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Abstract

Static angular selective shading systems block direct sunlight and admit daylight within a specific range of
incident solar angles. The objective of this study is to quantify their potential to reduce energy use and peak
demand in commercial buildings using state-of-the art whole-building computer simulation software that
allows accurate modeling of the behavior of optically-complex fenestration systems such as angular
selective systems. Three commercial systems were evaluated: a micro-perforated screen, a tubular shading
structure, and an expanded metal mesh. This evaluation was performed through computer simulation for
multiple climates (Chicago, Illinois and Houston, Texas), window-to-wall ratios (0.15-0.60), building codes
(ASHRAE 90.1-2004 and 2010) and lighting control configurations (with and without). The modeling of
the optical complexity of the systems took advantage of the development of state-of-the-art versions of the
EnergyPlus, Radiance and Window simulation tools. Results show significant reductions in perimeter zone
energy use; the best system reached 28% and 47% savings, respectively without and with daylighting
controls (ASHRAE 90.1-2004, south facade, Chicago,WWR=0.45). Angular selectivity and thermal
conductance of the angle-selective layer, as well as spectral selectivity of low-emissivity coatings, were
identified as factors with significant impact on performance.

Keywords: Building energy-efficiency; daylighting, windows; shading systems; angular selective systems

1. Introduction
1.1 Angular selective shading systems

Static angular selective shading systems block or filter direct sunlight and admit reflected sunlight, diffuse
skylight, or ground-reflected daylight within a specific range of incident solar angles [1, 2]. They can be as
broadly applicable as non-angular-selective filters, such as diffusing glass, but can deliver potentially more
optimal energy efficient performance within the typical 4.6 m (15 ft) deep perimeter zone when tailored to
a specific facade orientation and latitude [3].

Angular selective shading systems can be made out of a wide variety of materials, produced in a broad
array of shapes, sizes, and colors and are typically located either on the outdoor face of windows or as a
between-pane layer in an insulating glass unit (IGU). Commercial products range from woven metal insect
screens or punched metal scrims to more engineered systems such as between-pane micro-louvered metal
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screens, high-reflectance sculpted meshes or mirrored louver systems. Angular selective coatings on glass
[2] are yet another option but are at present not included in this category of technologies.

Arguably, the advantage of such systems is the ability to selectively block direct beam solar radiation,
reducing the need for interior shading systems and increasing access to outdoor views. If engineered well,
the systems could significantly reduce cooling energy use due to solar heat gains, peak cooling loads,
transmission of direct beam irradiation which can cause thermal and visual discomfort, and reduction of
window luminance which can cause glare. Exterior punched metal scrims have been used to reduce solar
loads [4], enabling all-glass facades to meet energy-efficiency code requirements. Some manufacturers
have devised manual and mechanized systems to retract structured panels of these systems when no longer
needed. If sufficiently porous to permit wind-induced air flow, exterior shading has also been used with
natural ventilation schemes to achieve very low energy use goals [4]. Between-pane systems have the
advantage of broader application with potentially longer lifetime durability but cannot be retracted for
unobstructed views. These systems must also be designed to avoid damaging low-e coatings during
transport or changing optical clarity if off-gassing should occur.

Alternatively, windows with advanced spectrally selective, low emissivity (low-e) coatings are now able to
attain very low solar heat gain coefficient (SHGC) levels with high visible transmittance (Tv) (e.g.,
SHGC=0.26, Tv=0.62, Ke=Tv/SHGC=2.38), but occupants’ use of interior shades to block direct sun can
significantly reduce useful daylight [5]. Patterned fritted or etched glass has also been used to reduce solar
loads, particularly on large-area windows [6]: this has been an architectural trend for at least a decade. This
solution also has the disadvantage of not blocking direct beam sunlight, necessitating the need for interior
shades in long-term occupied zones.

For most systems, enhancing the distribution of daylight is not intentionally addressed by angular selective
shading systems. Most designs diffuse daylight rather than redirect beam sunlight to the building core, but
the combination of controlled daylight and reduced need for interior shading can improve daylight
availability to building interiors. Reduction in discomfort glare from either direct views of the bright sky or
sun orb is possible depending on the optical properties of the shading system; if the system has specular
surfaces, localized reflections could increase glare. Unlike attached exterior overhangs or fins where
unobstructed views are possible, angular selective shading systems can obscure views out since they are
typically designed to cover the entire area of the window. If the shading elements are small, details of the
outdoors can still be discerned.

1.2 Computer simulation of optically-complex fenestration

Unlike clear glass or some diffusing materials, angular selective shading systems are optically complex,
i.e., they scatter light in ways that are not easily describable by theoretically-derived models or by
parametric models fitted to experimental data. An approach that addresses this issue hinges on a discretized
bi-directional scattering distribution function (BSDF) [7, 8] that comprehensively describes the scattering
of light from an array of directions of incidence spanning an hemisphere to an array of directions of
transmission and reflection spanning two hemispheres, one for transmission and another for reflection. The
BSDF for a fenestration system can be derived from physical measurements, using a goniophotometer [9],
or using computer simulation [10].

Although lighting simulation software, such as Radiance [11, 12, 13] has been able to perform lighting
calculations in which the optical properties of materials are determined by BSDF data, the same has not
been the case with whole-building simulation software. Programs such as EnergyPlus [14] have used
simplified algorithms to determine the transmission of daylight and solar heat gains through fenestration.
While these simplified algorithms may be a reasonable approximation for optically-simple fenestration,
they most likely fail to capture the complex and highly angle-dependent ways in which optically-complex
fenestration systems, and angular selective shading systems in particular, interact with incident radiation.



The approach taken in this paper was to take advantage of experimental, state-of-the-art advances in
EnergyPlus that allowed the use of results from highly accurate Radiance simulation instead of EnergyPlus’
internal models to more accurately model the optical and near-infrared behavior of angular selective
shading systems. This approach was not specific to angular selective shading systems — in fact, its
development was intended for any fenestration system that can be modeled by a BSDF. Here, we
demonstrate those capabilities in the context of evaluating the technical potential of static angular selective
shading systems to reduce energy use and peak demand in commercial buildings.

