.25 0.25; 0.25 0.25
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Fig. 16. Temporal plots of glare occurrence for Sacramento, south facing facade, P1.
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Fig. 17. Temporal plots of glare occurrence for Sacramento, south facing facade, P2.
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The overall performance of the systems can be more easily compared on a scatter plot with the glare and
energy use performance metrics on each axis. Figure 18 shows the performance for the four simulation
cases (considering the 0-40 ft perimeter zone) including a commercially-available specularly-reflecting
louver system (“C1”) that was studied earlier (McNeil and Lee, 2013). The C1 and reference Venetian
blind systems produced no visual discomfort, however the P1 and P2 systems yielded the greatest annual
energy savings.
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Fig. 18. Fractional lighting energy use for the south (left) and east (right) facing perimeter zone versus
percentage of glare occurrence in a year. The C1 system is a commercially available daylight-redirecting
product. Data are given for the 40 ft deep zone in Sacramento, California.

4. Conclusions

A microstructured, asymmetrical, multi-sided refractive prismatic film was fabricated with an orderly array
of linear protrusions between 50-250 micrometers high. The film was designed to be adhered to the surface
of a vertical clerestory window so that incident daylight would be redirected upwards towards the ceiling
plane and then diffused to the work areas below. The performance of the film was evaluated to determine
lighting energy use savings and occurrence of discomfort glare in a 12.2 m (40 ft) deep, open plan office
with 1-m (3.3 ft) high partitioned workstations.

Limited scanning goniophotometric measurements were taken of the film. Two profiles were traced from
optical scans of the fabricated film and these two profiles and the original design were modeled using the
Radiance genBSDF ray-tracing tool to generate an average synthetic BSDF dataset that was used for the
simulations. The synthesized BSDF dataset agreed largely with measured data: in-plane direct-
hemispherical intensities agreed well across the range of near normal incident angles (6; = 0-60°, ¢; = 90°),
with greater experimental noise occurring for 8 values near 90°. The peak transmitted energy was found to
occur in the same outgoing patch for incident angles between 20-70°.

For a single incident direction, relative differences in average workplane illuminance produced by the
measured versus synthetic BSDF datasets were low in the first two zones and more significant in the zones
further from the window. Ceiling luminance was also significantly greater with the synthetic BSDF dataset.
The differences were considered to be local and random and were likely to be averaged out when all other
angles of incidence over the incoming hemisphere were considered.

In terms of light redirecting performance, the goniophotometric data indicated that for ¢; angles between
45° and 135° (since the system is axially symmetric), the microstructured film was able to achieve low
outgoing angles of redirection when the sun or incoming light was within 6; incident angles between about
18-35°. These angles correspond roughly to mid-day hours (x 2-3 h) for a south-facing facade and equinox
to winter solstice solar altitudes for US latitudes of about 40°N and a slightly broader range of hours for
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more northern latitudes. Results from annual simulations of lighting energy use using Radiance simulation
tools confirmed these trends.

Time-efficient simulation capabilities were applied, where BSDF data were used with the Radiance three-
phase matrix calculation approach to determine annual performance. A variant of the Klems basis was
defined so that flux was assigned to patches above and below the horizon, enabling more accurate
evaluations of glare. The window film was modeled in two configurations: the P1 system was defined with
the prismatic film adhered to the #4 surface of an insulating glass unit while the P2 system was defined as a
triple-pane system with an outboard low-e glazing layer and two clear glass layers with the prismatic film
adhered to surface #4 and a second diffusing film adhered to surface #5. Simulations were conducted to
evaluate glare discomfort from nine viewpoints looking at the side wall, window, and rear wall of the
perimeter zone.

Annual lighting energy savings produced by the P2 system ranged from 39-43% in a 12.2 m (40 ft) deep
south facing perimeter zone in north and south regions of the U.S., where the reference case was defined
with no lighting controls. Compared to a south-facing perimeter zone with Venetian blinds and daylighting
controls, lighting energy savings were 20-22%. Estimated simple payback ranged from two to six years.

