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ABSTRACT

One of the challenges with dynamic facades is loWalance the need for daylight versus reducingadivenergy
use while ensuring comfort for the occupants. Teiguires detailed knowledge of the solar opticalpprties of
fenestration, which affect the transmission of saains and daylight. Although there is adequafermation,
databases and tools for spectral and angular glaaioperties, there is less available information shhading
systems. Complex fenestration systems, such asti@enblinds, have been studied and characterizédgus
advanced experimental and computational methods asibi-directional distribution functions. Nevestigss, there
are very limited studies on the solar-optical prtips of roller shades, which are very common impotercial
buildings. In most existing studies and simulattonls, the properties of roller shades are assucoadtant and
diffuse. The only available semi-empirical modebwid that roller shade properties may have strongctd
components and angular variation, depending onotfenness factor and fabric color (equivalentlyectirand
diffuse transmittance). These can affect the enarglydaylighting performance, as well as their ictjpan glare.
This paper first provides an overview of currenpraches for modeling solar optical propertiesadier shades,
including advantages and limitations. Then, intéggasphere measurements were conducted to detertha
detailed solar optical properties of different pwots. The results are compared to previous findangs provide
useful information about direct-direct, direct-dse and angular properties of roller shades, deépgmch openness
factor and color. Finally, the impact of detailedlas optical properties on daylight performance ajare is
evaluated using annual simulation results for dffeé fabrics. The results show that detailed shagiroperties
should be used for a more realistic evaluatiorhefiinpact of shading on daylighting and visual cantaf

1. INTRODUCTION

High performance commercial facades rely on feaéistt systems to control glare and solar heat gddesent
efforts have concentrated on developing efficieyaiic shading controls, and links with lightingdaHVAC
controls. One of the challenges is how to balaheented for daylight versus reducing overall enarggy while
ensuring comfort for the occupants seated neafattede. Studies have shown that roller shades petential to
reduce energy consumptions associated with fetiestraystem through proper design and control (Vdaakon
and Mistrick 2011; Shen and Tzempelikos 2012; Tzdikps and Shen 2013). Knowledge of detailed sofdical
properties of fenestration, which affect the traission of solar gains and daylight, will also afféte accuracy of
energy modeling and glare evaluation.
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For most of the existing thermal and daylightingcalation tools and modules, the detailed energysamption and
daylight metrics associated with fenestration systecan only be obtained if the solar optical anel tiermal
properties of individual layers of a glazing/shagisystem are known. The solar optical propertiey weith
incident angle. For glazing systems, the angulaetiassolar optical properties are available fromlititernational
Glazing Database (IGDB 2014) and can be exportezligih LBNL's WINDOW software (LBNL 2011). LBNL
also published a Complex Glazing Database (CGDB4pQ@thich attempts to collect measured solar optical
properties as well as associated and measured B88iFectional scattering distribution function)efs for different
complex fenestration systems such as woven shaelestian blinds, etc.

BSDF is an approach to describe angle-dependeant aptical properties considering both the incidemd outgoing
directions (Andersen and de Boer 2006). This infition can be collected through advanced experirhenta
techniques such as a goniophotometer (Anderseh 2020) or a spectrophotometer (Nilsson and Jan2€d.0).
However, such instruments and procedures are gujtensive and time-consuming. Nevertheless, the cfizhe
current database is not sufficient for design satioh since there are hundreds or thousands ofuptsdvailable.
Instead of measurements, ray tracing simulation alan be applied to generate BSDF functions (MchNei&l.
2013). The challenge of using this method foremkhades (especially woven type) is the compleaftyhe
microstructure of the fabric. The BSDF function geated from WINDOW software @enBSDF of Radiance can
be directly used in EnergyPlus and Radiance sinoulat

Roller shades come in a wide variety of colors gadterns with varying degrees of shading and weave
constructions that result in different degrees pémmess and transmission characteristics. The tepmnness
factor” described by manufactures usually refershto “open” or “see-through” percentage of the shédbric).
When direct radiation strikes the shade surfacés gplit into two portions: the unobstructed pamtiwhich is
transmitted directly through the openings (beanmbeartion), and the interrupted portion—some of akhivill be
scattered in the forward direction (transmittedatered in the reverse direction (reflected), er dbsorbed.
Therefore, except for the angular dependence, s rd¢ed to consider a beam/diffuse split of sadiation or
illuminance through roller shades (this procesmisnecessary for common glazing products).

Usually, fabric manufactures only provide a singddue of total transmittance and reflectance amabiincidence
when demonstrating or specifying their productseréfore, an approach to estimate the off-normal diffdse
properties from such limited information is desiradd is important for more accurate thermal andiglatyng
modeling. Very few existing models consider the Wdagbased solar properties of roller shades. & dhly
complete semi-empirical model (Kotey et al. 20083dicts the angular-dependent transmittance by aslgg
measured beam-beam and beam-total transmittamzeraal incidence.

