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Abstract
This paper discusses the operational mechanism of an
innovative horizontal skylight system incorporating a
microstructure prismatic optical element. The skylight
system constantly rejects the direct radiation of sunlight
while it transmits the diffuse scattered skylight, thereby
creating a significant potential to improve the daylight
and thermal efficiencies of buildings. By developing two
parametric iterative algorithms to simulate the unique
optical behaviors of the proposed skylight, the authors
evaluated the ability of the system in providing a uniform
distribution of daylight in a useful range, eliminating
glare occurrence, and reducing the energy consumption
of buildings compared to other skylight systems.

Introduction
In the process of designing a sustainable building,
fenestration systems play an important role. The type,
size, configuration, and physical properties of
fenestration systems directly impact heating, cooling,
ventilation, air-conditioning, daylight, view, and
building occupants’ health and wellbeing.
Studies on building envelopes show that an efficient
daylight system reduces the energy consumption of a
building by providing light and thermal energy
(Kaasalainen et al. 2020), connects building occupants to
the outdoor environment, improves the occupants’
cognitive performance (Jamrozik et al. 2019), and
reduces depression and stress (Beute and Kort 2018)
(Vlachokostas and Madamopoulos 2017). Despite all the
benefits, visual discomfort, nonuniform distribution of
daylight, overheating, and heat loss are the serious
downsides of a poorly designed daylight system.
While conventional vertical façade windows only
provide useful daylight upto 1.5 to 2 times the head
height of the window (Robinson and Selkowitz 2013),
roof apertures have the potential that they can be located
and sized to deliver the desired amount of light exactly
where it is wanted in buildings. Also, they can be

oriented to collect the desired blend of daylight and heat
over the course of the seasons, regardless of the
orientation of the building.
Various configurations of roof apertures can be adapted
to the building’s energy and lighting needs, including
horizontal glazing, north-facing glazing, south-facing
glazing, etc., along with their different combination
forms. Extensive comparisons have been made of the
energy and daylight benefits of various roof aperture
configurations (Place et al. 1984). According to Ghobad
et al. (2013), horizontal roof apertures have the
advantage that they can substantially reduce the
envelope area compared to vertical glazing systems. In
addition, they face the entire sky vault, thereby being
very efficient in terms of harvesting ample amounts of
light through relatively small apertures. On the other
hand, horizontal roof apertures have some serious
disadvantages that have limited their applications,
including:
•

more light and heat gain during summertime than
wintertime,

•

illuminance variation in the space caused by direct
sunlight,

•

temporal illuminance variations caused by the
coming and going of clouds blocking the sun, and

high probability of glare occurrence and visual
discomfort (even in case of using diffuser layers).
To address the mentioned concerns, the authors have
developed an integrated daylight system with a prismatic
optical element that can constantly recognize and reflect
away the beam sunlight and only admit the diffuse
skylight, so it has a great potential to eliminate glare,
provide a uniform distribution of daylight, and eliminate
overheating in buildings due to solar direct radiation.
Prismatic panels have been mainly applied in buildings
as daylight redirecting systems in order to increase
illuminance further from windows by redirecting
sunlight towards deep spaces. Tian et. al. (Tian, Lei, and
Jonsson 2019) applied a prismatic film glazing at side

•
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windows in a factory building. Through conducting field
measurements in a year, they showed the utilized
prismatic film can significantly improve the illuminance
levels for large depth spaces (more than 10 meters far
from the window) and provide a better luminous comfort
environment for occupants. Also, they concluded that the
prismatic element offers higher efficiency under sunny
sky compared to overcast sky conditions due to higher
direct light intensity.
Thanachareonkit et. al. (Thanachareonkit, Lee, and
Mcneil 2013) fabricated and installed a prismatic
daylight-redirecting system in a south-facing clerestory
window at a full-scale office testbed. The glazing was
found to increase the illuminance levels at the rear of the
office room up to five times more than the clerestory
windows with interior Venetian blind. McNeil et. al.
(Andrew Mcneil, Lee, and Jonsson 2017) measured
annual lighting energy consumption in deep open plan
offices incorporated with a micro-structured prismatic
film as a continuous strip of clerestory window. They
showed the prismatic system brings about 39-43%
lighting energy saving in the south-facing perimeter zone
compared to the same zone with no lighting controls.
In spited of extensive studies on daylight redirecting
prismatic panels, no research has been on prismatic
optical panel as a solar shading element.
In this paper, we propose a new parametric simulation
method to evaluate the unique daylight and thermal
behaviors of the proposed solar shading element. In
addition, we apply the daylight system to a sample office
building and compare the results with three commonlydesigned skylight configurations in buildings. This
comparison study aims to quantify efficiency of the
introduced skylight system in terms of Daylight Glare
Probability (DGP), Useful Daylight Illuminance (UDI),
and heating and cooling load intensity. Finally, the
authors draw a roadmap for further studies and
development of the new skylight system.

