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Abstract: This article analyzes and compares three daylighting technologies: light pipes, optical
fibers, and heliostats. This work aims to evaluate their efficiency, sustainability, and cost-effectiveness
in providing natural light to indoor spaces. The analysis includes a review of the principles behind
each technology, the design and development of the prototypes and experiments carried out by our
research team, their advantages and disadvantages, and their applications in different settings. The
comparison is based on several criteria, such as installation, cost, efficiency, output spectrum, and
hybrid system. The results indicate that each technology has its unique features and is suited to
specific applications. Light pipes are effective for short distances, and they can be easily integrated
into existing buildings. Optical fibers are suitable for long distances and offer flexibility in design,
but they require more maintenance. Heliostats are ideal for large spaces, but they are expensive to
install and operate. Overall, this study provides valuable insight into the strengths and weaknesses
of three daylighting technologies and helps designers and architects make informed decisions when
selecting the most appropriate solution for future work.
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1. Introduction

In a world where carbon emissions, global warming, and sustainable design are in-
creasingly in focus, natural lighting planning in non-residential buildings has become
an important strategy for improving energy efficiency by minimizing artificial lighting,
heating, and cooling loads. Innovative daylighting approaches and systems can greatly
reduce buildings’ electricity consumption and improve indoor lighting quality [1]. There-
fore, daylight can have a significant impact on energy efficiency, comfort for the occupants,
indoor air quality, and greenhouse gas emissions.

Thus, daylighting uses natural light to illuminate indoor spaces, and it is an important
tool in architectural design [2-5]. However, artificial lighting consumes 20-30% of the
total energy consumption of commercial buildings, accounting for one-third of the total
electricity load of traditional office buildings [6-8]. Consequently, the daylighting system
is a design approach that aims to optimize the use of daylight in buildings, reducing the
need for artificial lighting and saving energy. Daylighting can save energy for lighting up
to about 63% for user input setup and 68% for automated setup [9].

Until the 1940s, daylight was the main source of light for buildings, and it was
supplemented by artificial lighting [10]. In just two decades, artificial lighting transformed
the workplace by meeting the lighting requirements of most users. However, the energy
crisis and environmental problems of the 1970s led to a search for a new lighting method,
and with the growing interest of architects and building owners, daylighting became a new
aspect of the design of architectural lighting. Daylighting is often integrated into buildings
as an architectural claim and energy-saving feature [10]. Moreover, the current interest
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in daylight goes beyond the energy efficiency issues of the past decades and becomes
more occupant-centric to meet the needs of occupants for comfort and health [11-13].
Accordingly, the purpose of space lighting is not only to adequately illuminate the visual
mission and save electricity but also to create an attractive visual environment. In addition
to economic benefits, the spectrum of sunlight obtained from indoor daylight [14] is also
more beneficial to human health than artificial lighting [15-17].

As widely reported in [1,18], daylighting has always been included in the design of
buildings by adding holes of different shapes to the walls, the decorative re-bending of
surfaces on the walls, improved window designs, etc. Architectural structures, such as
French windows [19] and skylights [20-22], bring sunlight directly into the building. Light
shelves [23] and a prismatic glass window [24] also redirect sunlight to the ceiling, pro-
viding indirect illumination and reducing glare. However, the interaction between ceiling
shape and louvers has an impact on daylighting performance [25]. Building structural
markings also affect daylighting [26]. All of these designs are specific to the structure of
the building, and they cannot be easily generalized to a wider range of applications in
residential or commercial buildings. Each of these technologies has its advantages and
disadvantages, and the most effective solution will depend on factors such as the location,
orientation, and design of the building.

In recent decades, a sustainable and cost-effective daylighting system has emerged
in building lighting; it uses natural light to illuminate interior spaces deep in build-
ings and where traditional windows are not suitable for providing sufficiently uniform
lighting [27]. However, the amount and quality of daylight entering a building can be af-
fected by various factors, such as building orientation, shading, and weather
conditions [28]. Therefore, daylight transport technologies have been developed to opti-
mize the distribution of natural light in buildings, improving the eye’s visual comfort and
the interior’s energy efficiency [29]. These devices and systems include light pipes, optical
fibers, and heliostats, which guide natural light to windowless or remote buildings and
control lighting to maximize the use of available sunlight [30]. Hence, the analyses and
comparisons of daylighting technologies, such as light pipes, optical fibers, and heliostats,
are essential in determining their suitability for specific applications based on features such
as cost, design flexibility, installation and maintenance requirements, and performance.

Therefore, this study aims to analyze and compare three innovative daylighting
technologies, such as light pipes, optical fibers, and heliostats, based on their principles,
advantages, limitations, and potential applications. This is necessary to determine the most
effective and efficient way to provide sufficient natural light in buildings while minimizing
energy consumption and costs. Furthermore, factors such as their transmission efficiency,
cost-effectiveness, ease of installation and maintenance, and impact on indoor air quality
are considered for the comparison. Finally, each of these three daylighting technologies has
its advantages and disadvantages in terms of performance, cost, installation requirements,
and potential application areas. Light pipes are cost-effective and efficient over short
distances, and easy to install. Optical fiber is considered the most flexible and efficient
daylight transport technology because it can bend around corners and obstacles, as well as
transmit light over long distances with minimal loss. Heliostats provide high-level natural
light throughout the day and are effective for large-scale buildings.

2. Daylighting Technologies

Advanced daylighting systems currently available in the building industry are divided
into shaded and unshaded daylighting systems [1]. The presence of shadows affects the
energy balance and the user’s visual comfort. Therefore, the appropriate shading system
must be chosen to limit undesired solar gain while meeting adequate daylight and aesthetic
requirements [31]. The conventional side or top light system also directs natural light
that penetrates the interior of a building to maximize the level of natural light within the
building and optimize the quality of light for the occupants in the environment [32-34].
Traditional daylighting technology has mostly been improved by the employment of new
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optical materials, parts, and gadgets, including overhangs, lighting boxes, louvers, blinds,
screens, and light filters [29].

Daylighting systems designed without shading are mainly used to redirect sunlight to
areas far away from windows or skylights and are the ones in which daylight transmission
systems are used. This innovative daylighting system not only collects and transports
sunlight over long distances deep inside the building, through fiber optics, light pipes [35],
and heliostats, but also controls glare. Even though conventional and advanced daylighting
systems have been discussed by different scholars [1,36-40], daylight transport technologies
need to be further studied to become competent enough with artificial lighting.

The features of different innovative daylighting systems can include solar tracking,
concentration techniques, and a daylight transport channel, although the performance of
these systems is substantially different in terms of sunlight collection, transmission distance,
cost, and ease of installation. These characteristics determine the location of the application
for each daylight technology. Therefore, some innovative daylighting system research
results using light pipes, optical fiber, and heliostat are summarized as shown in Table 1.

Table 1. A summary of daylighting systems.