2. Materials and Methods

The objective of this study is to quantify the technical potential of static angular selective shading systems
to reduce energy use and peak demand in commercial buildings. This evaluation of the energy performance
of angular selective window systems was performed mainly through computer simulation, thus enabling
relatively inexpensive evaluation of several different window systems under a multitude of scenarios,
including multiple climates, window-to-wall ratios, building codes and lighting control configurations.

2.1 Materials

Three distinctly different commercial shading systems — an expanded metal mesh, a tubular shading
structure, and a micro-perforated screen — were selected for evaluation (Figure 1). Manufacturer center-of-
glass specifications of the three systems are shown in Table 1.

2.1.1 Micro-perforated screen

The micro-perforated screen system is marketed as MicroShade by Photosolar A/S. The angular selective
micro-perforated screen is applied to the interior surface of the exterior glass pane of an integrated glazing
unit (IGU). The two glass panes are clear, the interior pane also having a low emissivity (low-e) coating.

2.1.2 Tubular shading structure

This system consists of a double-glazed IGU filled with plastic tubes, positioned perpendicular to the glass
surface. It is marketed as Clearshade IGU by Panelite. When in a two-pane configuration, the interior
surface of the exterior glass pane has a pyrolitic low-e coating. This product is available with the plastic
tubes in an array of colors. We studied the version with diffuse white plastic tubes. We also studied a three-
pane configuration with two low-e coatings.

2.1.3 Expanded metal mesh

The expanded metal mesh system is marketed as Okatech by Okasolar GmbH. The expanded metal mesh
layer is mounted inside a triple-glazed IGU, between the exterior and middle panes. There is a low-e
coating on the interior surface of the middle pane.



Figure 1. Angular selective shading systems: a) expanded metal mesh (left), b) tubular shading structure
(center), and ¢) micro-perforated screen (right).

Table 1. Manufacturer center-of-glass specifications of the three angular selective shading systems.

Expanded metal mesh Tubular shading structure Microperforated
w/ solar control coating (4 TW4) screen (4 MS-A)
U (W/m*K) 1.0-1.5 1.9 1.1
Angle of incidence 0° 60° 45° 50° 60° 70° 0°
(from normal)
Tv 0.26 0.02 nfa 024 n/a 0.09 0.49
SHGC 0.18 0.08 035 n/a 029 0.2 n/a
SC 0.21 0.09 n/a n/a n/a n/a n/a
Tsol n/a n/a n/a n/a n/a n/a 0.34

2.2 Simulation software

Angular selective shading systems are optically complex and cannot be modeled accurately using
conventional simulation tools. State-of-the-art versions of the EnergyPlus, Radiance and Window [15]
simulation tools were developed to enable analysis of such systems.

2.2.1 Radiance

Several Radiance programs have been developed to enable the modeling of optically complex fenestration
systems (CFS) [11, 12, 13] based on a matrix representation of the propagation of radiation through
multilayer windows [7, 8]. genBSDF [16] generates bi-directional scattering distribution function (BSDF)
data for optically-complex fenestration layers. genskyvec generates a vector of sky radiance data according
to a predefined discretization of the sky dome [15] (alternate discretizations can be used). genklemsamp
generates ray origins and directions, according to a predefined hemispherical distribution [15], for use in
the generation of matrices of coefficients that describe directional aspects of the propagation of light
through environments or materials. dctimestep performs matrix calculations using the output of programs
like genBSDF and genskyvec. dctimestepcpu is a version of dctimestep that is optimized for reducing
computation time when performing annual simulations.

2.2.2 Window

A research version of the Window 6 software was developed that can calculate visible and infrared BSDF
data for multiple-layer glazing systems [15]. In addition, this software can also output data on the fraction
of incident radiation that is absorbed by each window layer, as a function of the angles of incidence.



2.2.3 EnergyPlus

In order to conduct this study, modifications to the EnergyPlus software were made independently (version
6.2) to allow CFS simulation. The modified version contains two main changes from the standard version:
it allows the use of schedules for a) interior surface heat gains from windows and b) radiation absorption by
window layers. This means that the values for these quantities that are calculated internally by EnergyPlus
are disregarded in favor of the values provided by external schedule files?. These files are generated prior to
the EnergyPlus runs using Radiance, allowing significantly more accurate modeling of both propagation of
radiation through CFS (including layer absorption) and the distribution of transmitted radiation throughout
the interior space.

Generate Generate Perform Simulation

Window Models Simulation Input
» Visible BSDF \| * Lighting schedule \| * EnergyPlus runs
+ IRBSDF * Interior surface heat * Post processing
* Layer absorption gain schedule
*  Thermal *  Window layer

properties absorption schedule

» Thermal property
IDF

Figure 2. Simulation workflow.

2.3 Simulation workflow

The simulations were conducted in three broad steps (Figure 2). First, models of the bi-directional optical
properties of the angular selective systems were developed. Second, these models were used to generate
lighting, interior surface gain and window layer absorption schedules for input into EnergyPlus. Finally,
whole-building annual energy simulations were conducted using EnergyPlus.

2.3.1 Window models

Visible and infrared BSDF properties of the materials of which each angular selective layer was made were
measured using a goniophotometer, as in [9]. These material properties, as well as the geometry of the
layer, were then used to develop a Radiance model of the geometry of the layer. In the case of the expanded
metal mesh, samples of the material were not available, and the layer BSDF was determined via parametric
simulation comparing genBSDF results to whole layer goniophotometer measurements [10]. The geometry
of the tubular shading structure was easily describable in Radiance using parameters. A Radiance
description of the more complex geometry of the microperforated screen was developed based on
manufacturer drawings [17]. For the expanded metal mesh system, in the absence of detailed geometry
information, a description was obtained using a coordinate measuring machine (Figure 3). Layer BSDF was
generated with genBSDF and input into Window 6 as a shading layer. A model for the whole glazing was
then built in Window 6, according to each system’s published specifications. Output was in the form of
visible/infrared BSDF data for the whole window, and angle-dependent absorption for each layer. Window
6 also output a description of the physical dimensions, construction and thermal properties of the window
in EnergyPlus input format (IDF).

2 This extension of the standard capabilities of the EnergyPlus schedule object has since been incorporated into an
official EnergyPlus release.



Figure 3. Scanning of expanded metal mesh layer using coordinate measuring machine.