This paper reviews the most-widely used assumptmasmethods of modeling the solar optical propertif roller
shades. Detailed measured properties of differabrids are used to evaluate differences betweestirxi
approaches and provide useful information abowtathidirect, direct-diffuse and angular propertiésotler shades,
depending on openness factor and color. Finally jntpact of different evaluation methods on energg, daylight
performance and glare is discussed using annualaion results for different fabrics, orientaticensd climates.

2. EXISTING MODELS FOR ROLLER SHADE SOLAR OPTICAL PROP ERTIES

This section presents the existing assumptionsvadkls used to predict the solar optical propedfasller shades
when information is limited (e.g., these modelsndbrequire inputs of angular or direct-diffuse pedies).Table 1
summarizes the methods and required input datailB@tdescriptions are presented in the followiagtions.

2.1 Simplified Non-Angular Properties Model

The widely used energy simulation software, Enehgyi2007), only allows the user to input one valfisolar and
visible transmittance (and reflectance) to moddlercshades (except using advanced BSDF functiemeted
from the CGDB database). Normally, the transmittaaod reflectance at normal incidence are used.nidael
assumes that the fabric materials are perfectiyglifig and have no angular differences and the htoelgts both
direct illuminance and diffuse illuminance using tame transmittance value (beam-total transmétaouals to
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diffuse-diffuse transmittance). This assumptiomgble to accurately represent shade performano®st of the
cases, especially for fabrics with noticeable ojgssn

Radiance’s translucent functiomdns function) further allows the users to define beam/diffuestior thus improving
accuracy, but still does not consider angular difiees. However, Apian-Bennewitz (2013) pointetithat this
function is the most suitable one for Radiance (fadeling roller shades) when BSDF informationotiner
angular solar optical properties are not available.

Reinhart and Andersen (2006) validated the accurhtiyans function when applied in cases with translucent glass.
The measured indoor illuminance results showedubiaig direct normal transmittance as an inputans function

will result in overestimation becauseans function is not angular dependent. When using direct normal
transmittance as the input, the ray-tracing alpariapplies the same transmittance value to theeeadilculation
even including diffuse-diffuse portion. They suggelsthat using (measured) diffuse-diffuse transmite to replace
direct-total transmittance at normal incidence; dokbwing this approach, the indoor illuminancesttibution
showed a good agreement when compared to measesedtsr under both cloudy and sunny conditions.
Nevertheless, one should note that this case slodg not validate the accuracy when there is a tedream
component because their validation target is traesit glass and it is assumed to have perfectiysgifproperties.

In addition, manufacturers usually do not providiéude-diffuse transmittance of shading producttheir study,
they used angular measured results to calculatadsdidiffuse transmittance.

Apian-Bennewitz (2013) compared the simulation itssaf Radiance modeled using BSDF function drahs
function and found that properties of angular dejgen materials (including most roller shade falrao® not well
matched bytrans function, because their transmission parameters depenteandident direction but there are still
some pros such as the low number of input parame@eneyer (2014) compared the workplane illumieanc
modeled by a measured BSDF function to the resndtdeled by a Lambertian function (perfect diffusadtion)
and observed that BSDF function has an importapaghon workplane illuminance close to the window.

Table 1 Summary of available Models to obtain Solar QgitRroperties of roller shades

Model Reference Required Input Data
Simplified non-angular | Radiance — trans function Beam-total transmittance at normal incidence or
properties model (Reinhart and Andersen 2006) Diffuse-diffuse transmittance
Beam/diffuse ratio (specular transmitted value)
EnergyPlus Beam-total transmittance at normal incidence
(2007)
Semi- Empirical Model | Kotey et al. (2009) Beamatdtansmittance at normal incidence
Beam-beam transmittance at normal incidence
Ray Tracing Model RadiancegenBSDF Detailed geometry of the fabric
(McNeil et al. 2013)
Geometrical Radiosity | Window Software Geometry of the fabric (spacing and thread thickhes
Model (Carli Inc. 2006)

2.2 Kotey et al. Semi-Empirical Model (Kotey et al2009)

Kotey et al. (2009) developed a semi-empirical nddedirect-direct, direct-diffuse and angular deaproperties
from detailed integrated sphere measurements (Sadti al. 2012) of the spectral beam-beam traremaiét beam-
diffuse transmittance, and beam-diffuse reflectaaicicident angles ranging from 0° to 60°. Thegtfconverted
the spectral data to solar optical properties @ar and visible transmittance/reflectance) adogrdo ASTM

standards and fitted a cosine power function tonleasured properties at different incident anglés reason for
cosine correlation was the symmetrical and adjlstsitape of the function. The details of the sempigical model
are described below.

