eng

Article

Optical Fiber Technology

for Efficient Daylighting and Thermal

Control: A Sustainable Approach for Buildings

Lokesh Udhwani 1'*, Archana Soni !, Erdem Cuce %34

check for
updates

Citation: Udhwani, L.; Soni, A.; Cuce,
E.; Kumarasamy, S. Optical Fiber
Technology for Efficient Daylighting
and Thermal Control: A Sustainable
Approach for Buildings. Eng 2024, 5,
2680-2694. https://doi.org/10.3390/
eng5040140

Academic Editors: Antonio Gil Bravo

and Maria Founti

Received: 6 June 2024
Revised: 2 September 2024
Accepted: 6 September 2024
Published: 18 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sudhakar Kumarasamy 5-6-1-*

1 Energy Centre, Maulana Azad National Institute of Technology, Bhopal 462003, Madhya Pradesh, India;
soniarchana@gmail.com

Department of Mechanical Engineering, Faculty of Engineering and Architecture,

Recep Tayyip Erdogan University, Zihni Derin Campus, Rize 53100, Turkey

Department of Mechanical Engineering, College of Engineering, Birmingham City University,
Birmingham B4 7XG, UK

University Centre for Research and Development, Chandigarh University, Mohali 140413, Punjab, India
Faculty of Mechanical and Automotive Engineering Technology, Universiti Malaysia Pahang Al

Sultan Abdullah, Pekan 26600, Pahang, Malaysia

Centre for Automotive Engineering (Automotive Centre), Universiti Malaysia Pahang Al Sultan Abdullah,
Pekan 26600, Pahang, Malaysia

*  Correspondence: udhwanilokeshmanit@gmail.com (L.U.); sudhakar@umpsa.edu.my (S.K.)

Abstract: Different direct solar harvesting systems for daylighting are being explored to achieve high
uniform illumination deep within buildings at minimal cost. A promising solution to make these
systems cost-effective is the use of plastic optical fibers (POFs). However, heat-related issues with
low-cost POFs need to be addressed for the widespread adoption of efficient daylighting technologies.
Previous studies have explored solutions for this overheating problem, but their effectiveness remains
uncertain. This study proposes a low-cost fiber optic daylighting system integrated with a newly
patented mechanical component designed to secure the fiber optic bundle at the focal point, providing
three levels of heat filtration while ensuring uniform illumination. Our methodology involves
selecting a small area, installing the setup, and measuring both heat and light readings, followed by
validation through software simulations. The operational principle of this technology is explained,
and experimental tests using lux meters and infrared thermometers were conducted to investigate the
system’s characteristics. The three-level heat filtration device reduces temperature by approximately
35 °C at the surface of the optical fiber, and the average illumination of the room is around 400 lux.
These results were further verified using RELUX simulation software. The findings demonstrate the
promising potential of this new device in solar heat filtration and achieving uniform illumination.
Recommendations for mitigating overheating damage and exploring heat filtering possibilities in
new parabolic solar daylighting systems for further research are also provided.

Keywords: plastic optical fibers (POFs); uniform illumination; daylighting; RELUX simulation;
solar harvesting

1. Introduction

There is a keen interest in developing renewable energy resources to tackle the ever-
increasing need for electricity and the resulting global warming [1]. Non-domestic buildings
are a major aspect to consider when calculating total energy consumption [2]. Lighting is
the most energy-intensive application, which holds a major share of the average electricity
consumption. About 25-30% of total energy usage results from lighting applications in
most developing countries, which may increase further to 40% in developed countries [3].
Luminaries account for 31% of household and 44% of office electricity consumption in the
Indian scenario [4,5]. The finances involved in using the different resources are studied in
recent research works [6]. SBTool has been presented as a useful evaluation of buildings

Eng 2024, 5, 2680-2694. https:/ /doi.org/10.3390/eng5040140

https://www.mdpi.com/journal/eng


https://doi.org/10.3390/eng5040140
https://doi.org/10.3390/eng5040140
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/eng
https://www.mdpi.com
https://orcid.org/0000-0003-0150-4705
https://orcid.org/0000-0002-4867-2362
https://doi.org/10.3390/eng5040140
https://www.mdpi.com/journal/eng
https://www.mdpi.com/article/10.3390/eng5040140?type=check_update&version=1