Prismatic Solar Shading Optical Element
The new prismatic glazing system has the goal to reflect
away beam sunlight while admitting diffuse skylight.
The basic features of the optical system, as applied to
skylights, are illustrated in Figure 1. There is a flat
surface on the top of the prismatic element, and a
serrated surface on the bottom of the optical element.
The facets on the serrated side are at 45 degrees to the
top surface. Rays incident on the optical element in a
vertical plane parallel to the serrations will penetrate
through the top surface and experience total internal
reflection at the surfaces of the serration facets, resulting
in the reflection of those rays back toward the outside of
the building. In contrast, rays from other parts of the sky
will not experience total internal reflection at the serrated

facets and will be partially transmitted. In this manner,
the optical element acts selectively as a solar shading
system for beam sunlight and as admitter of diffuse
skylight for interior of illumination.
The shading operation is sensitive to the sunlight
incident angle and happens in a narrow range of angles,
so the serrations must always align with the direction of
the beam sunlight. This implies that the horizontal
skylight system must rotate once every 24 hours in its
horizontal plane. (Figure 2).

Figure 1 Prismatic glazing as a solar shading element

Figure 2 The prismatic panel rotation on a horizontal
plane to track the sun azimuthal angle

Daylight Characterization of the Prismatic
Optical Element
Bidirectional Scattering Distribution Function (BSDF)
refers to optical behavior of materials that transmit
and/or reflect light in a non-specular way, such as the
proposed microstructure prismatic glazing. genBSDF is
a Radiance’s tool which was developed to characterize
the inhomogeneous daylight behaviors of materials
(Ward et al. 2011)(A Mcneil et al. 2013).
Through raytracing techniques and by taking the glazing
cross-section and material, genBSDF calculates how
light passes through the optical element. The tool
generates an XML file including four matrices that
relates a variety of incident angles to the direction and
intensity of the transmitted or reflected light on front and
back surfaces of the glazing (Andy Mcneil 2015).
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By default, genBSDF divides the incoming and the
outgoing hemispheres based on Klems full angles basis
into 145 patches. However, the full Klems subdivision
pattern is not applicable for the intend of this paper as the
sizes of patches are too wide to catch the narrow total
reflection angle of the proposed prismatic glazing.
In addition to the Klems fixed subdivision pattern,
genBSDF tool has the potential to generate a variableresolution Tensor Tree format which reduces the
patches’ sizes at the regions with sharp peaks. By
increasing the transmitted light pattern resolution at the
critical regions, Tensor Tree will accurately simulate the
daylight behavior of the prismatic glazing system at
different incident angles (Ward and Kurt 2012)(A
Mcneil et al. 2013).
Figure 3 shows the physical properties of the prismatic
glazing layer and Figure 4 shows the transmitted daylight
pattern through the glazing for four different incident
angles (BSDF Viewer Tool). As it can be seen in the
figure, the prismatic glazing reflects the lights coming
parallel to the serrations (φ=0) and it transmits the light
from other directions. These results approve the
preliminary hypothesis that by a constant horizontal
rotation of the roof aperture and keeping the prismatic
serrations in line with the sun azimuthal angle, we can
completely reject the direct sunlight while we can deliver
other scattered skylight to indoor areas.

Incident angle: φ=0, θ=90 – Tvis = 0%

Incident angle: φ=180, θ=35, Tvis = 0%

Incident angle: φ=40, θ=150, Tvis = 63%

Incident angle: φ=65, θ=110, Tvis = 59%
Figure 3 Physical properties of the prismatic glazing
along with the coordinate system (φ, θ) for incident
light angles (units in mm)