Beam-beam Transmittance
The normalized beam-beam shade transmittaoo®,,, is calculated from:
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where 7,,(6) is beam-beam transmittance at incident angléd cut-off angle 8. is used to denote that the
transmittance reduces to zero beyond a certaireaiipe fabric openness factor is assumed to bd &mug when
the incidence angle is zero.

Beam-total Transmittance
The normalized beam-beam shade transmittaoo®,, is calculated from:

—_Tu(9)

norm, = - (0=0) =cod' @) 0<6,. (4)
= r,(0=0)-1,(=0) )
1-71,(@=0)
d=0.133¢* + 0.0030*" @r* < 0. ©
d =0.33(- 7 0.38r% <

where 7,(6) is beam-total transmittance at incident angleMost of the manufacturers provide beam-total
transmittance at normal incidence (single valuesfilar and/or visible spectrum). The cut-off anigle beam-total
transmittance is not as straightforward as beammb&ansmittance. Here, the cut-off angle restrictie only
applied for the dark-color samples due to limitedttered reflection or transmission. However, thigega for
separating classify light-color and dark-color fabrare not clear.

Beam-diffuse transmittance
The beam-diffuse transmittance is calculated froenteam-total minus the beam-beam respective viduesery
angle. This property is important when calculafihgninance distributions and affects glare perfaroe.

Diffuse-diffuse Transmittance
The diffuse-diffuse transmittance is calculatedrfrimtegration of direct-total transmittance oves tlemisphere

(cannot be measured directly):
2

I =2 1, (6)cos@ )sing 6 @)

2.3 BSDF Ray Tracing Model

genBSDF is an open source Radiance tool which creates two heenesplfone for transmission and one for
reflection) to receive emitted rays (McNeil et al. 2013). higins of emitted rays are randomly distributed over
the emitting surface and ray directions are randomly Higed within the range of angles defined by the angular
boundaries of the Klems patch. Combined with Radiantedsitrib function,genBSDF is able to record and track
each ray’s exiting direction. McNeil et al. (2013) showed tih@ simulated transmittance results of a micro-
perforated shading system are very close to the resultsuneelaby a goniophotometer. They concluded that the
BSDFs generated vigenBSDF are reasonably accurate. However, the microstructureiab-perforated shading
system is relatively simple when compared to open-wealiar shade fabrics.

2.4 LBNL Geometrical Radiosity Model

WINDOW software has incorporated a woven shade scmeedel that uses the geometrical radiosity method to
estimate BSDFs of woven shades. The model assumebéhihiréads are Lambertian and opaque and the geometry
is a square pattern with constant spacing and thread teEK@arli Inc. 2006). Jonsson et al. (2008) compared the
results calculated by this model with experimental datalzdgreement was not good. The source of error was no
identified, but future versions of WINDOW will have correciso
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3. DETAILED MEASUREMENTS OF SHADE PROPERTIES FOR VALID ATING
AND COMPARING RESULTS

An integrating sphere originally designed to measular sptical properties at normal incidence was redesigned by
Collins et al. (2012) to measure the off-normal optical pitigeedescribed by Kotey et al. (2009). The integrating
sphere can separate the unobstructed and the scattenpdremts of incident beam radiation. However, this
measurement method can only be used to obtain beam-bedrbeam-total transmittance and reflectance and
cannot be used to measure detailed scattering functionBBE&F functions). The uncertainty of this method is
1+3%.

In this study, six different shade fabrics were testeabtain their properties at normal incidence, and two ofethes
fabrics were measured using the method described abowbtéin the angular beam-beam and beam-total
transmittance valueslTable 2 summarizes the measured results and the data providedebgnanufacturers.
Theoretically, the beam-to-beam transmittance at normal imogdshould be close to the openness factor, so the
openness factor provided by manufacturer was compi@aretie measured beam-beam transmittance at normal
incidence. The measurements cover different colors, @ssnfactors, and total transmittance values. When the
openness factor aty, is close tor,, it means that there is little direct-diffuse transmission andtrabthe light
transmitted is still direct.

The relative error seems high when the openness factoral (Fabrics 1-2), but it will not cause noticeable errors

when further calculating daylight metrics. Fabric 4 iogster (light color) fabric with 5% openness and 14 % listed

total transmittance —there is a strong direct-diffuse comgpm@nthis case, the measurements showed that the
actual beam-total transmittance is 24.2%, introducing unacdepgabrs for both beam-total transmittance (72.8%)

and beam-beam transmittance (38%). Such results indicatedata provided by manufactures is not always

accurate. The listed properties of Fabric 6, which alsoahamgnificant direct-diffuse component, are in better

agreement with measured data.