2.3.2 EnergyPlus input files

Visible BSDF data was input into Radiance programs dctimestepcpu, genskyvec, and genklemsamp in order
to determine interior daylight levels for each time step, and then the amount of electric lighting necessary to
maintain the lighting setpoint of 500 lux. This was then converted into an EnergyPlus lighting schedule. A
similar procedure took place using IR BSDF data to determine the amount of radiation reaching each
interior wall, floor and ceiling surface (radiation hitting furniture was included in the floor radiation),
assuming a surface solar absorptance of 100%, which was then converted into an EnergyPlus schedule for
interior surface heat gains. A schedule for window layer absorption of radiation was created using the
angle-dependent Window 6 output. Together with the window property IDF file, this data was assembled
into a complete EnergyPlus input file for each building model, location, window system, window-to-wall
ratio, and lighting controls configuration.

2.3.3 EnergyPlus simulation

Annual energy simulation runs were performed for each simulation using EnergyPlus version 6.2 with the
modifications mentioned in the previous subsection, in a Linux cluster computer with 158 nodes, each
having two Xeon Intel hex-core 64-bit Westmere processors. A single simulation, including schedule
generation, took approximately 2 hours using a single CPU. To make the full energy impacts of windows
discernible, hourly output was post-processed to allocate HVAC plant (boiler and chiller) and system (air
handling unit) energy consumption between core and perimeter zones, for each facade orientation.

2.4 Building model

Simulations were conducted using the DOE large office commercial reference building model [18]. These
models provide a common starting point to measure progress toward DOE energy efficiency goals and are
meant to represent both new and existing buildings. The models were derived from the 2003 CBECS
standards for building types, and experience with commercial buildings. They are hypothetical with ideal
operations that meet certain minimum requirements. These models were further modified as part of DOE’s
Advanced Codes Initiative to produce code-compliant models for each version of Standard 90.1, known as
the 90.1 prototype building models.

For the purposes of this study, the DOE model was modified so that perimeter zones were separated from
the core. This was important because the impact of window systems on energy consumption is much
greater in perimeter zones than in the core of buildings.

In addition to glazing type, several other simulation parameters were also varied (Table 2): building code,
location, window-to-wall ratio (WWR), daylighting controls. Two building codes were used, ASHRAE



90.1-2004 and 2010. The first represented typical buildings in the United States, whereas the second
represented more recent construction. Chicago and Houston were used as locations, the first with
significant heating and cooling seasons, and the second almost entirely cooling-dominated. Window-to-
wall ratio was varied from 0.15 to 0.6, with 0.3 and 0.45 as intermediate steps. Simulations were performed
with and without daylighting controls.

Table 2. Simulation parameters

Parameter Values

Climate Chicago, Houston

Building code ASHRAE 90.1-2004, 2010

WWR 0.15,0.3,0.45,0.6
None, Continuous

Daylighting controls dimming

The modeled building was twelve stories high (Figure 4), with a total floor area of approximately 46,378
m2 (499,207 ft2). Each floor was zoned as shown in Figure 4, with the facade subdivided every 12.2 m (40
ft). Perimeter zones were 4.6 m (15 ft) deep, and core zones 10.1 m (33 ft). Each zone was modeled with
standard office furniture (Figure 5). Floor area per occupant was 18.6 m? (200 ft%). No exterior obstructions
were considered. Plug and process load density was 8.07 W/m? (0.75 W/ft?) and lighting power density was
10.76 W/m? (1.00 W/ft?) in the 2004 model and 9.00 W/m? (0.84 W/ft?) in the 2010 model.

The three angular selective windows were modeled with the composition shown in Table 3. Frame thermal
properties are shown in Table 4 and cross-section in Figure 6. Center of glass solar-optical and thermal
properties are shown in Table 5. The composition of these models was based on the manufacturers’
specifications as well as on measurements of the geometry, optical and thermal properties of the angular
selective layers. In addition to the angular selective systems, and to enable benchmarking of their
performance, an array of other types of windows were modeled (see list in Table 6): a) code-compliant
windows for each of the climate/code configurations; b) double- and triple-pane windows with highly
spectrally selective low-e coatings, with and without interior shading or exterior blinds; c) versions of the
angular selective systems with exterior or interior shading, or with the angular selective layer mounted
outside the glazing; d) versions of the angular selective systems without the angular selective layer, and/or
without the inert gas fill, and/or without the low-e coatings; e) versions of the angular selective systems
with an invariant IGU construction, i.e. varying the angular selective layer only.

Figure 4. Building model and floor geometry.



Figure 5. Furniture layout in a perimeter zone.

DOE-NX-2800

Figure 6. Cross-sectional diagrams of the two frame types.



Table 3. Angular selective window composition.

Window Framing Layers (outside to inside)
Clear glass 6 mm
Argon mix fill 0.1 mm
Microperforated screen TRR-01 Microshade microperforated screen
Argon mix fill 12.7 mm
PPG Solarban 70XL on Starphire 6 mm
PPG Sungate 500 on Clear
Argon mix fill 0.1 mm
TRR-01 Panelite tubular shading structure
Argon mix fill 0.1 mm
Clear glass 6 mm
Clear glass 6 mm
Argon mix fill 0.1 mm
Panelite tubular shading structure
TRR-01 Argon mix fill 0.1 mm
PPG Solarban 70XL on Starphire 6 mm
Argon mix fill 12.7 mm
PPG Solarban 70XL on Starphire 6 mm
Clear glass 6 mm
Argon mix fill 0.1 mm
Okatech expanded metal mesh
Expanded metal mesh DOE-NX-2800 Argon mix fill 0.1 mm
PPG Solarban 70XL on Clear 3 mm
Argon mix fill 12.7 mm

Tubular shading structure
(double pane)

Tubular shading structure
(triple pane)

Clear glass 6 mm

Table 4. Thermal properties of the two window frame types.

Name Part Uval U_edge
W/(m’ K) W/(m’ K)

DOE-NX- Head 2.842 1.832
2800 Jémb 2.800 1.826
Sill 2.815 1.826
Head 5.149 1.646
TRR-01 Jamb 5.456 1.646
Sill 5.148 1.646

Table 5. Center of glass solar-optical and thermal properties of the angular selective window models.

Window Ufactor SHGC Tvis
W/m2-K
Microperforated screen 1.337 0.26 0.398
Tubular shading structure
(double) 1.789 0.606 0.707
Tubular shading structure
(triple) 0.824 0.292 0.458
Expanded metal mesh 1.314 0.157 0.301




Table 6. Center of glass solar-optical and thermal properties of systems that were simulated.