Figure 4 Visible transmittance rate and the transmitted
daylight pattern through the glazing for some incident
angles
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Building Simulation Incorporating
Proposed Roof Aperture System

the

To determine the impact of the prismatic skylight system
on indoor luminance pattern, illuminance intensity, and
thermal efficiency, we applied the system to a simple
office room and compared the results with some other
skylight systems. The highly sensitive angular dependent
daylight and thermal behaviors of the prismatic element
and the constant horizontal rotation of the system based
on the sun azimuthal angel made the simulation analysis
method unique and different from common daylight
systems’ analysis.
Daylight Simulation
The generated XML file can be fed into Radiance for
daylight simulation of buildings with the BSDF skylight
system. Radiance algorithms have been developed to
read the optical behavior of the prismatic panel through
the Tensor Tree matrix and run daylight analysis using
backward raytracing Daylight Coefficient (DC) method.
In this study we applied standard CIE sky types for pointin-time simulations. Also, in case of annual simulations,
we applied climate-based sky simulation method using
the updated Perez All-Weather Sky model, as defined in
ISO 15469:2004(E) and CIE S 011/E:2003 (CIE 2004).
The sky generator adjusts each of the Perez sky
coefficients based on the sun position and the hourly
direct and diffuse irradiance values stored in the EPW. It
should be mentioned that along with the sun position, the
cloud coverage pattern in the sky would directly impact
the visible transmittance rate (Tvis) and the transmitted
daylight distribution pattern through the panel. Due to
the lack of dataset on the exact sky pattern, we simplified
this parameter to Perez Sky luminance pattern.

Thus, the authors developed a new integrated method
using Radiance and EnergyPlus simulation tools in
Honeybee Grasshopper interface for climate-based
thermal simulation of the skylight system. The principle
behind the introduced method is to constantly replace the
prismatic optical element with a simple glazing layer
with same thermal properties.
In this method, we modeled a virtual hemispherical
chamber with 145 illuminance sensors. The sensor array
was designed so that each sensor represents a same sized
patch of the hemisphere. With comparing the cumulative
illuminance intensity passed through the horizontal
aperture above the chamber in two cases, one with the
prismatic glazing over the aperture facing to the sun and
one without, we calculated Tvis of the glazing. The Tvis
is unique for that specific sky condition and achieved
based on the sun position, direct and diffuse radiations at
each time step in EPW file. So, for long term simulation
period, Tvis of the glazing should be calculated for every
single time step through a parametric process. Later, by
knowing the Tvis and spectral transmission of the
prismatic panel material, Solar Heat Gain Coefficient
(SHGC) at each time is calculated. Figure 5 shows the
iterative parametric algorithm developed for the energy
analysis of buildings with the proposed skylight system.

Thermal Simulation
Since EnergyPlus V7.2, this software allowed for the
inclusion of BSDF materials for building energy
modeling. LBNL WINDOW is used to transform the
Radiance BSDF file into an EnergyPlus compatible
format (Bueno et al. 2015, De Michele et al. 2018).
While EnergyPlus has a good potential to predict thermal
performance of buildings with complex fenestration
systems, there are some major issues that make it
incapable to correctly simulate the optical and thermal
behaviors of the proposed skylight system and catch the
total internal reflection phenomenon in the prismatic
panel, such as:
•

using radiosity algorithms for solar-optical analysis
of complex fenestration systems

•

not supporting Tensor Tree BSDF files

•

recognizing only Tregenza sky subdivisions with
145 patches.

Figure 5 The iterative parametric flowchart for thermal
simulation analysis of buildings incorporating the
proposed skylight system
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Evaluation Criteria
Daylight comfort is a subjective sense of visual wellbeing that is induced by the visual environment (SESKO
2011). Daylight comfort is a qualitative concept
dependent on the occupants’ preferences, however,
many physical factors were introduced to evaluate visual
comfort in buildings including the daylight intensity,
daylight fluctuations, daylight distribution pattern, and
glare probability (Carlucci et al. 2015, Salamati et al.
2020). In this study, Daylight Glare Probability (DGP)
and Useful Daylight Illuminance (UDI300-3000 Lux) are the
metrics which are selected to assess the luminance
environment and illuminance rate, respectively. Also,
the energy consumption for heating and cooling of the
room in different cases are measured over the course of
a year to quantify the energy saving achieved by the
skylight system.

daylight and thermal performance of the proposed roof
system: New York (CZ:4A, cold winter, warm summer),
Raleigh (CZ: 4A, relatively cold winter, hot summer),
San Francisco (CZ: 3C, mild winter and summer), and
Phoenix (CZ: 2B, mild winter, very hot summer).

Building Model
To study the impact of the proposed daylight system on
daylight and thermal performance of buildings, we
designed and modeled an office room in Rhino software
with the external dimensions of 12 m × 12 m × 3.9 m
(length × width × height). Regarding the ideas presented
in this paper, the skylight system has the following traits:
•

•

•

The glazing must rotate once every 24 hours in its
horizontal plane. The means that the roof aperture
must be shaped to a circle.
In the design development, the glazing element has
been envisioned as sandwiched in a triple-layer
glazing system, with a glazing layer above, to
protect it from wind, snow, rain and dirt, and a
glazing layer below to protect it from dirt in the
inside the building.
To get the desirable illuminance on the horizontal
work plane, the roof apertures should be
approximately 10-12% of the floor area.