DTT Reference Concentrator Tracking Structure Length Eilgferrial ggeléecting ggtt;gentration Type
[41] FPC No 6.5m PMMA 0.29 m? - Experiment
[42] Flat concentrator No 25m Acrylic 0.36 Experiment
[43] No No - 2.77-4 m 0.0855 m2 - Experiment
[44] No No - 1m 0.049 m? - Experiment
Light - .
Pipe [45] No No - 3m 0.196 m? - Experiment
[46] No No - 1.3 m 0.332 m? - Experiment
[47-49] Fresnel lens Yes A-E 125 m 6.20 m? <100 Experiment
[50] Linear Fresnel Yes - 15m 0.6 m? - Simulation
[51] Fresnel lens Yes A-E 1m PMMA - - Experiment
[52,53] Fresnel lens Yes A-E 10 m PMMA - - Experiment
[54,55] Fresnel lens Yes A-E 6.7-11m Plastic - - Experiment
[56] Fresnel lens Yes A-E - plastic 0.09 m? 585 Simulation
Parabolic
collector
[57] Flat optical Yes - 10m Plastic 4.48 m?
reflector
arabolic
[58,59] feﬂector Yes A-E - gig;g c+ 009 m? B Experiment
Fresnel/dish 0.0804 m? -
[60] Fresnel lens Yes P-M <20 m PMMA 0.48 m? <1634 Experiment
Optical [61] Fresnel lens Yes P-M 10m PMMA 0.48 m? 2500 Experiment
Fiber [29,62] Convex lens Yes A-E 200 m Silica - 10,000 Experiment
[63] Parabolic dish Yes A-E 5m 0.07 m2 - Experiment
[64] Parabolic dish Yes A-E 3m PMMA 0.785 m? 600 Experiment
[65] Parabolic dish Yes A-E 6m PMMA 0.785 m? 976 Experiment
[66] Fresnel lens Yes A-E 10 m PMMA 0.073 m? - Experiment
[67] Fresnel lens Yes A-E 10 m II;i\(}ILIi/l[dA+ 0.785 m? 3906 Experiment
[68] Sgrrllcr}eer{trator Yes A-E 5m Plastic 0.000314 m? 100 Experiment
[7,69] Mirrors Yes A-E 10 m PMMA 0.2 m? <100 Experiment
[70,71] Flat concentrator No A-E Im PMMA 1.44 m? 25 Experiment
[72] Fresnel lens Yes A-E 25m PMMA 0.0254 m? 400 Experiment
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Table 1. Cont.

DTT Reference Concentrator Tracking Structure Length ﬁ/i[gteerrial g;’;l:ding Egﬁgentration Type
[46] No Yes A-E 12m 0.442 m? [73,74] Experiment
[27] No Yes A-E >26 m 8.03 m?2 - Experiment
Heliostat  [75] No Yes A-E 70m 22.95 m? - Experiment
[76] No Yes A-E 1.85m 0.016 m? - Experiment
[771 No Yes S-E 20 m 0.1 m?2 [78,79] Experiment

Light collector
(Clear dome let’s

in sunlight, but @&

keeps out
UV, dust and rain)

Light tube

Diffuser

DTT = daylight transport technology; FPC = fluorescent planar concentrator; A-E = azimuth-elevation;
P-M = parallel mechanism; PMMA = polymethylmethacrylate; S-E = spinning—elevation.

2.1. Light Pipe

A light pipe is an optical device that is used to transport sunlight from the roof of
a building to the interior space through total internal reflection, as shown in Figure 1c.
The reflectivity of the light pipe is typically between 85 and 94%, and it is composed of
a highly reflective material such as aluminum or silver. The light pipe daylighting system
consists of a light collector, a light pipe, and a luminaire to capture sunlight from the
top roof and transport it to the entire building, as shown in Figure 1a,b [41,42,80,81]. To
avoid glare and overheating, the amount of light entering the room is carefully adjusted.
The SPIC 300 spectrometer was used to measure the output spectrum of a light pipe, and
it shows that light pipes transmit a broad spectrum of light, including visible light and
near-infrared radiation.

Incidence Incidence angle
angle 45\\ | 0° topt.l;)ee light
i

N

N

Figure 1. Typical light pipe daylighting system: (a) light pipe image, (b) diffuser, and (c) working
principle [82].

Thus, the light pipe-based daylighting system is ideal for rooms without windows or
where traditional skylights are not feasible.

Although the internal surface of the pipe is usually made of a highly reflective material,
such as glass or acrylic, the internal illuminance of the light pipe depends on its length,
diameter, and angle of bending of incidence light [83], as shown in Figures 1c and 2.
When the bending angle increased, the average internal illuminance decreased. Hence, to
easily describe the impact of sun position on the efficiency of the light pipe, the angles of
incidence—15°, 45°, and 90°—are considered in our work, as shown in Figure 3. As a result,
the highest average internal illumination is efficiently achieved by a zero-degree light pipe
(straight light pipe) when the incidence light is parallel to the light pipe (perpendicular to
the light pipe dome).
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Figure 2. Schematic diagram of the sun’s trajectory [83].

(b)

Figure 3. Light pipe with bending angles of (a) 15°, (b) 45°, and (c) 90° [84].

For all angles below 60°, a specular light pipe is combined with a laser-cut light
deflection panel to improve illumination [85]. As a result, laser-cut panels increase the
transmittance and improve the daylight autonomy of spaces equipped with horizontal
light pipes [86]. Light pipe performance in summer, at a low to mid-latitude in a sunny
climate, delivers a high degree of daylight [87], while a special design is required to capture
low-angle daylight at a high latitude [88]. According to the actual Sun trajectory, as shown
in Figure 2, the sunlight irradiation angles in the morning and at noon were selected as
the illumination incidence angles, and the sunlight incidence angles were 15°, 45°, and
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90°, respectively. The light source in Trace Pro selects the grid light source, while the light
density distribution is uniform and the angular distribution profile selects the sunlight
distribution. The irradiance on the plane, where the sun shines vertically at noon, is set
to be 1000 W/m?, the irradiance is 600 W/m?2 when the sun incidence angle is 45° in
the morning, and the irradiance is 400 W/m? when the sun incidence angle is 15° in the
morning. The amount of irradiance transferred to the indoor space obtained from the Trace
Pro simulation result is described in Table 2. Therefore, the influence of pipe length and
incident angle on the transmission efficiency of the light pipe was calculated, in percentage,
as the ratio of maximum average internal illuminance to external illuminance. The light
transmission efficiency value at the incident angles of the sun (15°, 45°, and 90°) and the
pipe lengths (500 mm, 700 mm, and 2000 mm) was given in Table 3.

Table 2. Interior average irradiance at different incident angles.

Internal Average Irradiance (W/m?)

Light Pipe Length
At Noon 15° In the Morning 45° In the Morning 90°
500 mm 23.6 109.8 473
700 mm 20 105.6 472
2000 mm 12.8 68.4 447

Table 3. Light pipe efficiency at different incident angles and pipe lengths.

The Incidence Angle of The Sun

Light Pipe Length 15 45 20
500 mm 5.90% 18.30% 47.30%
700 mm 5.50% 17.60% 47.20%
2000 mm 3.20% 11.40% 44.70%

The efficiency of the light pipe is calculated, in percentage, as the ratio of maximum
average internal illuminance to external illuminance, as shown in Equation (1). The internal
illuminance has a similar tendency for all light pipes, which is higher in the midday and
low in the early morning and late afternoon, as shown in Table 3 and Figure 4. Maximum
internal illumination can be achieved when the sun angle aligns with the angle of the light

pipe [83].