ID Window Ufactor SHGC Tvis
W/m2-
K
A ASHRAE 90.1-2004 compliant window for Houston 4.46 0.26 0.14
B ASHRAE 90.1-2004 compliant window for Chicago 3.06 0.24 0.18
C ASHRAE 90.1-2010 compliant window for Houston 2.52 043 0.37
D ASHRAE 90.1-2010 compliant window for Chicago 1.75 042 0.37
El Double-pane spectrally selective low-e 1.35 0.27 0.64
E2 E1 with indoor roller shade 1.28 0.16 0.09
E3 E1 with outdoor roller shade 1.09 0.05 0.07
F1 Triple-paned with suspended film and spectrally selective low-e 0.67 0.23 047
F2 F1 with indoor roller shade 0.64 0.18 0.06
F3 F1 with outdoor roller shade 0.60 0.04 0.05
G1 Microperforated screen 1.34 0.26 0.40
H1 Tubular shading structure (double) 1.79 0.61 0.71
H1T  Tublar shading structure (triple) 0.82 0.29 0.46
11 Expanded metal mesh 1.31 0.16 0.30
GO G1 without angular selective layer, Argon fill or low-e coating 2.69 0.73 081
GOg  G1 without angular selective layer or low-e coating 2.55 0.73 0.81
GOc  G1 without angular selective layer or Argon fill 1.62 0.37 0.64
GOgc G1 without angular selective layer 1.35 0.37 0.64
HO H1 without angular selective layer 2.69 0.70 0.78
HOg  H1 without angular selective layer or low-e coating 2.55 0.70 0.78
HOc  H1 without angular selective layer or Argon fill 1.97 0.62 0.73
HOgc H1 without angular selective layer 1.76 0.62 0.73
10 I1 without angular selective layer 2.06 0.63 0.71
10g I1 without angular selective layer or low-e coating 1.88 0.63 0.71
10c I1 without angular selective layer or Argon fill 1.32 0.28 0.56
I0gc 11 without angular selective layer 1.08 0.28 0.56
H1G G1 with tubular shading structure instead of microperforated 1.79 037  0.62
screeen
G G1 with expanded metal mesh instead of microperforated 1.60 024 034
screeen
3. Results

South- and west-facing facades are the most likely to show significant energy impacts from window solar
control. This section presents simulations results for perimeter zones of the South facade. Results for the
West facade were similar.

3.1 Angular selective system performance vs. code compliant window
3.1.1 Annual energy consumption

Typical results are shown in Table 7 and Figure 7 for the three angle-selective systems and an unshaded
window compliant with ASRHAE 90.1. Two of the angular-selective systems, the microperforated screen
and the expanded metal mesh, perform consistently and significantly better than the benchmark unshaded
windows, with savings of 30-50% energy use reduction, relative to the ASHRAE 90.1-2004 benchmark,
usually achieved when daylighting controls are used. The expanded metal mesh system almost always
performs the best of all three, reaching 47% savings for Chicago climate with WWR=0.45 and daylighting
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controls. In its double-glazed configuration, the tubular shading structure has the highest energy
consumption and the closest to the benchmark window, especially for Houston climate, with savings as low
as -4% for WWR=0.60 and no daylighting controls. When coupled with daylighting controls, however, it
can reach 32% savings, for Chicago and WWR=0.45. In its triple-glazed configuration, the performance of
the tubular shading structure increases significantly, approaching and even surpassing (e.g., Chicago, no
daylighting controls) the performance of the other two angular-selective layers.

It would be natural to expect that, because they involve occlusion of direct solar radiation, angular selective
systems automatically provide less useful daylight than unshaded windows. Therefore, the fact that the
spread between systems in Figure 7 is not significantly affected (in fact being even slightly greater in some
cases) by the introduction of daylighting controls could seem, at first, surprising. The fact is, however, that
the benchmark windows have much lower visible transmittance than the windows on which the angular
selective systems are mounted. Visible transmittance at normal incidence is 0.14 for the Houston ASHRAE
90.1-2004 reference window, 0.37 for Chicago ASHRAE 90.1-2004 reference window, and 0.64, 0.73 and
0.56 for the microperforated screen, tubular shading device and expanded metal mesh windows without the
angular selective layer. While the addition of the angular selective layer will reduce the transmittance of
these windows, the starting point is substantially higher than the benchmark windows, and, for some sun
angles, the net result could approach, or even surpass the benchmark light transmission.

11



Table 7. Annual source energy use intensity of angular selective systems and benchmark window for south-
facing perimeter zones in Chicago and Houston, with and without daylighting controls.

Climate Chicago Houston
Window C Gl H1 HI1T 11 A G1 H1 H1T 11
WWR No daylighting controls (MJ/m2-yr)

0.15 927 836 871 813 835 | 1270 1228 1265 1215 1204

0.3 1091 886 965 838 871 | 1343 1247 1341 1219 1185
0.45 1269 939 1076 870 908 | 1411 1262 1400 1219 1160
0.6 1269 998 1195 909 946 | 1411 1277 1462 1218 1140
Percentage savings compared to 90.1-2004 code baseline

0.15 0% 10% 6% 12% 10% 0% 3% 0% 4% 5%
0.3 0% 19% 12% 23% 20% 0% 7% 0% 9% 12%
0.45 0% 26% 15% 31% 28% 0% 11% 1% 14% 18%
0.6 0% 21% 6% 28% 25% 0% 9% -4% 14% 19%

With daylighting controls (MJ/m2-yr)
0.15 729 682 775 757 700 | 1129 1046 1157 1150 1049

0.3 844 662 799 728 662 | 1129 982 1147 1093 938
0.45 995 684 863 718 671 | 1165 960 1159 1047 864
0.6 995 733 962 732 693 | 1165 964 1204 1026 831

Percentage savings compared to 90.1-2004 code baseline

0.15 21% 26% 16% 18% 24% | 11% 18% 9% 9% 17%
0.3 23% 39% 27% 33% 39% | 16% 27% 15% 19% 30%
0.45 22% 46% 32% 43% 47% | 17% 32% 18% 26% 39%
0.6 22% 42% 24% 42% 45% | 17% 32% 15% 27% 41%
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south-facing perimeter zones in Chicago and Houston, with and without daylighting controls.
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3.1.2 Peak window heat gains

Figure 8 and Table 8 show typical peak window heat gains for both climates. The most striking feature of
the plots is that the expanded metal mesh system performs consistently below 43 W/m?, indicating that
angular selective systems have high potential to constrain peak window heat gains. A second striking
feature is that, for the Houston climate, the tubular shading device, in its double-paned configuration, has
even higher peak window heat gains than the reference window, only reaching the desired performance
when WWR is 0.15. This could be taken to imply that angular selectivity alone cannot guarantee improved
energy performance. The microperforated screen has peak gains below 43 W/m? for WWR equal to or less
than 0.3; the tubular shading device, in its triple-paned configuration, has slightly better performance than
the microperforated screen.