To improve a better distribution of daylight and
avoid hot spot on the ceiling a domical ceiling shape
is ideal.
Figure 6 shows the integrated building system designed
for the office room incorporating the proposed skylight
system and Table 1 summarizes the key assumptions of
simulation modeling. To have a better understanding on
efficiency of the prismatic skylight system, three
common skylight systems were also modeled and the
results were compared (Figure 7). All these rooms were
designed to have the same floor area and indoor volume
and the other simulation settings remained the same
across all the configurations.
In addition, four cities in the United States were selected
to evaluate the impact of different climate zones (CZ)
on
•

Figure 6 The designed office room incorporating the
proposed horizontal skylight system
Table 1 Further simulation assumptions

Parameter

Assumption

Working schedule

8 AM to 5 PM

HVAC system

Packaged single zone + HP

Set points

Cooling 22℃, Heating 18℃

LPD

7 W/m2

Lighting control

500 Lux (fully dimmable)

Skylight layer
Roof material

Triple layer (4mm clear acrylic –
5cm air gap – 1mm prismatic panel –
5cm air gap – 4mm clear acrylic)
IEAD roof (50mm insulation)

Wall material

Adiabatic (50% reflectance)

Interior ceiling
material
Floor material

80% reflectance
Adiabatic (30% reflectance)

Illuminance sensor

12×12 array, height: 90 cm

View 1
(glare analysis)
View 2
(glare analysis)

Facing upward (75 degree) south,
height: 160 cm
Facing east horizontally,
height: 120 cm
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illuminance level in the desirable range (between 300 to
3000 Lux) over a wide range of solar conditions.
The results show that in sunny skies when the outdoor
illuminance is high, the transmissivity of the prismatic
glazing decreases (to about 3%) as the majority of
outdoor illumination comes directly from the sun. With
getting more cloud in the sky and reducing in outdoor
illuminance level, the transmissivity of the optical panel
increases (up to 45% in overcast sky) due to the more
scattered skylight illumination. By optimization of the
roof aperture size, this promising behavior of the
prismatic optical element keeps indoor illuminance level
consistent in a useful range regardless of solar condition.
Overcast CIE Sky
Sun position:
- Altitude angle: 30°
- Azimuth angle: 180°
Outdoor Illum.: 10,000 Lux
Intermediate CIE Sky
Sun position:
- Altitude angle: 45°
- Azimuth angle: 180°

Figure 7 Three common skylight configurations
modeled for performance comparison

Outdoor Illum.: 22,000 Lux
Sunny CIE Sky
Sun position:

Building Simulation Results and Discussion
A series of daylight and energy analysis performed on
the proposed skylight system to evaluate how the
technology may improve buildings’ performance. At
first, the daylight poin-in-time simulaiton analysis
carried out to show the indoor illuminance intensity and
luminance pattern under some standard conditions.
Then, the performance of the proposed skylight system
was investigated in terms of glare, useful daylight
illuminance, and building energy consumption, using
annual simulation methods. The results were also
compared with different skylight configurations in
different studied climates.
Point-in-time daylight analysis
Indoor daylight illuminance: Figure 8 shows the
indoor daylight intensity in four different standard CIE
sky types (clear to overcast sky) when the outdoor
illumination on a horizontal surface varies from 10 to
107 kLux. According to the simulation analysis, by
rejecting the direct sunlight and only admitting the
diffuse skylight, the glazing system provides a
consistent

- Altitude angle: 60°
- Azimuth angle: 180°
Outdoor Illum.: 83,000 Lux
Sunny CIE Sky
Sun position:
- Altitude angle: 80°
- Azimuth angle: 180°
Outdoor Illum.: 107,000 Lux

Figure 8 The indoor daylight intensity in four different
standard CIE sky types.
Glare: Through the rejection of direct solar radiation, it
is expected that the proposed skylight system would
completely remove glare occurrence indoors. For glare
analysis, we assumed a view point directly toward the
sun beyond the glazing, in a sunny sky with sun altitude
angle of 75 degree (Figure 6 – View 1). Figure 9 shows
the defined fish-eye view and the luminance pattern in
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the observer’s field of view. According to the results,
even in this worst case scenario, the DGP index will be
0.28 which implies the “imperceptible” glare condition.
The glare analysis presents the exceptional ability of the
glazing to eliminate glare occurrence in buildings.