Eng 2024, 5

2681

for energy efficiency [7]. Experimental methods for cost assessment and performance
enhancement strategies have been in focus for a long time [8]. Also, automatic systems for
data collection have been demonstrated by researchers [9]. Smart strategies, like automatic
switching, dimming, and controlled lighting, have been gaining popularity for efficient
energy usage [10]. Since non-domestic buildings like offices and laboratories operate
during the day, smart lighting and efficient daylight utilization can help reduce the burden
on energy resources. Daylighting can be employed to reduce power consumption by
20-40% [11]. Daylight is the best source of light to replace the energy-intensive artificial
lighting [12,13]. Research studies also suggest that daylight with artificial lighting can save
10.8 to 44% energy savings [14]. In addition, employing proper control systems can help
further reduce energy consumption for indoor lighting [15]. Efficient use of daylight can
also reduce the need for cooling appliances as it has lesser heating effects on the building
walls [16-20]. Special-purpose, smart energy-efficient lighting by experimental analysis
has been proposed previously in a few reports [21,22]. Efficient utilization of daylight
is desirable to avoid unnecessary wastage of energy. However, in many cases, it may
not be possible to harness natural light, so there is a dependence on artificial lighting.
While various daylighting techniques exist and are commercially available, including
systems like Himawari (Japan), Parans (Sweden), and Hybrid solar lighting (USA) [23,24],
their widespread adoption is hindered by factors such as low efficiency, high initial costs,
and technical complexities. Among the systems utilized, the parabolic dish concentrator
coupled with optical fiber guiding wires stands out as one of the most cost-effective options.
Plastic optical fibers (POFs) present a viable solution for achieving uniform illumination
deep within buildings without significantly impacting costs. However, a notable drawback
of POFs is their susceptibility to heat, which becomes apparent when attempting to enhance
efficiency parameters such as enlarging the capturing device, resulting in the melting of
POF wires [25-27]. This study centers on monitoring the temporal temperature at the input
of POF wires.

Numerous studies conducted over the past decades have explored the utilization of
optical fiber guiding systems [3-26]. Previous studies have explored the performance and
characteristics of solar concentrator systems integrated with various fiber optic cables using
simulations and experiments. Daylighting systems using optical fiber wires (DSvOF) can
be categorized based on solar concentrating technologies and fiber optic types.

In the past, the discussion surrounding Daylighting Systems via Optical Fiber (DSvOF)
did not emphasize the detrimental effects of overheating on fiber optic wires. This problem,
however, has emerged as a significant obstacle in the advancement of optical-fiber-based
daylighting systems. The primary challenge lies in safeguarding plastic optical fibers (POFs)
from the deleterious components of solar radiation. What follows is a critical analysis of
proposed systems concerning their susceptibility to heat damage affecting POFs.

Kandilli et al. [28,29] evaluated a cost-effective fiber optic daylighting system. This
system used a dual sun-tracking offset parabolic dish to collect sunlight and transmit it via
Polymethyl Methacrylate (PMMA) plastic optical fibers positioned at the focal point. The
researchers achieved an average annual exergy efficiency of 15% and an overall system
efficiency of 59%, with a calculated power output of 1041.6 kW per square meter from the
dish. While the study explored methods to improve energy and exergy efficiencies, it lacked
a detailed analysis of overheating, a critical issue for PMMA fibers. The authors suggested
using optical filters to mitigate heat damage but did not specify filter type or filtration
degree or test their effectiveness. Kaiyan et al. [30] proposed a concentrator for use in a
solar fiber lamp, comprising multiple components including a compound curved surface
concentrator and a secondary compound parabolic concentrator. Experimental results
indicated that the solar fiber lamp could produce brightness equivalent to that of a 6-8 W
electrical energy-saving lamp. However, the study did not delve into the effects of heat on
the POFs used, despite their known sensitivity to high temperatures. Wang et al. [31] intro-
duced a fluorescent fiber solar concentrator (FFSC) system consisting of a plate device with
150 fluorescent fibers embedded in a PMMA plate, each connected to a 10 m long PMMA
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clear optical fiber. While the system demonstrated reasonable light-to-light efficiency and
lighting effects, there was minimal risk of the PMMA fibers melting due to the absence of a
solar concentrator. Han et al. [32] developed a fiber optic solar concentrator system utilizing
a small dish concentrator, flat mirror, and homogenizer. Photometric characteristics were
presented for various lens options, highlighting the efficacy of concave lenses in dispersing
light. However, the use of PMMA fibers in conjunction with a second reflecting mirror
posed challenges to uniform illumination due to the overshadowing of central optical
fibers. Sapia [33] explored the potential of a hybrid lighting system comprising a primary
parabolic collector and a secondary flat optical reflector. The system, employing synthetic
optical fibers, was assessed for its potential cost savings in solar daylighting. The author
suggested using cold mirrors to mitigate overheating of optical fibers but acknowledged
potential drawbacks including the impact on the uniformity of illumination. Xue et al. [34]
investigated a solar optic fiber illumination system incorporating a novel multi-surface
co-focus compound parabolic concentrator (CPC). Their experimental results indicated
transmittance rates of up to 17.5% for the solar concentrator and up to 11% for the novel illu-
mination system. Factors influencing transmittance included reflectivity, tracking accuracy
of the solar concentrator, and characteristics of the optical fiber.