In facades exposed to the sun, peak window heat gains will be dominated by solar heat gains. Besides
angular selectivity, another factor in solar heat gain control is the ability of the transparent parts of the
glazing system to block the infrared part of the solar spectrum. The four angular selective system
configurations are very different in this regard. The expanded metal mesh window, as well as one of the
tubular shading structure configurations, has three glass layers, whereas the other two configurations have
only two layers. Furthermore, the low-e coatings used in the windows that had microperforated screen,
expanded metal mesh angular selective layers, as well as the triple-glazed tubular shading structure, are
considerably more spectrally selective than the one used in the double-glazed tubular shading structure
window (Figure 9). These differences probably play a significant role in explaining the relative
performance of the four angular selective system configurations in terms of peak window heat gains.
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Figure 8. Peak window heat gains of angular selective systems and benchmark window for south-facing
perimeter zones in Chicago and Houston without daylighting controls.
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Table 8. Peak window heat gains of angular selective systems and benchmark window for south-facing
perimeter zones in Chicago and Houston.

Climate Chicago Houston
Window C Gl H1 HI1T 11 A Gl H1 HI1T 11
WWR No daylighting controls (W/m2-floor)
0.15 319 16.6 27.3 156 9.7 | 229 16.8 24.8 140 9.3
0.3 70.1 36.1 59.6 340 211|495 363 534 29.8 20.2
0.45 106.4 54.7 916 516 321|756 554 81.6 454 3038
0.6 1064 73.6 1209 68.6 435|756 72.2 1055 58.3 403
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Figure 9. Spectral transmittance of coated glass in used in four angular-selective windows.

3.2 Angular selective system performance vs. “best-practice” windows

The ASHRAE 90.1 benchmark windows represent what could normally be used to comply with that
standard, but do not represent, and might actually fall quite short of, what is currently best practice. To
understand how angular selective windows perform versus the kind of windows that might be considered
for high-performance buildings, we compared them to double- and triple-pane windows that had spectrally
selective low emissivity coatings, in three configurations: unshaded, with interior shading (always down)
and with exterior shading (always down). This third configuration provides the highest solar control, but
requires the added maintenance of regular cleaning and is thus only suitable for low-rise buildings.
Although always-down shading is not completely realistic, it can nonetheless provide a good basis for
evaluating the effectiveness of the angular selective systems’ tradeoffs between solar control and admission
of useful daylight.

3.2.1 Annual energy consumption

Figure 10 and Table 9 shows typical performance of the two-paned angular selective vs. double-pane
spectrally selective low-e windows. Without daylighting controls, the shaded “best-practice” windows
consistently show lower energy consumption than the unshaded configuration, with the lowest values for

15



the exterior-shaded window, which can be taken as evidence for the significance of cooling loads caused by
window solar heat gains in both climates studied. In Chicago, the microperforated screen window performs
slightly better than the the interior-shaded “best-practice” windows. When daylighting controls are
introduced, there is a marked decrease in energy use by the unshaded “best-practice” window. This is to be
expected, since it admits the most daylight. The energy consumption with microperforated screen window
is mostly between that of the unshaded and exterior-shaded “best-practice” window, indicating that even
though angular selective systems admit more solar radiation, and hence higher solar heat gains, this effect
can be offset by reductions in lighting energy use.

Figure 11 and Table 10 show the same comparison for triple-paned systems. Again, without daylighting
controls, the lowest energy consumption is observed with exterior-shaded “best-practice” windows. The
angular selective systems now show, for Chicago climate, similar performance to the unshaded or the
interior-shaded “best” practice windows. With daylighting controls, the angular selective systems have
performance between the unshaded and exterior-shaded “best-practice” windows, with the expanded metal
mesh surpassing both for all but the highest WWR.
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Figure 10. Annual source energy use intensity of double-paned angular selective system configurations and
“best-practice” window for south-facing perimeter zones in Chicago, with and without daylighting controls.
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Figure 11. Annual source energy use intensity of triple-paned angular selective configurations and “best-
practice” window for south-facing perimeter zones in Chicago, with and without daylighting controls.
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Table 9. Annual source energy use intensity of double-paned angular selective system configurations and
“best-practice” window for south-facing perimeter zones in Chicago and Houston, with and without
daylighting controls.

Climate Chicago Houston
Window E1l E2 E3 Gl H1 E1l E2 E3 Gl H1
WWR No daylighting controls (MJ/m2-yr)
0.15 847 837 829 836 871 | 1254 1226 1189 1228 1265
0.3 912 900 861 886 965 | 1298 1248 1151 1247 1341

0.45 989 961 894 939 1076 | 1348 1257 1104 1262 1400
0.6 1073 1033 922 998 1195 | 1397 1273 1056 1277 1462
Percentage savings compared to 90.1-2004 code baseline

0.15 9% 10% 11% 10% 6% 1% 3% 6% 3% 0%
0.3 16% 18% 21% 19% 12% 3% 7% 14% 7% 0%
0.45 22% 24% 30% 26% 15% 4% 11% 22% 11% 1%
0.6 15% 19% 27% 21% 6% 1% 10% 25% 9%  -4%
With daylighting controls (MJ/m2-yr)

0.15 614 770 759 682 775 977 1148 1109 1046 1157

0.3 634 769 736 662 799 | 958 1102 1008 982 1147
0.45 683 795 733 684 863 | 983 1072 919 960 1159
0.6 755 855 751 733 962 | 1022 1071 858 964 1204

Percentage savings compared to 90.1-2004 code baseline

0.15 34% 17% 18% 26% 16% | 23% 10% 13% 18% 9%
0.3 42% 30% 33% 39% 27% | 29% 18% 25% 27% 15%
0.45 46% 37% 42% 46% 32% | 30% 24% 35% 32% 18%
0.6 41% 33% 41% 42% 24% | 28% 24% 39% 32% 15%

Table 10. Annual source energy use intensity of triple-paned angular selective system configurations and
“best-practice” window for south-facing perimeter zones in Chicago and Houston, with and without
daylighting controls.