Table 2 Measured Transmittance at Normal Incidence and Datadeaby Manufacturers

Fabric # 1 2 3 4 5 6

Fabric Color Charcoad| /Wh'te Steel G ey Oyster Charcoa Linen
Linen /Silver

1 (Manufacturer) 19 10% 5% 14% 11po 23%

Ty (Measured) 1.30% 10.50%6 56 24.20% 10.90% 22.20%

Error 30.00% 5.00% 0.00% 72.86% -0.91% -3.48%

Openness Factor 1% 1% 400 5% 10% 10%

1o (Measured) 1.30% 1.60% 4.20p0 6.90% 9.70% 11.20%

Error 30.00% 60.00% 5.00% 38.00% -3.00% 12.00%

4. COMPARISON OF SEMI-EMPIRICAL MODEL WITH MEASUREMENT S OF
ANGULAR SOLAR OPTICAL PROPERTIES

The results of the semi-empirical model developed by Ketegl. (2009) were compared to detailed integrated
sphere measurements for angular properties of two @ifféabrics (Fabrics 3 and 4 in Table 2). The requiredtip

Tpt (0=0) andry,, (0=0) in the semi-empirical are taken from measured resatid,the criteria to categorize shade
color is front reflectance of the fabric. When front reflecte greater than 0.5, the fabric would be classified as
light-color fabric; otherwise, it would be classified as daslecfabric.

Fabric 3

Fabric 3 is a high performance shade with different cadarghe front and back side. The color of the exterior side
is reflective silver §=77%) for reflecting solar radiation to the outside and prewear-heating issues. The interior
side has a steel grey color. The shade has a 4% ogeam#®$% normat, So there is a strong direct component.
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Figure 1 shows the comparison between measurementi@edhpirical model for both beam-beam and beam-total
transmittance. The differences are less than 1%. Howthemeasurements showed thatis almost constant for
incidence angles smaller than 30°, which was be captyréldebempirical model (since a cosine function is used).
Overall, the semi-empirical model slightly underestimateand slightly overestimatas,, for this fabric type —the
impact of these differences on daylight levels and dtapeesented in the next section. Note thaits also not zero

beyond 60° incidence angle. Finally, the diffuse-diffuseigmittance for this fabric is equal to 3.67% according to
measurements and 3.25% according to the model.

==|\leasured Solar Optical Properties=Semi-empirical Model ==|\leasured Solar Optical Properties=Semi-empirical Model
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Figure 1: Comparison between angular Beam-total and Beam-beamiidéance (measurements vs semi-
empirical model) for Fabric 3

Fabric 4

Fabric 4 is a commonly used light-colored product with @3énness and,(6=0) is 24%, therefore, direct-diffuse

transmission is dominant (note that this is the fabric ththlargest error in manufacturer’s data). The beam-total
transmittance results of the semi-empirical model showedyagaod agreement with measured data (Figure 2),
while 1,4, is again slightly overestimated. This fabric has a sigant value of transmittance beyond 60° that cannot

be neglected. The diffuse-diffuse transmittance for thisidais equal to 19.75% according to measurements and
21.14% according to the model.

—|\leasured Solar Optical Properties=Semi-Empirical Model ==|\leasured Solar Optical Properties-=Semi-Empirical Model
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Figure 2: Comparison between angular Beam-total and Beam-beamiidéance (measurements vs semi-
empirical model) for Fabric 4

3" International High Performance Buildings Conference ad@rJuly 14-17, 2014



3389, Page 7

5. IMPACT OF DIFFERENT MODELING APPROACHES ON INDOOR
ILLUMINANCE LEVELS AND DAYLIGHT GLARE EVALUATION

The differences in predicted shading properties (anguidrdérect-diffuse components) according to the different
approaches have an impact on daylight levels, glareiaah and solar gains estimation, when used in building
simulation for static or dynamic (annual) analysis. Thigi@ecdiscusses these impacts and elaborates on the
differences between the different methods.

To compare between the different models, a hybrid rayntyaand radiosity method (Chan and Tzempelikos 2012)
is used to simulate indoor illuminance and daylight glambability. The accuracy of this method has been
validated with full-scale experiments and with Radianceer@hare four major parts in simulation process: 1)
predicting the amount of direct, sky diffuse, and grodiffuse illuminance on the windows, 2) predicting the

amount of direct and diffuse light transmitted through (com)pfenestration, including controls if needed, 3)

simulating interior inter-reflections to obtain interior illuminancistributions and daylight metrics, and 4)

simulating glare from daylight using appropriate indices. 3tlar optical properties modeling is embedded in the
second step.