Maximum average internal illuminance

External illuminance x100% (1)

Light Transmision Ef ficiency =

Incidence angle m15° m45° m90°
50%
40% 47.30% 47.20% 44.70%
30%
>
o
§ 20%
=
& 18.30% 17.60%
= 10% :
©  5.90% 5.50% 320% T,
0% - | - | N
500 mm 700 mm 2000 mm
Light Pipe Length

Figure 4. Effect of the angle incidence and length of the pipe on light pipe efficiency.
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A double light pipe was considered to efficiently transport daylight to underground
areas, particularly in large rooms of the plant area, such as showrooms or museums [45].
Following the modification of the collection and transport sections, double light pipes are
composed of two concentric pipes, and except for the outer surfaces covered by the same
multilayer film used on the interior surfaces, the inner surfaces are similar to conventional
light pipes, and they exhibit high reflection factors. There is a cavity between the two pipes.
The external pipe is made of transparent materials, such as polycarbonate, and allows
light to enter the intermediate room through the system. Double light pipes adopt larger
collectors than traditional light pipes to transport daylight both in the inner pipe and the
interior and exterior cavities.

The light pipe can be fully integrated as a piece of furniture or as an architectural
structure. In addition, the light pipe was combined with large heliostats to increase the
amount of daylight collected, which might be limited by the diameter of its dome [89].
Fresnel lenses can be added to further extend the sunlight transmission distance. The
sunlight reflected by the heliostat is further concentrated and projected into the light pipes.
In this way, more light can be captured using small light pipes [47-49].

The light pipe-based daylighting system designed by [50] used heliostats, and its
light path was designed using mirrors. Sunlight is reflected by the heliostats and mirrors
coupled into the light pipes. This combination of heliostats and light pipes extends the
penetration capacity of a daylighting system. A hybrid light pipe daylighting system with
an artificial lighting system [49] that allows an appropriate illumination of the targeted
space and is also cheap in their maintenance is applied, as there are only a few installed
lamps. However, an intelligent control system with indoor photocells is used to ensure
sufficient artificial lighting is fed through the light pipes, together, with daylight.

The light pipe has a simple structure and limited transmission distance due to reflection
loss. Therefore, the lengths of the pipes—500 mm, 700 mm, and 2000 mm—are considered
to evaluate the effect of the length of the pipe on the efficiency of light pipes using TracePro
Expert 7.0.3, as described in Table 3 and as can be seen in Figure 4. The transmission
efficiency of light pipes decreases with increasing pipe length. As a result, most of the
light pipes transport daylight for a distance of less than 10 m [28,90]. During the light
pipe installation, a hole must be drilled in the wall structure. However, building codes
and regulations prohibit drilling large holes (0.5-1 m for light pipes) in existing buildings,
which suppresses the widespread application of light pipes. Light pipes also have minimal
heat gain or loss, and they do not cause glare. However, they require regular cleaning to
maintain their performance. As a result, researchers have developed daylighting systems
that use optical fibers.

2.2. Optical Fiber
2.2.1. Concept

In daylighting applications, fiber optics are used to transmit natural light from light
sources outside buildings to interior spaces that need to be illuminated [91]. Fiber optics are
usually bundled in cables and connected to a roof-mounted collector that captures sunlight
and directs it to the end of the optical fiber. The fiber then transmits the light to a diffuser or
luminaire located within the building, where it is evenly distributed throughout the space.
Optical fibers can transmit light over long distances without a significant loss of intensity
or quality. This allows the design of the building to have deep floor plans or interior spaces
that would otherwise be difficult to illuminate with traditional windows. In addition,
because fiber optics can bypass obstacles and tight spaces, they provide greater flexibility
in building design while reducing glare and heat gain. These features allow fiber-based
daylighting systems to flourish [52]. Therefore, fiber optic daylighting systems are more
efficient than typical artificial lighting systems in delivering daytime light, bringing benefits
to users in both visual and non-visual aspects [92,93].

As introduced in [94], different shapes of optical fiber tips, aligned together with
solar concentrators of different geometries, are improved, and the basic properties of
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sunlight capture, channeling, and scattering are also improved. However, optical fibers are
expensive, and the quantity required can be reduced by installing concentrating devices to
supply highly concentrated flux to the fiber entrance.

The optical fiber is the core of the dielectric material, and its refractive index is greater
than that of the surrounding cladding material, resulting in the total internal reflection
(TIR) of light entering the fiber end, as shown in Figure 5. The optical fibers can transmit
the collected daylight remotely based on the TIR principle. Transparent cladding materials
are used to improve transmission efficiency by capturing defects in the material or through
other factors that scatter light from the fiber core [95].

N N " Cladding

Incident ray n, A

Figure 5. Structure of optical fiber and light refraction [95].

An optical fiber is a light guide governed by Snell’s Law, which defines the passage
from a medium of refractive index n; to a medium of refractive index n; by a light ray
having an angle of incidence 6; and angle of refraction 65;

nysin 61 = nysin 6, 2)

There are different types of optical fibers used in daylighting applications, such as
silica, plastic, quartz, glass, liquid, and polymer optical fibers. The most common optical
fibers are plastic optical fiber (POF) and silica optical fiber (SOF). Silica optical fibers were
used to reduce the heat problem, which was one of the main problems in optical fiber
daylighting systems. Due to its higher absorption for UV and IR radiation, the SOF of
silica glass behaves opaquely for the wavelength range of UV (shorter than 200 nm) and
IR (3.5-4.0 um), and its transmittance for IR radiation decreases significantly in the range
of near to far IR [56]. Therefore, silica optical fiber has lower optical losses than plastic
optical fiber.

There is a critical angle called the maximum acceptance angle of fibers 6;. Due
to the fibers” axial symmetry, this, in turn, defines an acceptance cone [57]. Rays with
an incident angle in the air less than 64 can realize TIR, as shown in Figure 6a. For angles
greater than this limit, the complete reflection at the interface fiber cladding cannot take
place, and significant losses occur due to refraction, as shown in Figure 6b. These light rays
will not be internally reflected, thus eventually losing to radiation (at the cladding—jacket
interface). Light rays will be confined inside the fiber core if it is input-coupled at the fiber
core end-face within the acceptance angle 6.

However, the cost-effectiveness of daylighting systems is achieved by using plastic
optical fibers, which reduce system efficiency by 10-15%. To obtain the desired concentra-
tion level of light at the entrance of optical fiber bundles, the number of optical fibers must
be carefully chosen by considering the size of the concentrator [56]. Thus, the numerical
aperture, NA, determines the maximum acceptance angle of the optical fiber when total
internal reflection occurs 6,4y, as given in Equation (3).

. _ 2
NA = sinOpayx = (/12,0 — M eladding @)

where core and nejg44ing are the refractive indices of the core and cladding, respectively.
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(a) 6 < 0,

Incident ray

Incident ray

cladding

cladding l

Ray outside acceptance cone is lost

Figure 6. Light path in the fiber core (a) when the incident angle in the air is less than the acceptance
angle and the (b) light has an incident angle greater than the acceptance angle [57].

2.2.2. Primary Concentrator

The primary concentrator array currently used in daylighting applications can be
constructed from different types of point focus concentrators, such as a fly-eye lens array,
Fresnel lenses, compound parabolic concentrators, diffractive concentrators, and combina-
tions of lenses and mirrors. Each has advantages and disadvantages in its concentration
capacity, weight, and aperture. However, conventional lenses and high-reflective mirrors
are not recommended as primary concentrators for optical fiber daylighting systems due to
their high cost and quality degradation.

As described in [96], a Fresnel lens-based daylight system using optic fibers has
become the best choice for concentrating solar energy applications due to its advantages,
such as low volume, low cost, mass production, and effective increase in energy density.
Although the lens focuses light on small areas, the image is not sharp, and only visible
light is inserted into the fiber. The system uses a hybrid tracking algorithm based on
a photosensitive sensor and an astronomical global system positioning (GPS) algorithm,
and it completes the solar tracking and positioning process by using two-axis rotation
platforms, as shown in Figure 7.