Climate Chicago Houston
Window F1 F2 F3 HIT 11 F1 F2 F3  HIT 11
WWR No daylighting controls (MJ/m2-yr)

0.15 814 817 808 813 835 | 1232 1235 1184 1215 1204
0.3 853 861 818 838 871 | 1259 1271 1140 1219 1185
0.45 895 904 827 870 908 | 1290 1285 1089 1219 1160
0.6 948 963 831 909 946 | 1322 1314 1035 1218 1140
Percentage savings compared to 90.1-2004 code baseline

0.15 12% 12% 13% 12% 10% 3% 3% 7% 4% 5%
0.3 22% 21% 25% 23% 20% 6% 5% 15% 9% 12%
0.45 29% 29% 35% 31% 28% 9% 9% 23% 14% 18%
0.6 25% 24% 35% 28% 25% 6% 7% 27% 14% 19%
With daylighting controls (MJ/m2-yr)

0.15 603 768 759 757 700 | 983 1177 1129 1150 1049
0.3 590 765 723 728 662 | 946 1161 1031 1093 938
0.45 602 774 698 718 671 | 948 1144 945 1047 864
0.6 641 817 690 732 693 | 969 1159 874 1026 831
Percentage savings compared to 90.1-2004 code baseline

0.15 35% 17% 18% 18% 24% | 23% 7% 11% 9% 17%
0.3 46% 30% 34% 33% 39% | 30% 14% 23% 19% 30%
0.45 53% 39% 45% 43% 47% | 33% 19% 33% 26% 39%
0.6 49% 36% 46% 42% 45% | 31% 18% 38% 27% 41%
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3.2.2 Peak window gains

In terms of peak window gains, typical results are shown in Figure 12 and Table 11, and confirm that
angular selective windows have generally higher peak window heat gains than shaded “best-practice”
windows, especially when compared with the exterior-shaded configuration.

Table 11. Peak window heat gains of angular selective systems and “best-practice” windows for south-
facing perimeter zones in Chicago and Houston.

Climate Chicago
Window El E2 E3 F1 F2 F3 G1 H1 HIT 11
WWR No daylighting controls (W/m2-floor)

0.15 19.6 124 35 17.7 149 30 166 273 140 9.7
0.3 419 267 7.4 380 320 6.1 361 596 298 211
0.45 67.3 39.8 113 599 481 9.3 547 916 454 321
0.6 90.0 53.7 15,5 80.8 66.0 12.5 73.6 1209 583 435
With daylighting controls (W/m2-floor)

0.15 196 124 36 178 150 3.0 166 273 140 9.7
0.3 420 269 75 381 324 6.3 362 596 299 211
0.45 67.3 404 114 60.1 488 9.5 548 91.7 457 322
0.6 90.1 545 158 81.1 66.9 12.8 739 1209 587 435

Climate Houston
Window El E2 E3 F1 F2 F3 G1 H1 HIT 11
WWR No daylighting controls (W/m2-floor)

0.15 204 135 39 181 155 34 168 248 139 93
0.3 454 289 82 399 334 69 363 534 29.7 202
0.45 69.3 44.2 123 609 511 102 554 816 454 30.8
0.6 926 571 164 80.5 658 134 722 1055 582 403
With daylighting controls (W/m2-floor)

0.15 204 136 39 181 157 3.4 168 249 140 93
0.3 456 293 82 401 338 69 365 535 299 203
0.45 69.6 448 123 612 51.7 103 556 81.8 456 31.0
0.6 929 579 16.7 809 66.7 13.7 725 1058 586 40.6
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Figure 12. Peak window heat gains of angular selective systems and “best-practice” windows for south-
facing perimeter zones in Chicago, without daylighting controls.

3.3 Performance of angular selective system components

It is natural to assume that the performance of the angular selective systems analyzed here is due not only
to their angular selective layer, but also to the heat gain control provided by the multiple glass panes and
low emissivity coatings. To understand the effect of each of these components, we simulated the
performance of the systems without any angular selective layer, low-e coating or inert gas fill. We then
simulated the systems again, adding each component one by one.

Typical results for annual energy consumption are shown in Figure 13. One of the most remarkable features
is that the low-e glass coating (e = 0.215) for the tubular shading structure window provides a much smaller
improvement than the spectrally selective low-e glass coating (e = 0.018) for the microperforated screen
window. It seems reasonable to infer here that the tubular shading structure window would perform better
with a more spectrally selective low-e coating.

3.4 Angular selective layer performance — annual energy use intensity

In order to fully isolate the effects of the angular selective layers, the behavior of each of the three layers
was simulated with an identical IGU. For this purpose, the IGU construction of the microperforated screen
window was used. Typical annual energy consumption is shown in Figure 14 and Table 12. Not only are
the differences between the three systems somewhat narrower than in Figure 7, it is also noticeable that, for
the Chicago climate, the microperforated screen system now leads to the lowest energy consumption by a
small margin.
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The plots also show that the angular selective layers perform more similarly to each other when there are
no daylighting controls. When such controls are introduced, there is a noticeable increase in the energy
consumption of the tubular daylighting structure, relative to the other two systems. A possible cause for this
distinction becomes apparent when one examines the visible transmittance of each window as a function of
incidence angle (Figure 15). Although the tubular shading structure has highest transmittance at normal
incidence, it falls off rapidly for off-normal incidence, whereas the other two systems show broader angular
transmittance.

Table 12. Annual source energy use intensity of angular selective system layers with identical IGU for
south-facing perimeter zones in Chicago and Houston, with and without daylighting controls.