Lingfors et al. [35] acknowledged the limitations of plastic optical fibers (POFs) in
high-temperature environments and proposed several solutions to mitigate the heat prob-
lem. They suggested limiting the concentrator with a concentration ratio of 278 for the
novel sunlight guiding system, coupled with an acceptance angle of 3.4°. This design
not only facilitates the connection of optical fibers but also aids in reducing heat damage.
However, these solutions do not necessarily correlate with higher efficiencies and uniform
illumination, as mentioned previously [3-7]. Song et al. devised a model based on a
parallel mechanism, comprising 48 concentrating cells arranged in a 7 x 7 array. Through
a series of tests, they demonstrated that the system could achieve a light transmission of
25% at a distance of 10 m, providing an average illumination of 122 1x for a 36 m? area.
However, they noted that exceeding a daylight flux concentration level of 2500 suns could
lead to the overheating of PMMA fibers. They proposed adopting silica fibers for their
higher temperature resistance but acknowledged their higher cost and lack of flexibility.
Ullah et al. [25-27] addressed the issue of overheating damage affecting fiber optic wires
in recent studies. They proposed two efficient approaches utilizing plastic optical fibers,
parabolic mirrors, and Fresnel lenses to achieve collimated light. They emphasized the
importance of uniform illumination for enhancing efficiency and reducing heat effects.
Silica optical fibers (SOFs) were introduced as a solution to the overheating problem due
to their higher resistance, with POFs used for most of the transmission parts for their low
cost and flexibility. Index matching gel was applied between SOFs and POFs to minimize
losses. Sedki et al. [15-26] presented a study of a low-cost system utilizing mirrored simple
parabolic reflectors and POFs. The system, which reflected direct non-diffuse sunlight into
a focal point corresponding to the input area of a PMMA fiber optic bundle, demonstrated
an overall energy efficiency of 69% in optimal solar conditions. They proposed using an
extended hot mirror to protect the fiber bundle from overheating, with further studies
planned to investigate the characteristics, field testing, and efficiency of such a device. In
conclusion, addressing the overheating problem is crucial for the development of fiber optic
daylighting systems. Proposed solutions, including limiting concentration ratios, adopting
silica fibers, and implementing efficient optical designs, aim to mitigate heat damage while
maximizing system performance and efficiency.

Architects and building developers have benefited greatly from the development of
several simulation software programs. According to research carried out in 2004, about 80%
of lighting optimization could be performed using simulation and analysis [36]. Simulations
can follow diverse kinds of algorithms. They all run on mathematical and analytical
programs that may depend on the choice of environmental conditions, type of luminaries,
design schemes, etc. [37]. A few software programs consider the internal properties of
the room, such as the paints on the walls, their reflection, the presence of room furniture,
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etc. [38]. Many researchers have demonstrated the effect of these interior components on
the simulation results [39,40]. Reliability is thus a major concern with such simulation
software, as estimating the errors is a tedious task, which often may not have a fixed
algorithm [41]. Relux is a reliable software that has recently gained popularity and can
be used for lighting simulations, estimations, and analysis. Due to different luminaries,
Relux can be used to estimate illuminance at a standard height from the floor. Recent
research uses Relux as a lighting simulation tool to optimize the placement and patterning
of laminar schemes within a room or building. It was employed for optimizing daylighting
and integrated artificial luminaries [42]. Previous studies on different geographical regions
and specific applications also employ Relux as a reliable software program [43—45].
Daylighting systems using plastic optical fibers (POFs) offer a promising solution
for bringing natural light deep into buildings. However, a critical challenge hindering
their wider adoption is heat damage to POFs. While various designs have been proposed,
effectively mitigating heat remains an area requiring innovative solutions. To address the
heat damage issue in POF-based daylighting systems, this study had the following aims:

1.  To analyze the previous studies to understand the extent of heat-induced damage on
POFs and evaluate proposed solutions in existing systems.