Among the disadvantages of high-concentration Fresnel lenses, one is that solar
spectrum dispersion decreases optical efficiency and system concentration ratios. However,
we have constructed the large Fresnel lens concentrator and tested it [96], which can collect
and transmit much more sunlight than a larger lens. To increase the focal point and improve
uniform flux distribution, a homogenizer was considered at the fiber entrance, as shown
in Figure 8a,b [96]. Its inner mirrors reflect the incident rays and change the ray path,
allowing the flux shape and density distribution to be modified. The combination of the
infrared filter and the homogenizer ensured that the optical fiber bundle was stable for
highly concentrated sunlight transmission and that it achieved a uniform flux distribution,
as shown in Figure 9.
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Figure 8. Fresnel lens-based fiber daylighting system (a) ray path and (b) Homogenizer [96].

Figure 9. Illumination distribution of PMMA optical fiber:
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The Fresnel lens performed better than the parabolic concentrator in collecting solar
energy for indoor illumination, due to the photometric and structural simplicity of its
operation [66,97]. However, according to the principles of optics, parabolic mirrors possess
the best-concentrating properties due to the absence of astigmatic aberration, chromatic
dispersion, and the lightest weight under the same aperture [63,98]. The Fresnel lens
concentrator and a liquid fiber were also used to build a daylighting system that mixes
sunlight with artificial lighting for energy-saving purposes [67].

The convex lenses have developed as the concentrators for optical fiber daylighting
systems, and the Plano—convex lenses are more precise in concentration, but they are
heavier than a Fresnel lens. This means a Plano-convex lens is an appropriate concentrator
to concentrate sunlight with high flux density, and uniform illumination was achieved
over the fiber bundle, as shown in Figure 9. As a result, most commercial daylighting
systems use convex lenses as concentrators due to their reasonable cost and satisfactory
concentration capacity. When compared to other parabolic reflector methods, the convex
lens reduced the shadow on the fiber bundle and increased the illuminance value [99].

In research on dish-based daylighting systems via optical fibers, the design of the
optical path has attracted much attention. A typical dish-based fiber daylighting system,
which mainly consists of a parabolic dish concentrator, a secondary reflecting mirror
(a flat mirror), a homogenizer, and optical fibers, was designed to adopt a convex mirror to
reduce the attenuation of the optical fibers while the incident angle is reduced. The optical
path is optimized by using a convex mirror as the second reflector to direct collimated
light rays to the optical fiber [58,59], and the light is also concentrated in a small area using
a concave parabolic reflector.

In the concentration process, the path of the rays is dominated by the shape of the
sun. Therefore, a detailed analysis should consider the real sun’s shape, including the view
angle and the brightness profile of the solar disc [100-103]. The sunlight is not parallel, but
it is reflected with a view angle of 0.53°, so the second convex mirror and optical element
cannot produce ideal parallel rays. The collimation effect is limited by the conservation
laws of optical extension [104,105].

2.2.3. Secondary Optical Element

An optical fiber-based daylighting system requires precise solar tracking. However,
solar tracking error is unavoidable in practice, and it can be caused by errors in the solar
position sensor, misalignment of the axis between the lens and the optical fibers, and
transmission errors [106]. Therefore, a second optical element can be added. As a result,
optical elements with geometric structures can improve the acceptance angle, concentration
capacity, and uniformity of concentrated flux at the same time [61,107]. The secondary
lens couples light into the fiber-optic cable, increasing the acceptance angle at low tracking
accuracy and improving the uniform flux distribution [54,55]. Therefore, providing uniform
illumination to the fiber is essential for improving the efficiency of the daylighting system.

Ullah et al. [56] designed different secondary optical elements for flux homogenization
and achieved a more uniform distribution of illumination onto the bundle of optical fibers.
The optical efficiency of the secondary optics can reach 93%, and the system allows for
an acceptance angle of up to 1.5°. The divergence angle of the concentrated light can also
be reduced to ensure that all collected light enters the optical fibers. Consequently, excess
heat can be reduced by uniformly spreading light through the bundle of optical fibers.

A disadvantage of secondary concentrating lenses is that the V-shaped light funnel
changes the direction of the incident light, thereby increasing the camber of the light falling
on the funnel wall. The attenuation of light passing through the fiber is not a constant,
but it is a function of the incidence angle, as shown in Figure 10. Attenuation increases
with an increasing angle of incidence, with minimal attenuation of light parallel to the
fiber mandrel. The TIR inside the fiber is not perfect for various reasons. For optical fibers,
leakage occurs at an angle beyond the critical angle [108].
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Figure 10. Effect of incident angle on the transmittance and attenuation of PMMA optical fibers.

Therefore, a bigger incident angle means more serious attenuation in the optical fiber,
due to light leakage [109]. The V-shaped funnel leads to a larger angle of incidence, which
worsens attenuation in fiber optic transmission and also leads to dispersion [110]. Therefore,
an efficient daylighting system should track sunlight as precisely as possible to reduce the
use of V-type elements.

Reducing the angle of incidence reduces the attenuation of the fiber, so it is feasible to
use secondary optics to achieve this. Therefore, the Plano-concave lens is placed in front
of the fiber inlet of the Fresnel lens [83]. The concentration of sunlight in lens collimation
reduces the angle of incidence at the fiber entrance, thus improving the transmission
efficiency [58,59].

In another way;, it is easy to increase the concentrator aperture size by using a parabolic
dish to collect more sunlight, which leads to a risk of the fiber overheating, as shown in
Figure 11 [64]. Under high flux, the plastic optical fibers bundle melts quickly. The larger the
collector aperture, the larger the required fiber bundle diameter. As the diameter increases,
the specific surface area of the optical fiber bundle decreases and the heat dissipation
capacity decreases. Polymethyl methacrylate (PMMA) plastic fiber bundles are particularly
exposed to overheating, and they can work safely, for long periods, at temperatures below
70 °C[111].

PMMA optical
fiber

e

Figure 11. PMMA fibers that melted because of overheating.
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The overheating of the optical fibers, which occurred due to the large aperture con-
centrators, was reduced by installing an infrared interference filter that reflects infrared
light into the sky, as shown in Figure 8a [96]. In addition to this, our research team has
developed some protective approaches to prevent optical fiber overheating problems, and
a Plano-concave lens was installed near the focus to homogenize the sunlight at the fiber
entrance [65]. A dichroic mirror with an infrared cut-off filter is also installed to reduce
the heat load of the optical fiber because the infrared’s light-pass dichroic mirror is used
to effectively protect plastic optical fibers and reduce the thermal effects of the infrared
light [112]. A dichroic filter allows visible light (400-780 nm) to pass through, but it reflects
infrared light (780-1100 nm).

However, the combination of an infrared filter and cooling water [91], as well as
an infrared interference filter and heat absorbing glass (Figure 12) [108], developed and
tested by our research team, can eliminate the infrared light (780-2500 nm) in sunlight
and supplies cold daylight to facilitate transmission along the PMMA optical fibers.
A composite filter installed at the final entrance ensured that the fiber optic bundle was
stable against the transmission of high concentrations of sunlight. As a result, the ability of
plastic optical fiber to transport concentrated sunlight is extended to a distance of 20 m,
with an overall transmission efficiency of 18%.
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Figure 12. Plastic optical fiber-based daylighting system and the spectrum of sunlight with dif-
ferent filtering mechanisms: (a) two-axis turntable structure; (b) schematic diagram; (c) IR filter;
(d) heat-absorbing glass; (e) combination of infrared filter and heat-absorbing glass [108].