For glare evaluation, the daylight glare probability (DGRJsed as an indicator (Wienold and Christoffersen 2006),
since it is the latest daylight glare index generally accepteldpresented a good fit with occupant survey results
related to visual comfort.

5.1. Comparison of Different Modeling Approaches vwth Full-Scale Experiments — Work Plane
llluminance

First, a comparison between modeled results and fulk-gogeriments is performed, in order to estimate thgeran
of differences between models as well as to further atithe hybrid method against measured data in real spaces
equipped with roller shades. The experiments were ctéaduo the facade engineering laboratories of Purdue
University in West Lafayette, Indiana. This researchlifgoivas specifically designed for quantifying the impatt o
facade design options and related controls on indoor em@otal conditions and energy use. Two identical, side-
by-side test office spaces with reconfigurable facaBegife 3) were used to compare the performance of different
glazing and shading options under real weather condit@mmsefreral months. The dimensions of each room are 5m
wide by 5.2m deep by 3.4m high, with a glass facadi®o(Gvindow-to-wall ratio) facing south. A detailed
description of the experimental setup and instrumentatiobedound in Shen et al. (2013).

For the results presented in this paper, the facade wapped with a high performance glazing unit
(Solaban70XL-clear), that has a selective low-e coatigg6b% at normal incidence). Fabric 3 of Table 2 was
installed in both spaces. The shades were closed (siaqathose of this work was to compare between differen
modeling approaches with respect to shading propertres)shading devices can be controlled automatically
(through customized software) or manually, and arenected to the lighting control system and to the data
acquisition and monitoring system. Several photometers aktasmeasure light levels, both exterior (horizontal
and vertical illuminance) and interior (transmitted through wimduworizontal work plane illuminance at 6 points in
each room, and at variable positions at the observer'sieight level for vertical illuminance measurements). A
vertical exterior solar pyranometer provides information aliwei direct and diffuse portions of solar radiation and
illuminance. All sensors are connected to a data acquisitidrcantrol system, controllable through remote access
in order to run experiments without interfering with humagaspnce. llluminance levels were recorded every
minute, for different measurement periods from Octob&B828pril 2014.

The spaces were modeled using the hybrid radiosity apdracing method, with the shading properties were
modeled using the approaches described in Section Zhidnway, work plane illuminance distributions are
compared between each method and experimental measusenin particular, two ways of using constant
properties for roller shades were considered: (i) conatawith no specular componentsy{ = 1,y at normal
incidence) and (ii) constan; andty, with a fixed beam-diffuse ratio without angular dependefite measured
values ofty, andt, (Table 2) were used as inputs to these models to irci@auracy. Except for these, the
comparison also includes properties obtained using the detatiegrated sphere measurements, by the semi-
empirical model, as well as illuminance values from the ftdles experimental measurements.

3" International High Performance Buildings Conference ad@rJuly 14-17, 2014



3389, Page 8

Figure 4 presents sample work plane illuminance result$worsuccessive days in October 2013 (desk located
1.6m away from the windows). The first day is sunng #re second day is mix condition, with cloud cover during
the afternoon. The semi-empirical model and the detailed urethgproperties showed good agreement with
experimental data. Small differences are due to uncerminfianodeled values and assumptions in the hybrid
method, however these differences are within the degirediction error and the model has been previously
validated (Chan and Tzempelikos, 2012). The two methaidisconstant properties both fail to predict illuminance
values correctly. The model with no specular transmissamot detect beam-beam components, therefore it
significantly underestimates work plane illuminance (whewulinect sunlight is present, it overestimates illuminance
as described next). The model with constant fixed beffrsd ratio overestimates work plane illuminance since it
does not consider the angular variation of transmittance.

S

S S S
Figure 3: Exterior and interior view of test offices used for experital measurements

— Experiments —— Constant (Fixed Beam/Diffuse Ratie}— Cosntant (No Specularity)
< ——Measured Solar Optical Properties Semi-Empirical Model
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Figure 4: Comparison of Workplane llluminance values between @iffeproperties modeling methods and
experimental measurements.

5.2. Comparison between Modeling Methods Using Anrall Daylighting Simulation

To estimate the overall impact of property modeling mettmddaylight distributions and daylight metrics, a case
study was performed with annual daylighting calculationsaftypical perimeter office space (5m by 5m by 3m
high) located in Chicago. A double-clear glazing unit (nornsible transmittance =78.6%) was used in this case.
Fabrics 3 and 4 of Table 2 (for which we have detailedsme=d properties) were modeled as fully closed. Detailed
illuminance distributions, vertical illuminance at the eye level BGP were calculated for the entire year for every
case. Representative results of work plane illuminanceuimmer and winter days are shown in Figures 5-8 and
annual metrics are presented in Table 3.