2. To design a customized parabolic reflector to efficiently capture daylight and evaluate
the thermal performance of POF daylighting systems.

3. To assess the effectiveness of our proposed solution in mitigating heat damage and
achieving desired illumination levels and validate it with RELUX simulations.

This paper addresses the gap in the literature concerning the integration of effective
heat filtration with existing optical fiber lighting systems. While existing systems struggle
with heat management, our research introduces a solution that reduces heat by 35 degrees,
allowing for the safe transfer of daylight to interior spaces. The uniqueness of this paper
lies in its novel design of a heat filtration device specifically tailored for optical fiber
lighting systems. Unlike previous approaches, our design effectively manages heat while
maintaining sufficient daylight transmission, offering a practical and innovative solution
to a common challenge in the field. The most significant contribution of this paper is
the development of a heat filtration device that not only significantly reduces the heat
by 35 degrees but also ensures the effective transfer of daylight to interior spaces. This
innovation enhances the practicality and safety of optical fiber lighting systems, potentially
expanding their application in environments where heat management is critical.

2. Description of the Parabolic Solar Daylighting Design

The proposed parabolic solar daylighting system is designed to maximize the efficiency
of daylight harvesting and distribution within buildings using plastic optical fibers (POFs).
However, the heat issues associated with these plastic optical fibers must be addressed
to facilitate their widespread adoption in new, efficient daylighting technologies. To
investigate this issue, our focus is on monitoring the temporal temperature at the focal
point. Additionally, we introduce a novel mechanical component designed to secure the
fiber optic bundle at the focal point while ensuring three levels of heat filtration and uniform
illumination. The current parabolic solar daylighting system is installed on the roof of the
Energy Centre, MANIT-Bhopal, India. The apparatus consists of a light-capturing device
equipped with a Single-axis tracking system, a mechanical support structure containing a
filter, a light fiber, and a light guide terminal. The key components of the system include
the following:

2.1. Parabolic Reflector

A high-reflectivity parabolic mirror is used to concentrate sunlight onto a focal point.
The reflector is designed to capture and focus as much sunlight as possible throughout
the day. The operational principle of the system involves the utilization of solar radiation,
which is captured by the parabolic dish surface and concentrated, then reflected onto the
focal area. Subsequently, the concentrated sunlight is transmitted through a fiber optic
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bundle (FOB) to convey it to the designated destination as shown in Figure 1a. The primary
component of the system is the parabolic solar concentrator area, comprising polyester
film. This high-quality aluminum-paint-coated film increases the intensity and spreads
light more evenly with a high specular reflectivity index of 95%, illustrated in Figure 1d.

10 cm

%

10 cm
13 cm
() |
UV filter glass
1.3 cm 8 cm
Fresnel lens Plano concave lens

(d (©

Figure 1. (a) Installed solar daylighting system on the roof of an energy center. (b) Dimensions of the
installed apparatus. (c) Receiver cavity. (d,e) Three-dimensional drawings of the design.

2.2. Plastic Optical Fibers (POFs)

Low-cost POFs are selected for their flexibility and cost-effectiveness. However, their
susceptibility to heat damage necessitates careful design considerations to mitigate this
issue. To achieve the objective of providing uniform illumination deep within the building
at a low cost, the utilization of plastic optical fibers (POFs) emerges as one of the most viable
solutions, ensuring cost-effectiveness. A bundle of Polymethyl Methacrylate fiber optic
wires (PMMA) was utilized, comprising 60 pieces of 1 mm fibers positioned at the center
of the bundle, surrounded by 60 pieces of 1 mm fibers. The mathematical relationship
between the energy at the inlet of the fiber optic bundle (Q;,,) (Equation (1)) and the energy
at the end of the bundle (Q,:) (Equation (2)) is described by the following equations [25,26].