Climate Chicago Houston
Window C Gl HiG 11G A Gl HiG 11G
WWR No daylighting controls (MJ/m2-yr)

0.15 927 836 867 857 | 1270 1228 1252 1221
0.3 1091 886 964 918 | 1343 1247 1323 1224
0.45 1269 939 1067 988 | 1411 1262 1376 1229
0.6 1269 998 1184 1056 | 1411 1277 1427 1233
Percentage savings compared to 90.1-2004 code baseline

0.15 0% 10% 6% 8% 0% 3% 1% 4%
0.3 0% 19% 12% 16% 0% 7% 1% 9%
0.45 0% 26% 16% 22% 0% 11% 2% 13%
0.6 0% 21% 7% 17% 0% 9% -1% 13%

With daylighting controls (MJ/m2-yr)
0.15 729 682 785 710 | 1129 1046 1162 1048

0.3 844 662 811 701 | 1129 982 1155 965
0.45 995 684 876 739 | 1165 960 1156 927
0.6 995 733 970 793 | 1165 964 1193 920

Percentage savings compared to 90.1-2004 code baseline
0.15 21% 26% 15% 23% | 11% 18% 9% 17%
0.3 23% 39% 26% 36% | 16% 27% 14% 28%
0.45 22% 46% 31% 42% | 17% 32% 18% 34%
0.6 22% 42% 24% 38% | 17% 32% 15% 35%

21



Chicago, ASHRAE 90.1-2004 ,
S-facing, Daylighting controls

1800

1600

1400

1200

50% reduction

1000

800

Total source energy use intensity (MJ/m2-yr)

400

600 —

0.15 0.3 0.45

WWR

0.6

Chicago, ASHRAE 90.1-2004 ,
S-facing, Daylighting controls

1800

1600

1400

1200

50% reduction

1000

800

600 -

Total source energy use intensity (MJ/m2-yr)

400

200 -

Figure 13. Annual source energy use intensity of angular selective system components for south-facing

0.15 0.3 0.45

WWR

0.6

Chicago, ASHRAE 90.1-2004 ,
S-facing, Daylighting controls

1800

1600

1400

1200

4

1000

600 —

Total source energy use intensity (MJ/m2-yr)

400

200 ——

0.15 0.3 0.45

WWR

0.6

perimeter zones in Chicago, with daylighting controls.
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Figure 14. Annual source energy use intensity of angular selective system layers with identical IGU for
south-facing perimeter zones in Chicago, with and without daylighting controls.
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Figure 15. Directional-hemispherical visible transmittance vs. angle of incidence across vertical and
horizontal planes for angular selective system layers with identical IGU.

23



3.5 Angular selective layer performance — hourly zone loads and window heat gains

To further understand the differences in performance between the three types of angular selective layer, we
also analyzed hourly results for identical-IGU simulations. So that performance could be easily compared
across different times of the day and year, a batch of simulations was conducted in which the HYAC
setpoint was held constant at 21°C throughout the simulation period.

Figures 16 and 17 show hourly predicted cooling and heating loads for south-facing perimeter zones in
Chicago, with WWR=0.45 and with no daylighting controls. These plots indicate that the differences in
system performance are due to the cumulative effect over the whole year (or substantial parts of the year)
of relatively small differences, rather than large differences localized in certain parts of the day or year.
Cooling loads are the lowest for the expanded metal mesh window, but not very far from the
microperforated screen. The tubular shading structure has the highest cooling loads, noticeably higher than
the other systems during the middle of the day in the summer and fall. As for heating loads, they are quite
similar between the three systems, with the microperforated screen having a slight advantage. In terms of
their annual distribution, cooling loads tend to concentrate around the middle of the day (10 AM to 2 PM),
particularly in the fall and (slightly less so) in the winter. Heating loads are concentrated around the fall and
winter night time.

Figure 18 shows hourly zone heat gains from windows. Here there is a clear difference between the tubular
shading structure and the other two angular selective layers, with the former exhibiting distinctly higher
heat gains. The annual distribution is similar to cooling loads, with highest gains concentrated in the middle
of the day primarily during fall and winter. This makes sense when considering that these are the periods
during which the sun is lowest in the sky and therefore the density of incident radiation on the window will
be highest.

It might seem surprising, at first, that the difference in window heat gains between the tubular shading
structure and the other two systems does not reflect itself as clearly in the magnitude of cooling loads.
Window heat gains result in cooling loads by directly or indirectly heating the air inside the building. The
cooling system responds by cooling the air in the building when thermostats detect temperatures above the
cooling setpoint. A significant component of window heat gains, and especially so during times of high
cooling loads, is due to transmitted solar radiation. This radiation, however, does not instantly increase the
air temperature inside the building, its effect being mediated by the heating of the interior surfaces of the
building, which then transfer heat to the air. This process can slow down the impact of direct solar heat
gains on cooling loads, and could play a significant part in the spreading of the differences between the
systems, in terms of hourly cooling load, over longer periods of time.

To have a quantitative measure of the contribution of each system to improving or worsening HVAC loads,
we used the following metric. For each hour of the year, if there was a heating load, window heat gains
were counted as beneficial, and losses as detrimental. If instead there was a cooling load, window heat
gains were counted as detrimental, and losses as beneficial. Adding the beneficial and detrimental
contributions for all hours of the year yielded the net benefit of the system. Although this metric does not
take into account the delayed effect of window heat transfer on HVAC loads, it has the advantage of being
able to account for small, cumulative differences between systems throughout the day and year.

Table 13 shows the results for each of the three angular selective systems. One can see that the major
disadvantage of the tubular shading structure relative to the other two systems is high cumulative heat gains
while cooling. Given its lower light transmission away from normal incidence, it is possible that its higher
thermal conductance (1.79 W/m?K) also plays a role here. It might seem surprising that this doesn’t seem to
affect the expanded metal mesh window (with a conductance of 1.60 W/m?K), but this window has much
lower visible and solar absorptance (Figure 19). It is also interesting to note that the microperforated screen
has significantly lower heat loss while heating, which would be due to its lower thermal conductance (1.34
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W/m?K). Solar heat gains are unlikely to be a significant factor here since most heating loads occur during
night time.
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Figure 16. Hourly predicted cooling load with three different angular selective layers in identical IGUs, for
south-facing perimeter zones in Chicago and WWR=0.45.
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Figure 17. Hourly predicted cooling load with three different angular selective layers in identical 1GUs, for
south-facing perimeter zones in Chicago and WWR=0.45.
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Figure 18. Hourly window heat gains with three different angular selective layers in identical IGUs, for
south-facing perimeter zones in Chicago and WWR=0.45.
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Figure 19. Directional-hemispherical visible and solar absorptance vs. angle of incidence across vertical
plane for angular selective system layers with identical IGU.