Figure 10 The average of the UDI of 144 illuminance
sensors across the room for each simulation case
Figure 9 View 1, the fisheye view and the luminance
pattern
Annual daylight and thermal analysis
To measure the energy saving achieved by the proposed
prismatic skylight system over the course of a year and
evaluate the daylight performance of the system, we ran
a series of annual simulation study through the
parametric iterative daylight and thermal analysis
method, described above. An array of 12×12 illuminance
sensor was considered across the room, at every 1 meter,
and the UDI (300-3000Lux) was measured for each point. The
annual glare condition for View 2 was also calculated
based on the four glare states defined in DGP index. The
analysis carried out in different cities to find the impact
of different climatic conditions on performance of the
skylight system. There results were also compared with
the other modeled skylight systems.
Figure 10 shows the average of the UDI of 144 sensors
for each simulation case. This index represents the
efficiency of each skylight system to supply the desirable
intensity of daylight throughout a year. According to the
results, the prismatic system, on average, provides the
useful range of daylight for 95 percent of the time during
the working hours in a year. This number shows 14%
(460 hours/year), 16% (525 hours/year), and 9% (296
hours/year) better daylight performance compared to the
S-N facing skylight, the S facing sawtooth, and the
diffusing horizontal skylight system, respectively.
Figure 11 compares thermal performance of the office
room incorporating different skylight system in different
climate zones. The chart revealed that by the drastic
reduction of the SHGC (to around 3%) during the sunny
summer days and getting more radiation (around 40%)
during the cloudy winter days, the prismatic skylight
system led to a significant energy saving compared to the
other skylight configuration systems in all the simulated
climates. The comparison energy study shows that the
proposed system is working more efficient in the cities
with hotter climates, where the cooling load is dominant.

Figure 11 The total cooling and heating energy use in
each simulation case
The probability of different states of glare occurrence for
View 2 in each case is shown in Figure 12. The chart
created based on the hourly DGP calculations throughout
the working hours in a year. According to the results, the
S-N facing skylight, the S facing sawtooth, and the
diffusing horizontal skylight system, in average, causes
disturbing and intolerable glare occurrence for 32%,
36%, and 10% of the time, while the proposed skylight
system with the microstructure prismatic panel
completely eliminates any condition of Perceptible,
Disturbing, and Intolerable glare occurrence in the room.
It should be noted that different types of blinds, curtains,
and banners are mostly used to mitigate the intensity of
glare occurrence indoors thorough roof apertures.
Although these strategies are helpful to reduce the
probability of glare occurrence, they have a negative
impact in terms of outdoor view, getting natural light,
and reducing energy use for electrical lighting. Thus, in
the design process of a high-performance daylight
system, a variety of parameters should be considered,
and an efficient skylight system will improve the
building performance from illuminance, luminance, and
thermal points of view.
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Figure 12 The probability of different states of DGP
occurrence during a year in each simulation case

Conclusion and Further Studies
In this paper, the authors described the operation of a
horizontal skylight system incorporating a prismatic
optical element. The optical element rejects the light
coming from a certain range of incident angles (direct
sunlight) and accepts lights from other incident angles
(diffuse skylight) (Place et al. 2022). Through a slow
horizontal daily rotation providing constant alignment to
the sun, the proposed skylight system was envisioned to
improve indoor daylight quality, reduce energy
consumption of buildings, and eliminate glare.
By developing two parametric iterative methods to
simulate the unique daylight and thermal behaviors of
the proposed horizontal prismatic skylight, the authors
investigated the system efficiency, compared the results
with other common skylight configurations, and found
the impact of different climatic zones on energy and
daylight performance of the system. According to the
results in the studied model, the proposed prismatic
skylight system:
•

on average, provides the desirable intensity of
daylight for 95% of the working hours in a year;

•

on average, improves the UDI index from 9%
to 16% of the time (296 to 525 hours/year)
compared to other skylight configurations;

•

demonstrates the best energy efficiency among
all the studied skylight systems in all the cities;

•

shows a better energy saving efficiency in the
cities with hotter climates

• entirely removes glare indoors.
The remarkable performance of the proposed skylight
system suggests further research studies to develop the
concept and bring the technology into building market.
The next steps will be:

•

Define a range of candidate glazing assemblies
involving multiple glazing layers of various
functions.

•

Perform experimental studies on the more
promising glazing assemblies.

•

Design, fabricate, test, and refine the
mechanism for rotating the prismatic material.

•

Verify the applicability of the system for
different building types, such as airport
concourse
buildings,
office
buildings,
educational buildings, industrial buildings, etc.

•

Define fabricational methods

•

Do business cost analyses for manufacturing,
marketing, and distribution.
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