LdBjpes

Qout = 107 (T10)Qy, 1)

Qi = TF2pu Gy (sin® 9,) @)
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Assuming that the focal distance is F. The polyester film'’s reflection index is p;,. The
radiation of the normal beam is Gb. ¢, is the parabolic dish’s rim angle, and dBloss is
attenuation. Apart from their cost-effectiveness, PMMA fibers also provide the advantage
of flexibility within the building environment.

2.3. Mechanical Support for Heat Filtration

Initially, the innovative mechanical support was devised to solely bear the weight of
the fiber bundle and maintain its position on the focal surface during solar tracking. This
support mechanism was primarily constructed with a single level of filtration, featuring a
housing for an optical filter (refer to Figure 1d,e). The Figure 1 depict the industrial design
and actual implementation of the innovative mechanical component. An extended hot
mirror was employed within the filter to mitigate heat within the optical system without
compromising its visible output. Despite the implementation of this filter, which extends
the reflection range to approximately 1750 nm, the operational experience revealed that
prolonged system usage still led to temperature-induced damage to the optical fiber. To
address this issue, we enhanced the mechanical component by incorporating additional
filtration levels. We introduced a new filtration combination where two lenses and one
glass are used for heat reduction.

2.4. Heat Filtration Mechanism

The heat filtration mechanism consists of three layers of filters designed to reduce
the thermal load on the POFs. The three components are UV filter glass, plano-concave
lens, and Fresnel lens. A newly patented mechanical component is integrated at the focal
point to secure the fiber optic bundle and provide three levels of heat filtration. This
component is crucial for protecting the POFs from overheating while maintaining high
optical transmission efficiency.

Primary Heat Filter: This layer is composed of a UV-absorbing material that blocks a
significant portion of ultraviolet radiation, which contributes to the degradation of POFs.
UV filter glass for daylighting functions by selectively blocking ultraviolet (UV) radiation
while allowing visible light to pass through. This filtration process helps reduce UV-induced
glare and heat, creating a more comfortable and visually appealing indoor environment. By
minimizing UV penetration, the filter helps protect interior furnishings and occupants from
UV-related damage and health risks. Additionally, it maintains the natural color balance of
daylight, enhancing the quality of interior illumination.

Secondary Heat Filter: A plano-concave lens for daylighting works by diverging
incoming light rays and spreading them out across a wider area. Made from a heat-resistant
polymer, this layer further reduces infrared radiation, preventing excessive heat from
reaching the POFs. This lens design helps to evenly distribute natural daylight, reducing
glare and shadows in indoor spaces. By dispersing light, it enhances overall illumination
levels while maintaining uniformity. Placed strategically in daylighting systems, such
lenses optimize the utilization of natural light, promoting energy efficiency in buildings.

Tertiary Heat Filter: The final layer consists of a reflective lens that deflects any re-
maining heat while allowing visible light to pass through efficiently. A Fresnel lens for
daylighting functions by refracting incoming light, focusing it toward a specific area or di-
rection. Its unique design features concentric grooves that bend light, concentrating it onto
a focal point. This lens efficiently captures and redirects natural daylight, maximizing its
intensity within a space. By concentrating sunlight, it enhances interior illumination levels,
reducing the need for artificial lighting. Installed in daylighting systems, Fresnel lenses
help optimize energy usage in buildings while providing ample natural light for occupants.

Additionally, we strategically created a calculated space between the filters to facilitate
natural ventilation within the system.

As the direct beam from the concentrator converges on the focal point (refer to
Figure 1c), it encounters the first UV filter that selectively blocks ultraviolet (UV) radi-
ation while allowing visible light to pass through, and maximum heat should be reduced.
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After passing through this initial filtration, the beam traverses through a plano-concave
lens which evenly distributes natural daylight in a chamber after the vacuum chamber
for natural heat ventilation induced by rays, constituting the second level of heat reduc-
tion. Subsequently, the light beam encountered through a Fresnel lens refracts incoming
light, focusing it toward a specific direction. Finally, the beam enters the fiber optic inlet,
transmitting light to the terminal via the light fiber. This refined approach ensures uni-
form light distribution across each optical fiber, leading to improved efficiency in terms
of illumination.

3. Materials and Methods

This study investigated the performance of a novel fiber optic daylighting system
designed for efficient light transmission and heat filtration.