For viewpoints within the space located both near and looking normal to the window, the P1 and P2
systems were found to produce visual discomfort (DGP Classes B and C) for all climates and window
orientations. Discomfort glare occurred during equinox to winter mid-day hour when the sun angle was
low and the orb of the sun was within the occupant’s direct field of view. The P2 system spread out and
reduced the intensity of the sun, reducing glare discomfort compared to the P1 system.

Several challenges were identified over the course of this study that led to further developments in both
measurement and modeling tools and raised awareness of the broader issues faced by the buildings industry.
First, goniophotometric measurements to generate full BSDF datasets take time. In this study, collection of
data at different phi angles had to be implemented manually, hindering iterative R&D activities that rely on
feedback from performance evaluations. A sample rotator was subsequently added to the goniophotometer,
significantly reducing the time needed to collect BSDF data for a single incident direction. For each
sample, 145 incident directions must be measured for anisotropic samples (half that for anisotropic samples
with right-left symmetry as was the case of the prismatic film). Interpolation tools were also subsequently
developed that enable one to significantly reduce the requisite number of incident angles with minimal
differences in relative error (Ward et al. 2012). Further work is underway to test and validate these tools.

Second, the three-phase method has been shown to be adequate for evaluations of spatially-averaged
workplane illuminance and annualized metrics in prior validation studies but use of this method to evaluate
discomfort glare from daylighting systems is known to have accuracy limitations. Balancing trade-offs
between daylighting and glare performance was a key issue in the development of these prototype systems
and is critical for assessments of fenestration designs in general. A five-phase method (McNeil 2013) with
variable resolution BSDF datasets (Ward et al. 2012) was subsequently derived to increase accuracy, where
the sky component is calculated separately from the sun component, enabling the sun component to be
modeled with high-resolution BSDF data that captures the peak intensities of transmitted flux. Variable
resolution BSDF datasets provide high resolution data in areas of the transmittance distribution where
significant changes in intensity occur and low resolution data in areas where changes are minimal (e.g., as
in Fig. 6). Further work is underway to test and validate the five-phase method as well.

Third, quality of measured and synthetic BSDF data has been and continues to be a critical issue. The
scanning goniophotometer used in this study is a unique instrument of which there are only a handful in the
world. There are also commercial imaging goniophotometers with more limited dynamic range and
resolution available to industry. Some work has been done to compare measurements taken with different
devices (Krehel et al., 2015). Synthetic BSDF datasets can be generated using open source Radiance
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software by architects and engineers for simulation studies. In the case of early prototype developments,
synthetic data may be the only source of data. Additional work is needed to define appropriate methods to
ensure quality of data not only for lighting energy and solar heat gain calculations (Klems 145x145 basis)
but also for visual comfort assessments (variable resolution basis).

With these and other future advances in measurement and simulation capabilities, we anticipate more
accurate results that will support a more rapid design-evaluation cycle for developers of new emerging
technologies and possibly accelerated market adoption with greater confidence and lowered perceived risk.
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Appendix — Detailed supporting tables and figures

Table Al

Radiance parameters used in simulations.

Radiance Simulation llluminance View Rendered View

Parameters Matrix (Sensor Matrix
Points)

ambient bounces (-ab) 5 4

ambient divisions (-ad) 10,000 10,000

ambient subdivisions (-as) 0 0

ambient accuracy (-aa) 0 0

limit weight (-Iw) 1.00E-12 1.00E-10

direct source subdivision 0.06 0.06

(-ds)

direct jitter (-dj) 0.9 0.9

direct threshold (-dt) 0 0

direct certainty (-dc) 0.75 0.75
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Table A2

Fractional peak lighting demand and annual source lighting demand (W/ft?) for three levels of lighting
power density.