The combined protection of a homogenizer, an infrared light filter, and liquid water
efficiently filters out infrared radiation in the range (of 780-2500 nm) and protects optical
fibers from overheating when transmitting concentrated sunlight at high solar flux [91].
Natural light collected by the lens passes through an infrared filter (780-1100 nm) and
liquid water (1100-2500 nm) into the homogenizer (improving the flux uniformity and
weakening the peak flux entering the optical fiber), and it is finally concentrated at the end
of optical fiber. However, since water cooling is not practicable in winter, the air cooling
approach is combined with an infrared interference filters (700-1200 nm) (Figure 12c) and
heat-absorbing glass (1200-2500 nm) (Figure 12d) hybrid filtering system to eliminate
infrared light (700-2500 nm) while maintaining visible light (400-700 nm) [108], as shown
in Figure 12e.

As shown in Figure 12b, the filter subsystem consists of a tunable diaphragm,
an infrared filter, heat-absorbing glass, and a lens. The angle of the incident light was
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adjusted with an adjustable aperture, while the spectrum of incident light can be adjusted
by the combination of an infrared filter and heat-absorbing glass. The daylight filter sub-
system can achieve different illumination areas by adjusting the aperture to achieve control
of the total luminous flux of concentrated sunlight. In the visible light band, from 400 to
780 nm, the output spectrum of PMMA fiber is close to that of natural light (see Figure 12).
Therefore, a daylight system with PMMA fibers slightly modifies the spectrum, but it does
not degrade the light quality and can be used as an alternative to artificial light [91,108].

Furthermore, PMMA optical fiber softens and melts when the temperature surpasses
70 °C [91]. PMMA optical fibers burn out quickly when the temperature exceeds 105 °C.
PMMA optical fiber has good transmittance in the visible light range, but it strongly
absorbs infrared light in the infrared range. Under highly concentrated sunlight, PMMA
fiber optic warms up quickly, due to the strong absorption of infrared radiation, and melts
within seconds. Figure 11 shows a PMMA optical fiber melted by high-concentration
light irradiation.

In general, PMMA optical fibers cannot withstand ultraviolet rays or a large amount
of infrared rays. UV light, especially UV photon energy with a wavelength of less than
300 nm, is too intense and can break the molecular chains of PMMA. In addition, the high
infrared luminous flux will strongly heat the fiber. Therefore, to ensure the long life (more
than 5 years) of PMMA plastic optical fiber, it is necessary to effectively filter out ultraviolet
and infrared rays [113].

As shown in Figure 13, the higher the concentration, the higher the temperature of the
PMMA optical fiber. Without filtering measures, the upper concentration ratio that PMMA
fibers can withstand is 600 suns. In the case of overheating protection for PMMA optical
fibers, the performance of heat-absorbing glass is better than that of IR filters. The infrared
absorption rate of the PMMA optical fiber increases rapidly with wavelength increases.
If only heat-absorbing glass and infrared filters are used, the maximum concentration
ratios of PMMA fibers are 4200 suns and 1300 suns, respectively. At the same time, the
simultaneous use of heat-absorbing glass and infrared filters is the most beneficial for
the long-term transmission of highly concentrated sunlight, at a level of 4300 suns, after
filtering out infrared light of 780-2500 nm. PMMA optical fiber temperatures remained
stable without significant increases.
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Figure 13. PMMA optical fiber temperature rises, with filtering measures, under different solar
concentrations (ambient temperature 30 °C) [113].
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For water cooling and homogenizers, daylight systems that use water cooling as
thermal protection are often larger and more difficult to install and maintain [91]. On the
contrary, heat-absorbing glass and IR filters have the advantage of being small, maintenance-
free, and offering wide temperature adaptation ranges. They are best adapted for the
application of plastic optical fibers to transmit sunlight [113].

2.3. Heliostats

Heliostat is a device that uses mirrors or reflective surfaces to track the movement
of the Sun and reflect its light onto a fixed target. In daylighting applications, heliostats
are used to redirect sunlight into buildings, reducing the need for artificial lighting and
improving energy efficiency [75]. The application of heliostats in daylighting has become
increasingly popular, in recent years, as a sustainable and cost-effective solution for reduc-
ing energy consumption and greenhouse gas emissions. Hence, heliostats have a great
advantage in transmitting light over long distances, and they are only limited by the
slope errors of the mirror and the Sun shape. Heliostat-based daylighting systems are
different from light pipes or optical fiber daylighting systems. However, the light path
design of heliostat-based daylighting systems is very important. Accordingly, most existing
heliostat-based daylighting systems adopt secondary reflectors, and the optical path is
well-designed, as shown in Figure 14. Thus, some scholars have applied this system to
high-rise buildings [27,46,75] and tunnels [76]. A solar optical reflection lighting system
consists of a Fresnel lens and a dual axis sensor-time combined solar tracker that was
designed for short tunnels by [114].

Z/ Sun

Secondary reflector

Heliostat

N

Target

Figure 14. Heliostat working principle and light path [115].

In the heliostat daylighting system, the first mirror was designed as a circular-shaped
aluminized glass, and it was used to track the sun, collect sunlight, and upload high
performance data of reflectance and permanence, as shown in Figure 15. The second
reflecting mirror was produced from the first mirror reflector, and it concentrated the
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sunlight and directed it towards the interior space. Thus, the center of the building is
designed with a cavity structure that allows sunlight to be redirected downwards. A second
mirror was placed in the forward-facing opening of the room to redirect the direct sunlight
to the bottom of the building. The supporting structure of the mirror can be rotated up,
down, left, and right to control the direction of sunlight incidence, and its shape can be
changed according to the shape of the room [1].

Mirror

Secondary
Reflector

Figure 15. The roof-mounted heliostat daylighting system.

Heliostats are classified as azimuth—elevation and spinning—elevation [36,78,79], ac-
cording to their structure [73,74]. The positions of the sun and receiver are independent of
how the sun is tracked. The only difference between the azimuth—elevation and spinning—
elevation tracking systems is that a different mechanism is used to rotate the frame of the
heliostat to achieve different directions for the same angle of incidence, and both have
sunlight on the receiver [10]. In the visible range, the air is much more transparent than
with fiber. Heliostats are, therefore, ideal for daylighting systems that use optical fibers for
long-distance daylight illumination.

Therefore, an azimuth—elevation type heliostat daylighting system with a large mirror
(22.95 m?) was developed and tested for its feasibility for large buildings, as shown in
Figure 16. The system adopted a secondary mirror, which increases system efficiency by
redirecting and concentrating sunlight toward the interior space. This allows more natural
light to enter the building, reducing the need for artificial lighting and improving energy
efficiency. As indicated in Figure 16, (a) shows the eighth-floor light path, (b) represents the
daylighting on the ground, and (c) shows the overall layout of the system. In addition to
this, windbreak walls are considered to reduce the wind load on the heliostat, as shown
in Figure 15.

The heliostat, therefore, follows the sun and reflects the sunlight horizontally onto the
surface of the secondary reflector. The secondary mirrors are flat mirrors with horizontal
angles of 45°, which can reflect sunlight vertically onto the building floor, as shown
in Figure 16c. Experiments show that the heliostat can produce a flux of 30 Klux over
a distance of 70 m.