5.2.1 Work plane illuminance - Fabric 3

Figure 5 and Figure 6 show work plane illuminance resualth Fabric 3 at 2.5m from the window in winter and
summer respectively. The first and third days in winter sunny; in summer, the first three days are surmy. |
winter, the fabric beam-beam component allows sometdigdt to reach the work plane —this is similar to the
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validation case presented above. The semi-empirical modelhen detailed properties model result in almost
identical values. The constant model with no specularitly begérestimates and underestimates values depending on
sky conditions, but the differences are within an acceptabige.

In the summer, there is no direct sunlight on the work pldreefore beam-diffuse properties are significant and
the constant model with no specularity fails to predict illuminarages (significantly overestimates results in this
case). The constant model with fixed beam/diffuse ratiblhioverestimates work plane illuminance in winter and
summer since no angular variation is considered.

—Constant (No Specularity) —Constant (Fixed Beam/Diffuse Ratio)
— Semi-Empirical Model Measurement
3 1500
: / A
=
g 1000
= N
E s
= 500 { 5\
Q
T o L'é . [~ \ . N\ . _/,; |
g 1/7 17 1/8 1/8 1/9 1/9 1/10 1/10 1/11
Time
Figure 5: Comparison of Workplane llluminance in Winter for Fal®ic
—Constant (No Specularity) — Constant (Fixed Beam/Diffuse Ratio)
. ——Semi-Empirical Model Measurement
x
= 500
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i 0l // \\ | // \ | / \ | M |
g 5/16 5/16 5/17 5/17 5/18 5/18 5/19 5/19 5/20
Time

Figure 6: Comparison of Workplane llluminance in Summer for kaBr

5.2.2 Work plane illuminance - Fabric 4

Similar results are shown in Figure 7 and Figure 8 &irie 4 (lighter color, higher beam-diffuse ratio so theieal
are higher in this case). During overcast days, thecefff beam-diffuse transmission is significant. The results
obtained from constant properties result in significant eresgecially in the summer.

5.2.3 Annual glare evaluation and overall comparison

Annual distributions of DGP were also computed for the @iwi€s. Data was collected for every hour in the year,
according to the luminance in the field of view, window lmamces and position index according to the original
DGP equation. Figure 9 shows the annual DGP distribution €ifiottm of temporal graphs) for Fabric 3. Since the
transmittance of this fabric is low and the shades are cldberk is no noticeable glare for any of the cases.
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Nevertheless, the DGP index in the case with constant piepend no specular transmittance is higher than the
rest.

—Constant (No Specularity) — Constant (Fixed Beam/Diffuse Ratio)
. ——Semi-Empirical Model Measurement
3 5000
S 4000 A ﬁ\
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Time
Figure 7: Comparison of Workplane Illuminance in Winter for Faldric
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Figure 8: Comparison of Workplane Illuminance in Summer for kabr
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Figure 9: Annual DGP distribution with Fabric 3

DGP annual distributions for Fabric 4 are shown in Figl@®e The higher transmittance and significant direct-
diffuse component of this fabric result in several glarerfian the year. Although the work illuminance calculated
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from the measured properties and the semi-empirical imede= very close, the distribution of DGP is a bit
different due to differences in the luminance field andie& illuminance at the eye. Note that the constant
properties models overestimate glare for the entire ydw.distribution of constant no specularity model is very
different to all the others.

Constant
Measurement Seml Empirical Model (leed Direct/Diffuse Ratlo Constant (No Specularlty)
14
0.80

OWE ) A a i

100 200 300 T100 200 300 100 200 300 100 200 300 1.00
Days Days Days Days

Figure 1G: Annual DGP distribution with Fabric 4

0.00
0 10
20

l040
0.50
0.60
0.70

s
16

Hour

Table 3 summarizes the results of annual daylighting lation using different solar optical properties models.
These results show that that the semi-empirical model deguately capture the effect of angular properties and
direct-diffuse fractions. On the contrary, both constanperties models will cause significant errors in daylight
metrics and glare evaluation.

Table 3: Summary of Annual Daylighting Simulation results gifdifferent Solar Optical Properties Models

Fabric 3 Fabric 4
Continuous | llluminance | Annual Continuous llluminance | Annual
Daylight RMSE (lux) | Time DGP | Daylight RMSE (lux) | Time DGP
Autonomy > 0.35 Autonomy > 0.35
Detailed 0.32 #N/A 0.00 0.78 #N/A 0.21
Measuremerst
Semi-Empirical 0.29 21.64 0.00 0.78 35.14 0.22
Model
Constant (Fixed 0.48 193.19 0.00 0.89 641.19 0.27
Beam/Diffuse
Ratio)
Constant (No 0.52 137.16 0.00 0.89 478.67 0.48
Specularity)

6. IMPACT OF PROPERTIES MODELING ON THE EFFECTIVENESS OF
ADVANCED SHADING CONTROLS

An inaccurate model would affect the effectiveness ofrdarobstrategy, if the shading properties are embedded in
the control algorithm. The “effective illuminance” control éBhand Tzempelikos 2013) which is the latest study
related to glare and illuminance control with roller shadesi¢h an example. The method combines the concept of
total “effective” illuminance transmitted through the shaded anshaded parts of the window and moves the
shades to intermediate positions in order to avoid excesaidigltt on the work plane, as well to always protect
occupants from direct sunlight (customized and dependseooccupant’s seating position).