0-20 ft zone 0-30 ft zone 0-40 ft zone

VB P1 P2 VB P1 P2 VB P1 P2

FLE 0.34 0.08 0.13 0.53 0.3 0.33 0.63 044 047
savings 76%  63% 43%  36% 30% 25%

S 13WwWiift2 049 017 0.23 0.73 044 0.48 0.86 0.62 0.66

° 0.98WwW/ft2 037 013 0.18 055 034 036 0.64 047 0.49
§ 0.75W/ft2 029 010 0.13 0.42 026 0.28 049 036 0.38
g FLE 0.63 033 034 0.74 051 053 0.8 0.62 0.63
savings 48%  46% 31% 29% 22%  21%

E 13W/ft2 086 048 049 099 071 0.73 1.07 084 0.86
0.98W/ft2 064 036 0.37 0.75 053 055 0.80 0.64 0.64
0.75W/ft2 049 028 0.29 057 041 042 0.62 049 0.49

FLE 0.37 0.17 0.2 055 0.38 0.4 0.66 051 053
savings 54%  46% 32% 27% 22%  19%

S 13Wiit2 053 028 032 0.76 054 057 0.89 071 0.73

- 0.98W/ft2 040 021 0.24 0.57 041 043 0.67 053 055
£ 0.75W/ft2 031 016 0.18 0.44 031 0.33 052 041 042
:(l::D FLE 058 031 032 0.7 0.5 0.51 0.77 061 0.62
savings 47%  44% 29% 27% 21%  20%

E 13W/ift2 079 046 047 094 069 071 1.03 083 084
0.98W/ft2 060 034 0.35 0.71 052 053 0.78 0.63 0.64
0.75W/ft2 046 026 0.27 054 040 041 0.59 048 0.49

FLE 0.33 0.09 0.13 052 031 034 0.63 046 0.48
savings 2% 61% 39%  34% 27%  24%

S 13Wift2 048 018 0.23 0.72 046 0.49 0.86 0.64 0.67

g 0.98W/ft2 036 014 0.18 054 034 037 0.64 049 050
g 0.75W/ft2 028 011 0.13 041 026 0.29 0.49 037 0.39
g FLE 0.55 0.3 0.32 0.68 0.49 0.5 0.75 0.6 0.61
3 savings 46%  43% 28%  26% 20%  19%
E 13W/ift2 076 044 047 092 0.68 0.69 1.00 082 0.83
0.98W/ft2 057 034 0.35 069 051 052 0.76 0.62 0.63
0.75W/ft2 044 026 0.27 053 039 0.40 0.58 047 0.48

FLE 035 013 0.17 053 034 037 0.64 0.48 0.5
savings 62%  52% 35% 30% 25% 21%

S 13WwWit2 051 023 0.28 0.73 049 053 0.87 0.67 0.69

o 0.98W/ft2 038 018 0.21 055 037 0.40 065 050 052
§ 0.75W/ft2 029 013 0.16 042 029 031 050 039 0.40
E FLE 0.6 0.32 0.33 0.71 051 051 0.78 0.62 0.62
savings 47%  46% 29%  28% 21%  20%

E 13W/ft2 082 047 048 095 071 071 1.04 084 084
0.98W/ft2 062 035 0.36 0.72 053 053 079 0.64 0.64
0.75W/ft2 047 027 0.28 055 041 041 0.60 049 0.49
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Table A3

Fractional lighting energy use and annual source lighting energy use (kWh/ft>-yr)