In addition, a small prototype of a spinning—elevation heliostat was developed [116]
to verify its feasibility, as shown in Figure 17. A spinning—elevation heliostat is used for
daylighting applications in which a mirror is rotated to track the sun’s movement and
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reflect sunlight into a building. The mirror is mounted on an elevation axis, which allows it
to change its angle of inclination, and a spinning axis, which allows it to rotate around its
central axis.

Secondary

Heliostat\\ reflector

70 m g

Figure 16. Heliostat-based daylighting system for a large building: (a) eighth-floor light path,
(b) daylighting on the ground, and (c) overall layout [75].

Sun-position
sensor

Mirrors

Gearbox

Elevation motor

Spinning motor

Figure 17. Heliostat integrated with a sun position sensor [116].
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Therefore, a new mechanism for heliostats that can be controlled by simple solar
position sensors has been developed, as shown in Figure 17. The heliostat with the position
sensor of the Sun is very simple to operate. When a heliostat device reflects sunlight to
a target, the controller continuously receives the signals from the sun position sensor,
during normal operation, at a specific interval of time. The signal contains the position
information of the Sun, which guides the rotation of the two motors, and the purpose is
to make the sun position sensor face the Sun. The signal also contains the intensity of the
sunlight. When it is less than the threshold value, such as during cloud cover or at night,
the controller levels the mirror.

Compared to conventional GPS control methods, there are no costly angle encoders
or controllers required, reducing daylighting system costs. Unlike conventional heliostat
photoelectric sensors, these sensors are designed to detect normal direct irradiation rather
than reflected light paths. With the new structure and the new control methods, this
heliostat has the advantages of low cost, high tracking accuracy, and easy installation over
conventional heliostats for large buildings.

3. Comparison and Discussion

Advanced daylighting systems are designed to improve the use of natural light in
buildings where traditional daylighting systems do not provide sufficient sunlight [29] and
reduce the artificial lighting load during sunny days. Therefore, innovative daylighting
systems and technologies can be considered to improve indoor comfort, reduce energy
costs, and promote sustainable building. However, due to differences in location, time,
and structure, daylighting systems have different daylight performances and applications.
Subsequently, these innovative daylighting technologies face different challenges, such as
high initial cost, application limitations, utilization difficulties, lack of awareness, and an
inability to compete with other artificial lighting technologies on the world market [29].
These issues are still becoming research topics for different research scholars.

These daylighting technologies include light pipes, plastic optical fibers (POFs), and
heliostats, which are all optical technologies with different applications and characteris-
tics. Daylighting technologies—light pipes, PMMA optical fibers, and heliostats—were
designed and tested in Beijing (N40.105537°, E116.365412°). As shown in Table 4, different
parameters, such as material type, spectrum, transmission efficiency, distance, photo effects,
and color rendering index, are described to determine the performance and quality of light
produced by innovative daylighting technologies. The main challenges of these daylight
transport technologies are the loss of light intensity and quality due to the passage of light
through optical components, such as lenses, mirrors, and fiber optics, to transport daylight
over a long distance. This loss can be caused by factors such as reflection, absorption, scat-
tering, and refraction. Therefore, it is important to design and select the appropriate optical
components that minimize these losses and maintain high-quality light. These daylighting
techniques are used in a variety of applications, and they have unique properties that
make them suitable for specific purposes. Therefore, light pipes are made of transparent
materials, such as glass or acrylic, while plastic optical fibers (POFs) are made of polymer
materials such as polycarbonate or polymethyl methacrylate (PMMA). A heliostat, on the
other hand, is a mirror made of highly reflective materials such as glass or aluminum.

However, the durability of the materials is also considered during technology selection.
Light pipes are made of glass, which makes them fragile and easily broken if they are
mishandled or exposed to extreme temperatures, while POF are more durable than light
pipes, as they are made of plastic materials that are resistant to breakage. However, plastic
optical fiber cannot survive high temperatures exceeding 70 °C. Therefore, as shown in
Figure 12, a combined filter mechanism, heat-absorbing glass, and an infrared filter are
used to filter the infrared from 700 to 2500 nm. Both heat-absorbing glass and infrared
filters capture sunlight in the visible band, and their combination ensures that PMMA
plastic fibers operate at safe temperatures without compromising transmission efficiency.
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Heliostats are also durable, as they are usually made of metal materials that can withstand
harsh weather conditions.

Table 4. Parameters for the comparison of daylighting technologies.

Parameters Light Pipes Optical Fiber Heliostat
Materials used Al/Ag PMMA Mirrors
Spectrum Natural spectrum Very close to the natural spectrum Natural spectrum
Transmission efficiency (%) 447 18 23

Transmission distance (m) 2 20 70

Photo effect (Im/w) 150 220 110

Color rendering index (CRI) 98.9 89.1 98.3

Another challenge is the variation in natural light due to weather conditions, time of
day, and seasonal changes. Light pipes, optical fibers, and heliostats must, therefore, be
able to adapt to these changes and provide consistent illumination levels. This requires
sophisticated control systems that can adjust the amount and direction of light entering
a building based on real-time measurements and user preferences. As a result, the light
pipe is insulated inside and out, preventing heat transfer and glare. Plastic optical fibers
and heliostats use concentrators and tracking systems to concentrate and transport more
sunlight to the target location. The light pipes do not track the sun; thus, the amount of light
intensity collected by the light pipes is more sensitive to weather condition and time of the
day, than the plastic optical fiber and heliostat daylighting systems. Accordingly, additional
parameters were considered for the comparison of the light pipe, plastic optical fiber,
and heliostat daylighting technologies, such as installation and flexibility, transmission
efficiency, cost, light spectrum, and hybrid system, which are discussed, in detail, in
Sections 3.1-3.5.

Each of these daylighting technologies has advantages and disadvantages, as shown
in Table 5. Light pipes are affordable and easy to install. Optical fiber is versatile, but
it can be more expensive. Heliostats also provide high levels of natural light, but they
are expensive and not suitable for all buildings and locations. Ultimately, the choice of
daylighting technology is determined by the specific needs and constraints of each project.

Table 5. Summary of daylighting technologies advantages and disadvantages.

Daylighting Technologies

Advantages Disadvantages

Light pipes

- Require a smaller light collection area

- Cost-effective

- Easy to install and requires
low maintenance

- No concentrator and sun tracking
system, unless a Fresnel lens or
heliostat is added to the system

- Canbe integrated with
artificial lighting

- Canbe used in various building types

- Limited light output

- Can only transport light over
short distances

- It depends on the climate and the time
of day
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Table 5. Cont.
Daylighting Technologies Advantages Disadvantages
- High light output - Expensive
Plastic Optical fiber - Require a smaller light collection area - Sensitive to high temperature and
- Can transport light over long distances require infrared light filters
- Canbe integrated with - Requires specialized installation
artificial lighting, and maintenance
- Flexibility, and resistance to bending - Require concentrator and Sun
and breaking. Tracking System
Heliostat - Expensive .
S - Require a Sun tracking system
....". High light output . - Requires specialized installation
[ K73 - Canbe used in large commercial .
N 7 AL o and maintenance
7/ buildings or outdoor spaces - Requi ) ¢
i ] equires a large amount of space
AT for installation

3.1. Installation

Daylight transport technologies are installed on the roof or on the ground to capture
sunlight from the outdoors. As a result, light pipes can be installed by drilling holes in the
walls or ceilings, optical fibers are often pulled through pre-installed conduits or ducts, and
heliostats are installed on rooftops or other elevated locations to receive direct sunlight.
However, each country has strict regulations for the installation of equipment on the roof or
the ground. In urban areas, this requirement is not easy to meet. Wind loads should also be
considered during installation to prevent and avoid tripping hazards. Light pipes are easy
to install, while fiber optics and heliostats require specialized installation and maintenance.
Heliostats also require a large amount of space to install.