The semi-empirical model and the constant transmittance i@t €lirection/diffuse ratio are compared here using
this new type of control. The hybrid ray tracing and ratiomethod calculates shade position and interior
illuminance and DGP.

Figure 11 shows the differences of shading closingtifnag (% of shaded window area) between the two
approaches, using the semi-empirical model as a basdlimasl proved that constant transmittance with fixed
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direction/diffuse ratio tends to overestimate transmitted illumimaso that method also tends to provide more
conservative shade positions. The maximum differenasoisnd 4%.
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0.005 i
0 - —_— e
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Time
Figure 11 Differences of Shade Closed Percentage

Differences of Shade Closed
Percentage

Figure 12 presents the annual DGP distribution with controlades using the two models. The annual percentage
of time when DGP exceeds 0.35 is 10% when the semirea model is used and 7% when the constant model
with fixed direct-diffuse ratio is used. There is also% @ifference in continuous daylight autonomy between the
two approaches. Therefore, incorrect modeling of sqdéical properties affects the control methods and daylight
metrics for controlled shades as well.

Constant
Semi-Empirical Model ~_ (Fixed Direct/Diffuse Ratio) 0.0
18 18 0.10

! T ) L]
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3 0.50
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| | 0.70
10, ! l ‘ 10 r‘ 0.80
gl | g ‘ ‘ i 0.90
100 200 300 100 200 300 1.0

Days Days

Figure 12 Annual DGP index when using different models to calcidhtales positions

7. CONCLUSION

This paper first provides an overview of current appreadbr modeling solar optical properties of roller shades,
including advantages and limitations. Then, integrating sphezasurements were conducted to determine the
detailed solar optical properties of different products. Mesamsant results for six roller shades fabrics are reported.
The measurement results are compared to manufactutata’ and modeling results to better understand the
accuracy of fabric datasheets and current modeling appeeaThe comparison shows that the data provided by
manufacturers is not always accurate and requires sara&ul review. The last part of the paper is a case shady
demonstrates how the selection of modeling approachés leaud to issues in shading control.
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Generally, the results confirm that the impacts of sofatical properties model on both daylighting and visual
comfort are significant and should be considered as aortant component in daylighting calculation modules.
Kotey’s semi-empirical model is performed well enough a®lar-optical properties predictor for roller shades.
RMSE of illuminance prediction is small, and continuous daylagutonomy and annual high-DGP hour are both
close to the results modelled using measured angular sodgerfies. Nevertheless, more investigations or
modifications are necessary when it is applied to castsrefiective fabrics or solar incident angles between 65°
and 90°.

On the contrary, using constant beam-total transmittanceratah incidence to model the solar optical properties

causes significant errors on predictions of workplane ithamce and glare index in most cases. It would increase
the chance of improper fenestration design and slightly énfla the effectiveness of shading control. When

applying constant properties models, correction factorgeayeired, for example, using estimated diffuse-diffuse

transmittance to replace beam-total transmittance at normal ineidenc

The solar optical properties could also affect the calculatiggeak cooling load and energy consumption. Detailed
shading properties are recommended to be used fore naalistic evaluation of the impact of shading on energy
use and visual comfort.

REFERENCES

Andersen, M. and de Boer, J. (2006). "Goniophotorreatd Assessment of Bidirectional Photometric Properties of
Complex Fenestration Systems." Energy and Build8&(g): 836-848.

Andersen, M., Stokes, E., et al. (2010). "Using Digitadding to Assess Spectral Solar-Optical Properties of
Complex Fenestration Materials: A New Approach in Video—Gdrtgmetry." Solar Energ§4(4): 549-
562.

Apian-Bennewitz, P. (2013). "Review of Simulating Fouag3les of Window Materials for Daylighting with Non-
Standard Bsdf Using the Simulation Program Radiandetrieved 04/08, 2014, frohttp://arxiv-
web3.library.cornell.edu/abs/1307.4214

Carli Inc. (2006). "Implementation of Wovenshade Methotayeroptics.DIl." Retrieved 04/13, 2014, from
http://windows.Ibl.gov/software/window/Docs/Woven%20ShadeVe2Binical%20Documentation.pdf

CGDB. (2014). "Complex Glazing Database " Retrieved34014, from
http://windows.Ibl.gov/software/CGDB/

Chan, Y. C. and Tzempelikos, A. (2012). "A Hybrid REngcing and Radiosity Method for Calculating Radiation
Transport and Illuminance Distribution in Spaces with VeneBbinds." Solar Energy.