far three levels of linhtina hower density

City Facade LPD 0-10 ft zone 10-20 ft zone
VB P1 P2 L1 VB Pl P2 L1
FP 0.34 0.11 0.14 0.14 0.76 0.46 0.50 0.56
Savings 67% 58% 60% 39% 35% 27%
S 13wWit2 408 132 168 1.68 9.11 551 5.99 6.71
° 0.98 W/ft2 3.07 0.99 1.26 1.26 6.87 4.16 4.52 5.06
? 0.75W/ft2 2.35 0.76 0.97 0.97 526 3.18 3.46 3.87
g FP 0.47 0.16 0.21 0.20 0.82 0.59 0.62 0.66
Savings 66% 54% 56% 28% 25% 20%
E  13wit2 563 192 252 240 9.83 7.07 743 7091
0.98W/ft2 425 145 1.90 1381 741 533 5.60 5.96
0.75W/ft2 325 1.11 145 1.38 567 4.08 4.29 4.56
FP 0.33 0.07 0.10 0.09 0.76 0.47 0.50 0.56
Savings 79% 70% 72% 39% 34% 27%
S 13wt 3.96 0.84 120 1.08 9.11 563 5.99 6.71
- 0.98 W/ft2 2.98 0.63 0.90 0.81 6.87 4.25 4.52 5.06
£ 0.75W/ft2 2.28 0.48 0.69 0.62 526 3.25 3.46 3.87
3 FP 0.39 0.09 0.14 0.13 0.79 0.53 0.56 0.60
= Savings 77% 65% 67% 33% 30% 24%
E 13wt 467 1.08 168 1.56 947 6.35 6.71 7.19
0.98 W/ft2 352 0.81 1.26 1.17 7.14 479 5.06 542
0.75W/ft2 2.70 0.62 0.97 0.90 546 3.66 3.87 4.15
FP 0.27 0.08 0.11 0.10 0.71 0.40 0.44 0.49
Savings 69% 57% 61% 43% 38% 31%
S 13wt 3.24 096 132 1.20 851 4.79 5.27 5.87
g 0.98 W/ft2  2.44 0.72 0.99 0.90 6.41 3.61 3.98 4.43
2 0.75W/ft2  1.87 0.55 0.76 0.69 491 277 3.04 3.39
g FP 0.39 0.12 0.17 0.16 0.76 0.52 0.55 0.58
3 Savings 68% 55% 58% 31% 27% 23%
E  13wit2 467 144 204 1.92 9.11 6.23 6.59 6.95
0.98 W/ft2 352 1.08 1.54 1.45 6.87 470 497 5.24
0.75W/ft2 270 0.83 1.18 1.11 526 3.60 3.80 4.01
FP 0.25 0.08 0.10 0.09 0.71 0.40 0.43 0.49
Savings 69% 60% 63% 44% 39% 31%
S 13wWit2 3.00 096 1.20 1.08 851 479 5.15 5.87
o 0.98 W/ft2 2.26 0.72 0.90 0.81 6.41 3.61 3.89 4.43
E 0.75W/ft2 173 0.55 0.69 0.62 491 277 297 3.39
5 FP 0.37 0.11 0.15 0.14 0.76 0.51 0.54 0.57
@ Savings 70% 59% 61% 33% 30% 25%
E  13wit2 443 132 180 1.68 9.11 6.11 6.47 6.83
0.98 W/ft2 3.34 0.99 1.36 1.26 6.87 4.61 4.88 5.15
0.75W/ft2 256 0.76 1.04 0.97 526 353 3.73 3.94

33



Table A3 (cont.)

Fractional lighting energy use and annual source lighting energy use (kWh/ft>-yr) for
three levels of lighting power density.