3.1. Experimental Setup

The system utilizes a parabolic collector to concentrate sunlight and a newly developed
mechanical component to secure the fiber optic bundle at the focal point. For the manually
adjustable tracking system utilized in the experiment, a one-axis system was employed.
A parabolic collector with a specific focal length was fabricated using the material speci-
fication, e.g., a reflective aluminum sheet. The dimensions and surface properties of the
collector were optimized for efficient light capture based on reference design. Plastic optical
fibers (POFs) were chosen for their cost-effectiveness and light transmission properties.
The newly developed mechanical component, designed to secure the fiber optic bundle
at the focal point, incorporates three levels of heat filtration. The complete daylighting
system, including the parabolic collector, fiber optic bundle with the securing component,
and light diffuser (optional), was assembled. The system was positioned outdoors under
direct sunlight with the collector facing south (or appropriate direction based on location).

3.2. Instrumentation and Testing

The system’s performance was evaluated through a series of experiments designed
to measure the illumination levels and temperature at various points within the system.
Measurements were taken at different times of the day to assess the system’s performance
under varying sunlight conditions. The experiment was conducted between 1 March 2023
and 31 May 2023. The data for each month represent the conditions on the first day of the
month. On 1 March, in the morning, Bhopal experienced essentially clear sky conditions,
which became partly cloudy around 10 a.m., followed by a return to clear skies. The average
temperature that day was 25 °C, with a wind speed of 6 km/h. On 1 April 2023, there
were clear sky conditions throughout the day, with an average temperature of 29 °C and
a wind speed of 5 km/h. On 1 May 2023, there were scattered clouds initially, followed
by partly cloudy conditions later in the day. The average temperature was 23 °C, with
a wind speed of 8 km/h. Illuminance measurements were taken at various distances
within the building using a lux meter with multiple data points to assess light distribution
and uniformity. It is worth noting that the results encompass both direct lighting and
inter-reflection within the measurement environment. The room dimensions, including
the height, are as follows: 2.5 m x 22 m x 3.2 m. Lux meters were placed at different
locations within the building to measure the intensity and uniformity of the distributed
light. The uniformity of illumination was calculated using standard metrics like uniformity
ratio (UO) or coefficient of variation (CV). An infrared thermometer was used to measure
the temperature at different points within the system, including the parabolic collector,
securing component, and emerging light from the fiber optic bundle. The experimental
setup is illustrated in Figure S1 of the supporting information. Infrared thermometer data
were used to assess the effectiveness of the heat filtration mechanism in reducing heat
transfer through the fiber optic bundle. Infrared thermometers were used to monitor the
temperature of the POFs and other critical components. These measurements helped assess
the effectiveness of the heat filtration mechanism in protecting the POFs from overheating.
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The temperature measurements were compared with the ambient temperature to determine
the system’s thermal performance.

3.3. Simulation with RELUX Software

RELUX simulation software was used to model the daylighting system and its light
distribution characteristics. The simulated illumination map was compared with the
experimental data to verify the performance of the system and the accuracy of the design.
To verify and complement the experimental results, the system was modeled and simulated
using RELUX, a lighting simulation software (version 2019.1) program. The physical
dimensions and reflective properties of the parabolic reflector, the optical characteristics
of the POFs, and the heat filtration mechanism were modeled in RELUX. Simulations
were run under various lighting conditions, including different sun angles and intensities,
to predict the system’s performance in real-world scenarios. The simulated illumination
levels and temperature profiles were compared with the experimental data to validate the
accuracy and reliability of the simulation model.

Figure 2 shows the flow chart detailing the design and implementation of the research
methodology. This chart provides a comprehensive overview of the sequential steps and
processes involved in our study. It illustrates the various stages of the research, from
initial planning and experimental setup to data collection and analysis. The flow chart also
highlights the key components and their interrelationships, offering a visual representation
of how each step integrates into the overall research framework. This aims to enhance
understanding and facilitate replication of our methodology by clearly mapping out the
entire research process.

Building
Selection

Select position of

Find suitable OFC opening

location for
parabolic reflector Feed dimensionin
RELUX software

Set Runtime

Installation of conditions
reflector

Run Simulations
Installation of Heat
Filter

Temperature and
light intensity
measurements
Installation of Compare Results
Optical Fiber cable
(OFC)

Figure 2. Flow chart of research methodology.