In addition, during installation, the flexibility of these optical technologies is very
important. Light pipes are rigid and inflexible, which makes them suitable for applications
where straight-line transmission is required, and they transmit light more efficiently due to
less scattering and absorption. Plastic optical fibers, on the other hand, are flexible and can
be bent around corners, making them suitable for applications where flexibility is required.
Heliostats are not flexible, as they are designed to be stationary. When considering the aes-
thetic impact of these technologies, light pipes and optical fiber are relatively unobtrusive,
and they can be easily integrated into a building’s design. However, heliostats are large
and visible structures that may not be suitable for all buildings or locations.

3.2. Efficiency

Daylighting systems are more energy-efficient than artificial lighting because they
use natural light, which is free and abundant. Artificial lighting requires electricity, which
can be expensive and contribute to greenhouse gas emissions due to the burning of fossil
fuels. However, the effectiveness of daylighting systems depends on various factors, such
as climate, building design, and maintenance practices. In addition, the effectiveness of
daylighting systems depends on the design or performance of commonly used optical
materials, such as glass, lenses, polymers, and plastics.

Thus, the efficiency of the light pipe is strongly influenced by the optical geometry
and reflection time of the light pipe itself. However, the transmission efficiency of the light
pipe is high at noon and can transmit up to 44.7% of light at a distance of 2 m, as shown
in Table 3. In a light pipe daylighting system, it is possible to add a heliostat that reflects
incident light and dramatically improves the performance of light pipes at low altitudes.

For optical fiber-based daylighting systems, the attenuation limits the transmission
efficiency of optical fiber, as shown in Figure 10. In practice, one way to reduce attenuation
is to minimize the incident angle of light onto the optical fiber; a smaller incident angle
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means less light leakage. As a result, the plastic optical fibers transmission efficiency can
reach 18% and attenuate 4 dB at a distance of 20 m [108]. Generally, the transmission
distance of the fiber daylighting system is not usually further than 50 m. For buildings
over 50 m tall, it is difficult for a light pipe or optical fiber daylighting system to achieve
indoor daylight.

Therefore, large-sized heliostats can meet the demand for high-flux interior daylighting
in the buildings at long distances of 70 m. The reflectance of mirrors, the transmittance
of glass, the coverage of steel beams in the system, and the sunshine area rate are factors
affecting the light transmission efficiency of the heliostat system, which is about 23% [75].

However, heliostats have the ideal transmission efficiency because the transmission
attenuation of light in the air is negligible. As shown in Table 1, various researchers recom-
mend that the transmission distances of the light pipe be between 0 and 4 m, and when
the system is augmented by a Fresnel lens and a heliostat, the transmission distance may
extend to about 15 m. In the same way, the transmission distance of a plastic optical fiber
can be between 20 and 50 m, but when it comes to a silicon optical fiber, the transmission
distance exceeds this value and reaches about 200 m. The heliostat transmission distance
can reach 50 to 2000 m. Generally, the transmission efficiency of these light technologies
is also influenced by their long-distance transmission. Therefore, the transmission effi-
ciency of light pipes, optical fibers, and heliostats decreases with an increase in the target
transmission distance.

3.3. Cost

Providing a cost-effective lighting system is the main challenge facing any innovative
daylighting technology [29]. Consequently, the more daylight collected and delivered, the
higher the level of technology needed, which increases initial costs and reduces purchas-
ing power [28]. As described in Table 1, the cost of optical technology is an important
consideration when selecting the appropriate daylight technology for a specific applica-
tion. The costs of these daylighting technologies are estimated, and the light pipe is about
(465 to 1400 USD), optical fiber is about (2050 to 6000 USD) [68,117], and heliostat is about
(8500 USD) [75]. Therefore, light pipes are the most affordable option for short-distance, as
they require less equipment and installation than optical fiber and heliostats. As a result,
light pipes have been widely used.

Although commercial fiber optic daylighting systems are expensive due to the cost of
their used optical materials and specialized installation techniques, they are recommended
for minimizing the barriers to daylighting complex buildings [28]. Therefore, inexpensive
plastic optical fibers can be used; however, plastic fibers are easily overheated and burnt
in highly concentrated flux, as shown in Figure 8. Filtering techniques to remove infrared
light and maintain the operating temperature range of plastic optical fibers also contribute
to the increase in the cost of fiber optic daylighting systems. Heliostats are generally the
most expensive option because of their size and complexity compared to light tubes and
plastic optical fibers. However, the high density of direct normal irradiation and the high
efficiency of sunlight transmission, together, provide satisfactory capacity for the heliostat
system to supply large flux daylighting for buildings [75].

Therefore, using direct sunlight for lighting in interior buildings is about 25 times
more cost-effective than using solar cells to generate electricity [118]. Hybrid daylight/LED
illumination is better at energy savings, by about 66%, than conventional LED and lighting
systems [119].

3.4. Spectrum

Daylighting technologies, such as light pipes, optical fibers, and heliostats are used
to capture, distribute, and utilize natural light inside buildings. The spectrum of these
technologies is very close to the spectrum of natural light, as shown in Figure 18. The light
pipe transmits a wide spectrum of light, including visible and near-infrared. Similarly, the
output spectrum of a heliostat is also similar to that of sunlight, which includes visible
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light and infrared radiation. However, because of the absorption characteristics of plastic
materials, the output spectrum of POF is limited to the visible spectrum and filters the
near-infrared wavelength.
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Figure 18. Daylight spectrum: (a) nature light, (b) light pipe, (c) POF, (d) heliostat.

The spectrum of natural light is continuous and covers a wide range of wavelengths,
from ultraviolet to infrared, as shown in Figures 18a and 19a. It contains all the colors of the
rainbow and appears white to the human eye. However, the natural light spectrum varies
depending on the time of day and the weather conditions. The luminosity function of the
human eye (i.e., the average spectral sensitivity of human visual perception of brightness)
deals with the visible light spectrum lying between 380-780 nm [84], according to the
standard of the International Commission on Illumination. As a result, the photo effect
of light pipes, plastic optical fiber, and heliostat is measured by using a spectrometer in
Im/w, and the values of 150, 220, and 110 are obtained for each daylighting technology,
respectively, as shown in Table 4. Therefore, plastic optical fibers offer the best photo effects
compared to light pipes and heliostats.
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Figure 19. Spectra of different light sources: (a) natural light, (b) PMMA optical fiber based daylight-
ing, (c) tungsten incandescent lamp, (d) white LED, (e) fluorescent lamp [61].

Although infrared light (>780 nm) accounts for about 50% of the energy in the solar
spectrum, it is filtered out to reduce the heat load on the plastic optical fibers, which does
not affect the lighting illuminance. Therefore, the PMMA fiber optic daylighting system
screens out infrared light and provides a cold light source, and allows for energy to be
saved from air conditioning loads [120-122]. Heliostat daylighting systems can be designed
to optimize the natural light spectrum entering a building. Therefore, a heliostat-based
daylighting system can provide high-quality natural lighting similar to sunlight without
infrared filters, so the luminous efficiency and color rendering index are almost comparable
to natural light [75].