Table 13. Contributions to HVAC loads of the three different angular selective layers in identical IGUs, for
south-facing perimeter zones in Chicago and WWR=0.45.

Tubular

Microperfora . Expanded
shading
ted screen structure metal mesh
(G1) (H1G) (11G)
Heat gain h\;v:;:re] 9 7 9
(MJ/m2- whiIeg
floor) . 143 207 118
cooling
Heat loss h\:ev:tlils 93 136 132
(MJ/m2- whiIeg
floor) . 21 26 25
cooling
Total -206 -310 -216

3.6 Angular selective layer performance — shading, glare and view

Angular selective shading systems have the potential to reduce the need for deploying operable shading.
Operable shading, when left down for extended periods, can increase lighting energy use due to a lowering
of daylight availability. To understand this potential, we examined the bi-directional visible transmission
coefficients for straight-through transmission of each system’s BSDF. Figure 20 shows the directions for
which straight-through transmission is less than 2%, with superimposed sunpaths for vertical fenestration
facing south, and 42°N latitude (approximately the latitude of Chicago).

It is striking is that the tubular shading structure practically never admits direct sunlight. Potential for glare
from direct solar visibility is therefore practically zero, for this orientation. There could still be potential for
glare due to diffused light. Conversely, view to the exterior will be significantly reduced by this system,
possibly limiting its widespread application to mostly non-view fenestration.
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For the microperforated screen, the sun will be shaded all day for approximately 25% of the year (May 6 to
August 6). For the expanded metal mesh, this is the case for 38% of the year (April 13 to August 29). This
means that, during those periods, and for this orientation, there will be no need to deploy operable shading
due to glare from direct visibility of the sun. During the rest of the year, the sun will not be shaded during
parts of or the whole day, which brings high potential for glare and likelihood of occupants deploying
operable shading. This greater openness, however, will allow better views of the exterior when operable
shading is not deployed.

90° 90°

270°

Figure 20. Shading diagrams for the three different angular selective layers in identical IGUs, facing south
at latitude 42° N (Chicago): microperforated screen (G1) (top left), tubular shading structure (H1G) (top
right), expanded metal mesh (11G) (bottom left). Shaded sectors represent visible straight-through
transmission of 2% or less.
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4. Analysis

4.1 Do commercially-available angular selective systems provide value compared to IGUs without an
angular selective component?

Overall, the simulation results presented in the previous section strongly suggest that angular selective
windows can provide significant energy savings in the perimeter zones of buildings, relative to non-angular
selective windows. This was evidently the case when compared to ASHRAE 90.1-compliant windows
(Figure 7), but also noticeable for the angular selective window 1GUs with the angular selective layer
removed (Figures 13 and 14). There was a wide range in performance, but improvements were observed
whether the IGU was relatively low-performing, as was the case of the pyrolitic-coated IGU of the tubular
shading structure double-paned window, or highly insulating, such as the IGUs of the expanded metal mesh
or the tubular shading structure triple-paned window, which were triple-glazed with spectrally selective
low-e coatings.

When placed in an IGU with a highly spectrally selective low-e coating, angular selective systems can
perform very well when compared to shaded or unshaded high-performance windows, especially if the
angular selective layer does not excessively increase IGU thermal conductivity.

4.2 How much energy savings can angular selective systems be expected to provide?

Savings can vary substantially according to climate, orientation, window-to-wall ratio, angular selective
window and presence of daylighting controls. For south-facing zones in Chicago climate (Table 7), savings
could be as high as 28% and 47% without and with daylighting controls, respectively, for expanded metal
mesh windows with WWR = 0.45. For the microperforated screen window, which has an IGU that is
perhaps more representative of commonly-installed windows, savings are still quite significant: 26% and
46% without and with daylighting controls, respectively, and WWR=0.45. For these two systems, savings
were mostly 20% or above, which shows a significant savings potential. For Houston climate, savings were
generally lower, but reaching the vicinity of 40% for the expanded metal mesh window with WWR of 0.45
and above, when coupled with daylighting controls. Results for west-facing zones were in the same order
of magnitude.

4.3 Is it worth it to improve existing angular selective systems? How?

The facts that angular selective systems are practically maintenance-free (they can be mounted between an
IGU’s glass panes or inside a retrofit add-on such as storm windows) and permanently in place (i.e. they
don’t depend on occupant operation), mean that the energy savings they provide have the potential to be
highly reliable and therefore applicable to a broad swath of the building inventory.

There appears to be significant improvement potential beyond the performance of currently-existing
systems. It is noticeable, when comparing Figure 16 and Figure 18, that even the better-performing angular
selective systems still exhibit significant window heat gains during times of peak cooling loads. Reducing
gains during these periods would most probably have a positive impact in energy performance, especially if
admission of useful daylight is not excessively compromised.

5. Conclusions

Static, angular selective shading systems offer a potentially low-cost option to significantly reduce window
heat gains and block direct sun, while permitting daylight and views to the outdoors. This type of system
shows significant potential to contribute towards net-zero energy goals in both new and retrofit
construction.
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Simulations for Chicago and Houston climates show significant potential reductions in perimeter zone
energy use, with the best commercially-available system reaching 28% and 47% savings, relative to
ASHRAE 90.1-2004 and respectively without and with daylighting controls, on south facades in Chicago
with WWR=0.45, while constraining peak window heat gains to under 43 W/m?>-floor. Results suggest that
it is possible that existing systems can be improved to more consistently achieve 30-50% savings.

During this study, a few factors have been identified as having significant impact on the performance of
angular selective systems: level of angular selectivity, spectral selectivity of low-e coatings and thermal
conductance of the angle-selective layer. If the system excessively constrains the direct admission of
sunlight, energy savings from daylighting controls start to diminish, as well as view to the exterior. Glare
from direct visibility of the sun might be significantly reduced, however. Energy use and peak solar gain
performance is best when the IGU has highly spectrally selective low-e coatings. Finally, the benefits of
angular selectivity may be negated if the angular selective excessively increases the window’s thermal
conductivity. While other factors that were not studied here in detail may also significantly impact on
performance, the factors identified in this paper should be taken into consideration in the improvement of
existing angular selective systems or development of new ones.
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