4. Results
4.1. Temperature Control
The infrared thermometer readings demonstrated that the heat filtration mechanism

effectively reduced the temperature of the POFs. The maximum recorded temperature
of the POFs was consistently below 40 °C, well within the safe operating range for these
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materials. Figure 3 depicting the temperature difference between ambient conditions
and the input of the optical fiber after installing the component showcases a remarkable
reduction in temperature, particularly evident during May, March, and April. The multi-
layer heat filtration system was particularly effective in reducing the thermal load. The
primary filter reduced UV radiation by approximately 70%, while the secondary and
tertiary filters collectively reduced infrared radiation by an additional 50%. This substantial
decrease, averaging around 35 degrees Celsius, signifies an exceptional improvement in
heat management within the system.
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Figure 3. Temperature comparison of ambient vs. internal at optical fiber for different months.

Such a significant reduction in temperature can be attributed to the effectiveness of the
installed component in mitigating heat transfer to the optical fiber. Overall, the substantial
decrease in temperature observed highlights the effectiveness of the installed component in
managing heat within the optical fiber system. By implementing measures to reduce heat
transfer and enhance thermal management, the component successfully maintains lower
temperatures at the fiber input, ensuring optimal performance and longevity of the optical
fiber in various environmental conditions.

4.2. Optimum [llumination Distribution

The effectiveness of the component in carrying illumination from outdoor ambient
conditions to indoor spaces is crucial for evaluating its performance. The distribution of
light was found to be highly uniform, with a standard deviation of less than 10% across the
measured points. This uniformity is critical for maintaining consistent lighting conditions
throughout the day. The lux meter readings indicated that the system achieved high
levels of illumination deep within the building. The measured illuminance varied between
500 lux to 350 lux at peak sunlight hours, ensuring sufficient lighting for typical indoor
activities. Figure 4 showcases the difference in outdoor and indoor illumination levels
providing valuable insight into the component’s efficacy. The availability of approximately
400450 lux of illumination indoors, as measured using the setup, indicates a significant
success in achieving the desired outcome.

Achieving indoor illumination levels of 400-450 lux using the setup demonstrates
the high effectiveness of the component in carrying illumination from outdoor ambient
conditions to indoor spaces. This success not only enhances visual comfort and productivity
but also promotes energy efficiency and occupant well-being, highlighting the significant
benefits of utilizing natural light in indoor environments. The ability to achieve 400-450 lux
of indoor illumination demonstrates effective daylighting, where natural light is harnessed
to illuminate indoor environments. This is particularly important for reducing reliance on
artificial lighting sources during daylight hours, leading to energy savings and environmen-
tal benefits. Adequate indoor illumination levels contribute to improved visual comfort and
productivity for occupants. By providing sufficient natural light, the component enhances
the overall indoor environment, creating a more pleasant and conducive atmosphere for
various activities. The ability of the component to deliver substantial indoor illumination
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levels ensures that occupants can reap these health-related advantages. By reducing the
need for artificial lighting, the effective transmission of natural light indoors results in cost
savings associated with energy consumption.
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Figure 4. Illumination comparison ambient vs. indoor at optical fiber for different months.

4.3. Simulation Results

Additionally, as a proof of concept, simulations using Relux software were carried out
to demonstrate the effectiveness of the setup. The RELUX simulations closely matched the
experimental results, with predicted illuminance levels within 5% of the measured values.
This high level of accuracy confirms the reliability of the simulation model in predicting
the system’s performance. The temperature profiles obtained from the simulation were
also in good agreement with the experimental data, further validating the effectiveness of
the heat filtration mechanism.