Thus, the color rendering index (CRI) is the degree of color fidelity that these daylight-
ing technologies give to the color of the object itself, and it indicates the deviation in the
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color of the object under light compared to the color of the reference light (natural light),
which can fully reflect the color characteristics of the light source. The output spectrum of
the light pipe, plastic optical fiber, and heliostat are very close to that of the natural light
spectrum (Figure 18), giving them excellent color rendering index ratings of 98.9, 89.1, and
98.3 respectively, which are close to the ideal value of 100. The SPIC-300 Spectrometer
is used to measure the color rendering index of the light sources. Therefore, it is not
always true that light sources with high color rendering perform better in color close to
that of natural color since the spectrum of a light source can affect its CRI score. Therefore,
a light source with a narrow spectrum may have a high CRI score, but it may not accurately
render all colors, while a broad-spectrum light source may have a lower CRI score, but it
can reveal more colors accurately. This shows that innovative daylighting technologies can
accurately render the original colors of an object compared to natural light, which promotes
daylighting technology products’ market penetration with more comfortable visual effects.

In addition, the color rendering index was considered to compare the quality of
light delivered by artificial lighting technologies with that of daylighting technologies
while considering natural light as an ideal reference. Comparing daylighting CRI with
artificial lighting sources helps users to assess how well each source renders colors and
enables users to make informed decisions about selecting appropriate lighting systems for
different applications, such as where daylighting is not sufficient to supply the required
illuminance. Therefore, the color rendering index of conventional artificial light sources,
such as fluorescent lamps, is about 90 [61] and produces a discontinuous output spectrum,
as shown in Figure 19e. Similarly, a white LED light has a spectrum composed of several
narrow spectral outputs at different wavelengths, and it can be challenging to achieve
LED technology with high color rendering index, as shown in Figure 19d. However,
some manufacturers use phosphors to broaden the spectral output and improve color
accuracy. As a result, white LED lamps with CRI 95 are now available on the market.
Unlike fluorescent lamps and white LEDs, tungsten incandescent lamps have a continuous
output spectrum, but they are skewed towards the red end of the spectrum, as shown in
Figure 19¢c. They provide warm yellowish light, but they are not very efficient and produce
heat. The dwelling heat gain increases energy demands to drive an air conditioning system
to keep the occupants comfortable for both living and being at the workplace.

The output spectrum of the innovative daylighting technologies is very close to the
spectrum of natural light, as shown in Figure 19a,b. Compared with the spectrum in (a),
the relative intensity of short wavelengths (about 380 nm) is filtered out significantly, and
the part of the long wavelength is, relatively, reduced by a small amount. In addition, the
spectrum of the fluorescent lamp (e) and the spectrum of the incandescent lamp (c) are
also measured, as shown in Figure 19. They are different from the natural light spectrum.
Once the light source’s spectrum is measured, the qualities of light can be analyzed using
radiation spectrum, color temperature, chromaticity coordinate, and the color rendering
index. Therefore, the points in the CIE1931 chromaticity diagram are also drawn, as shown
in Figure 20. Point a and point b closely overlap, and interior daylight’s chromaticity is
very close to the natural light. However, the fluorescent lamp and the incandescent lamp
are less healthy, so the advantage of the system can bring healthy daylight.

In addition, color temperature is measured in kelvin (K), which can be defined as
the temperature that a blackbody should have to emit radiation of a certain chromaticity.
The variation of the chromaticity of the radiation, emitted by a blackbody at different
color temperatures, is described on the CIE diagram, as shown in Figure 20. Therefore,
the so-called warm lights (longest wavelengths) have a low color temperature, while cold
lights have a high color temperature. From the CIE chromaticity diagram, monochromatic
colors are located on the perimeter. Color saturation decreases towards the center of the
diagram. White light and equal energy points are located at the center. The colors at the
edge of the diagram are fully saturated.
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Figure 20. CIE1931 chromaticity diagram [84].

3.5. Hybrid Lighting System

Innovative daylighting technologies and artificial lighting hybrid systems refer to
the integration of natural light and artificial lighting in the building to optimize energy
efficiency, enhance occupant comfort, and improve overall lighting quality. Daylighting
technologies involve daylight strategy and design elements to maximize the amount of
natural light entering a building. They reduce the reliance on artificial lighting during
daylight hours, thereby reducing energy consumption and costs. These systems typically
incorporate sensors, controls, and automated features to balance natural and artificial light-
ing based on factors such as available daylight, occupancy pattern, and user preferences.
Overall, innovative daylighting technologies and artificial lightning hybrid systems offer
sustainable and efficient lighting solutions that prioritize occupant comfort and well-being
while reducing energy consumption and costs [123]. As stated in [119,124], the efficiency of
hybrid LED/daylight illumination with the solar energy-saving design is better than that
of an LED alone or the conventional lighting system under the same lighting conditions
and lighting time. Therefore, LEDs have average energy savings of 41.62%, whereas hybrid
lighting has 66.28%.

The system also improves the visual comfort and well-being of the occupants by
providing a more natural and dynamic lighting environment. This type of system is
commonly used in commercial buildings, schools, hospitals, and other large indoor spaces
where energy efficiency and occupant comfort are important considerations. Therefore,
with the maturity of various forms of daylighting technology, we anticipate that hybrid
lighting will be adopted more widely in the future.

4. Conclusions

In summary, daylighting is becoming increasingly popular as a way of reducing energy
consumption, improving indoor comfort, and reducing dependence on artificial lighting.
The light pipes, optical fibers, and heliostats, as daylight transport systems, have unique
advantages and disadvantages for bringing daylight into windowless indoor buildings.
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According to the output spectrum, chromaticity, color temperature, and color rendering
index results obtained, the daylighting technologies—light pipes, PMMA optical fibers, and
heliostats—can be rendered as quality light during daylight hours. The study results show
that the light pipes, PMMA optical fiber, and heliostat have transmission efficiencies of
44.7%, 18%, and 23% at distances of 2 m, 20 m, and 70 m, respectively. Therefore, light pipes
are economical and easy to install but limited to a short distance. Although optical fibers are
highly efficient at transmitting concentrated sunlight over long distances, optical fibers are
expensive, and they do not work effectively in temperature ranges above 70 °C. Heliostats
also capture sunlight effectively and redirect it to buildings, but they require significant
space and maintenance. Consequently, plastic optical fibers offer the lowest color rendering
index, 89.1, as well as the best photo effects at 220 Im /W, as compared to light pipes and
heliostats. The output spectrum of daylight technology is continuous and includes all colors
of the visible spectrum, but the spectrum of artificial lighting varies greatly depending
on the type of light source used. When used as a hybrid lighting system, daylighting
and artificial lighting are more efficient in responding to environmental challenges and
saving energy.

Overall, innovative daylighting technologies have revolutionized the way natural
light is used in buildings. The results of this study indicate that, by using natural light
instead of artificial lighting during the day, buildings can significantly reduce their energy
consumption and the associated greenhouse gas emissions. Additionally, these daylighting
technologies can help to reduce cooling loads and improve the quality of indoor environ-
ments. The choice of daylighting technology depends on the specific applications, including
desired levels of natural light, building design, location, and budget. In the future, due to
technological progress, daylighting applications in commercial, residential, and industrial
settings will become more prevalent.
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