Collins, M., Wright, J., et al. (2012). "Off-Normal Solar ti@gpl Property Measurements Using an Integrating
Sphere." Measureme#®(1): 79-93.

Deneyer, A., Deroisy, B., et al. (2014). "Bi-Directionab8ering Distribution Data of Solar Shading:
Characterization and Performances." Retrieved 04/13l, 2@in
http://www.cstc.be/homepage/download.cfm?dtype=researate&Cid= 2013 Bi_Directional Scattering
Distribution_of_solar_shading.pdf&lang=en

EnergyPlus (2007). Energyplus Engineering Reference-Rtference for Energyplus Calculations, Lawrence
Berkeley National Laboratory (LBNL).

IGDB. (2014). "International Glazing Database " Retrie@4d.3, 2014, from
http://windows.Ibl.gov/materials/IGDB/

Jonsson, J. C., Lee, E. S., et al. (2008). Light-Seatf&roperties of a Woven Shade-Screen Material Used for
Daylighting and Solar Heat-Gain Control. Optical EngineeriAgplications, International Society for
Optics and Photonics.

Kotey, N. A., Wright, J. L., et al. (2009). "A Detailed Meldo Determine the Effective Solar Optical Properties of
Draperies." ASHRAE Transactiodd451): 130-144.

Kotey, N. A., Wright, J. L., et al. (2009). "Determiningf@®formal Solar Optical Properties of Insect Screens."
ASHRAE Transaction§151): 155-164.

Kotey, N. A., Wright, J. L., et al. (2009). "Determiningf@®formal Solar Optical Properties of Roller Blinds."
ASHRAE Transaction§151): 145-154.

LBNL (2011) "Therm 6.3 / Window 6.3 Nfrc Simulation Maaiui

3" International High Performance Buildings Conference ad@rJuly 14-17, 2014



3389, Page 14

McNeil, A., Jonsson, C. J., et al. (2013). "A ValidatioradRay-Tracing Tool Used to Generate Bi-Directional
Scattering Distribution Functions for Complex Fenestration SysteBolar Energ98, Part C(0): 404-
414,

Nilsson, A. M. and Jonsson, J. C. (2010). "Light-ScatteProperties of a Venetian Blind Slat Used for Daylighting
Applications." Solar Energ84(12): 2103-2111.

Reinhart, C. F. and Andersen, M. (2006). "Developmadt\éalidation of a Radiance Model for a Translucent
Panel." Energy and Building38(7): 890-904.

Shen, H., Chan, Y. C., et al. (2013). Full-Scale Expenital Study of Lighting Performance with Automated
Shading and Lighting Controls. ISES Solar World Corg@13. Cancun, Mexico.

Shen, H. and Tzempelikos, A. (2012). "Daylighting &mérgy Analysis of Private Offices with Automated Interior
Roller Shades." Solar Ener@(2): 681-704.

Shen, H. and Tzempelikos, A. (2013). Evaluation of 8iftaRetrofit Strategies for Energy Savings in Office
Buildings with Multiple Exterior Facades. CISBAT 2013. LausarSwitzerland.

Tzempelikos, A. and Shen, H. (2013). "Comparative CoRtiategies for Roller Shades with Respect to
Daylighting and Energy Performance." Building and Envirent87: 179-192.

Wankanapon, P. and Mistrick, R. G. (2011). "Roller Skad® Automatic Lighting Control with Solar Radiation
Control Strategies." BUILTL((1)).

Wienold, J. and Christoffersen, J. (2006). "Evaluation éshand Development of a New Glare Prediction Model
for Daylight Environments with the Use of Ccd Camerasérfy and Building88(7): 743-757.

ACKNOWLEDGMENTS

The authors would like to thank Lutron Electronics Co Incsfapporting this work, and ASHRAE for providing
resources through the new investigator award and a-igrand award. Many thanks to Prof. Michael Collins from
the University of Waterloo for conducting the integratedesphmeasurements for several roller shade materials.

3" International High Performance Buildings Conference ad@rJuly 14-17, 2014



	Purdue University
	Purdue e-Pubs
	2014

	Solar Optical Properties of Roller Shades: Modeling Approaches, Measured Results and Impact on Energy Use and Visual Comfort
	Ying-Chieh Chan
	Athanasios Tzempelikos
	Brent Protzman