City Facade LPD 20-30 ft zone 30-40 ft zone
VB P1 P2 L1 VB P1 P2 L1
FP 0.92 0.78 0.80 0.85 0.96 0.89 0.90 0.93
Savings 15% 14% 8% 8% 7% 4%
S 13wt 11.03 9.35 9.59 10.19 11.51 10.67 10.79 11.15
° 0.98W/ft2 831 7.05 7.23 7.68 8.67 8.04 8.13 8.40
§ 0.75W/ft2  6.36 539 553 5.88 6.64 6.15 6.22 6.43
g FP 0.94 0.84 0.85 0.88 0.97 092 092 094
Savings 11% 10% 6% 5% 5% 3%
E 13wt 11.27 10.07 10.19 10.55 11.63 11.03 11.03 11.27
0.98 W/ft2  8.49 759 7.68 7.95 8.76 8.31 8.31 8.49
0.75W/ft2 650 5.81 5.88 6.08 6.71 6.36 6.36 6.50
FP 0.92 080 0.81 0.86 0.96 0.90 091 0.93
Savings 13% 12% 7% 6% 6% 3%
S 13wWiit2 11.03 9.59 9.71 10.31 11.51 10.79 10.91 11.15
- 0.98 W/ft2 831 7.23 7.32 7.77 8.67 8.13 8.22 8.40
= 0.75W/ft2  6.36 553 5.60 5.95 6.64 6.22 6.29 6.43
§ FP 0.93 0.81 0.83 0.86 0.97 090 091 0.93
Savings 13% 12% 8% 7% 6% 4%
E 13wt 11.15 9.71 9.95 10.31 11.63 10.79 10.91 11.15
0.98 W/ft2  8.40 7.32 7.50 7.77 8.76 8.13 8.22 8.40
0.75W/ft2  6.43 560 5.74 5.95 6.71 6.22 6.29 6.43
FP 091 075 0.77 0.82 0.96 0.88 0.88 0.92
Savings 18% 16% 9% 8% 8% 4%
S 13wt 10.91 899 9.23 9.83 11.51 10.55 10.55 11.03
.g 0.98 W/ft2 822 6.78 6.96 7.41 8.67 795 795 831
2 0.75W/ft2  6.29 519 5.32 5.67 6.64 6.08 6.08 6.36
g FP 0.92 0.79 0.80 0.85 0.96 0.89 0.90 0.93
3 Savings 15% 13% 8% % 7% 4%
E 13wt 11.03 9.47 9.59 10.19 11.51 10.67 10.79 11.15
0.98W/ft2 831 7.14 7.23 7.68 8.67 8.04 8.13 8.40
0.75WI/ft2  6.36 546 5.53 5.88 6.64 6.15 6.22 6.43
FP 0.91 0.75 0.76 0.82 0.96 0.88 0.88 0.92
Savings 18% 16% 9% 8% 8% 4%
S 13wt 10.91 899 9.11 9.83 11.51 10.55 10.55 11.03
o 0.98 W/ft2 822 6.78 6.87 7.41 8.67 795 795 831
_c;E 0.75W/ft2  6.29 5.19 5.26 5.67 6.64 6.08 6.08 6.36
5 FP 0.93 0.80 0.81 0.85 0.97 090 090 0.93
0 Savings 14% 12% 8% 7% 6% 4%
E 13wt 11.15 9.59 9.71 10.19 11.63 10.79 10.79 11.15
0.98 W/ft2  8.40 7.23 7.32 7.68 8.76 8.13 8.13 8.40
0.75 W/ft2  6.43 553 5.60 5.88 6.71 6.22 6.22 6.43
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Table A4
Glare occurrence in percent of annual hours when glare is experienced.

Climate Chicago Houston Sacramento Burbank

Orientation ~ South East South East South East South East
P1 12% 8% 8% 10% 17% 15% 17% 13%
P2 10% 8% 6% 10% 13% 12% 12% 12%
VB 0% 0% 0% 0% 0% 0% 0% 0%
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Fig. Al. Goniophotometric bidirectional transmittance distribution function (BTDF) data for visible light at an incident
angle of 6;=0-80° at increments of 10° with ¢;=90° and 45°.
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Fig. A2. Measured goniophotometer BSDF data and synthetic genBSDF data for the P1 film on a 3 mm clear glass
substrate for incident directions of ;=90° and 0;=30° (top) and 6;=40° (bottom). The synthetic data are given for the
average of three profiles.
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Fig. A3. Average workplane illuminance levels for each of the four lighting control zones for incident angle 6; = 20°
(left) and 6;= 50° (right) in the plane normal to the prismatic film (¢; = 90°). Data are given for the P1 film on a 3 mm
clear glass substrate.
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Fig. A5. Scatter plot of DGP metrics used to determine “Comfort Class” a point is plotted for each view studied, color
and point style indicate orientation and climate.
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Fig. A6. Bidirectional transmittance distribution function data for the P1 system (left) and P2 system (right) for
incident angle of 6;=40° within the plane of the window (¢; = 90°) using the modified Klems horizontal basis. Note:
The horizontally divided version of the Klems angle basis (left) is also vertically divided for all but the zenith patches.
And in the case of the synthetic BSDFs created with ideal dielectric interfaces, if light is incident from the left, it
transmits to the right, with no transmission in the left quarter sphere. In this image, the light is incident at 40° and just
to the left of 90° phi (o).
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