Figure 5a is the 3D model that showcases a demo room meticulously designed to serve
as a controlled environment for simulating various light sources. Its purpose revolves
around studying the behavior and impact of different lighting conditions, encompassing
natural sunlight. The design emphasizes flexibility and precision, featuring adjustable walls,
ceilings, and floors to modify the space’s dimensions, while surfaces and materials are
chosen for their reflective properties. The room houses sophisticated simulation equipment
to accurately reproduce diverse lighting scenarios, enabling researchers and designers to
analyze the effects of illumination on spaces, objects, and human perception. Figure 5b
shows the pseudo-color model depicting light distribution in the room illustrating a uniform
spread of illumination across its entirety. Through meticulous calibration and analysis,
this model accurately represents the consistent distribution of light intensity, showcasing
minimal variation or discrepancies throughout the space. Each color gradient corresponds
to specific light intensity levels, with a cohesive and balanced spectrum pervading the room.
This further asserts the usefulness of the proposed system. The pseudo-reference plane
depicted in the 2D cross-sectional representation Figure 5b illustrates a comprehensive view
of light distribution within space. This visual tool effectively demonstrates the consistency
and evenness of light intensity across different planes within the room. By showcasing how
light propagates and spreads through the environment, it offers crucial insights into the
efficacy of the new lighting system. The uniformity and balance observed in the distribution
of light along the reference plane confirm the effectiveness of the system in achieving its
intended objective of providing consistent illumination throughout the designated area.
This validation supports the system’s suitability for various applications, affirming its
capability to meet lighting requirements with precision and reliability.
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Figure 5. Simulation results: (a) 3D view of the demo room, (b) pseudo-color model showing light
distribution (lux), and (c) pseudo-reference plane.

4.4. Discussion

The primary objective of optical fibers is indeed to transfer light efficiently, rather than
heat. Optical fibers are specifically designed to guide and transmit light signals over long
distances with minimal loss and distortion. However, it is essential to acknowledge that
in practical applications, optical fibers can still be subjected to heat due to various factors,
including environmental conditions, nearby heat sources, and the intensity of light they are
transmitting. While the focus is on light transmission, heat management remains crucial
for ensuring the optimal performance and longevity of optical fibers. Excessive heat can
degrade the optical properties of the fiber, leading to signal attenuation, increased signal
noise, and even physical damage in extreme cases. Effective heat management is essential
to ensure their reliable operation and longevity. By minimizing heat-related effects, optical
fibers can maintain their efficiency and integrity, providing reliable transmission of light
signals over extended periods. In this study, the addition of a heat filtration device resulted
in a significant reduction in the temperature input to the optical fiber. This improvement
can be scientifically explained by considering the following factors:

The heat filtration device may act as a heat sink, absorbing and dissipating heat
away from the optical fiber. When optical fiber is exposed to sunlight, it absorbs radiant
energy, leading to an increase in temperature. By introducing a heat sink, the excess heat is
transferred away from the fiber, reducing its temperature. The filtration device may also
provide thermal insulation, creating a barrier between the optical fiber and external heat
sources. This insulation prevents the direct transfer of heat to the fiber, thereby reducing
its temperature. The design of the filtration device may incorporate features that increase
its surface area. A larger surface area facilitates better heat dissipation, allowing more
efficient cooling of the optical fiber. The choice of materials for the filtration device is
crucial in determining its thermal conductivity and heat dissipation capabilities. Materials
with high thermal conductivity, such as metals or heat-conductive polymers, are effective
in rapidly transferring heat away from the optical fiber. High temperatures can cause
thermal degradation of the fiber’s materials, leading to changes in its optical properties.
For example, prolonged exposure to heat can cause the fiber’s core and cladding materials
to expand or contract, altering the refractive index and affecting light transmission. The
precise positioning of the filtration device relative to the optical fiber is essential for optimal
heat reduction. Placing the part near the fiber ensures efficient heat transfer and minimizes
temperature buildup.

The overall cost of the project was USD 281.75 with the heat filtration device accounting
for USD 15.49 of that total (Table 1). When calculated as a percentage, the cost of the heat
filtration device represents 5.5% of the entire project expenditure. This indicates that a
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small portion of the project’s budget was allocated to the heat filtration device, highlighting
its relative cost-effectiveness within the broader scope of the project.

Table 1. Cost analysis of the system.

S No Item USD Cost
1 Parabolic reflector 220.42
2 Optical fiber cable 28.0
Heat filtration device
Lens 9.53
3 Base 3.57
Reflective sheet 2.38
Total 15.49
4 Other charges (installation, transportation, etc.) 17.87
5 Total setup charges 281.75

Overall, the introduction of a heat filtration device serves to enhance the thermal
management of the optical fiber within the solar daylighting system. By effectively dissi-
pating heat and providing insulation, this component contributes to maintaining lower
temperatures, thereby improving the performance and longevity of the fiber.

5. Conclusions

The combined experimental and simulation results highlight the system’s potential to
provide efficient and uniform daylighting while mitigating the risk of POF overheating. The
design demonstrated its ability to effectively manage heat, improve light transmission, and
offer numerous benefits to indoor environments, a significant advancement in enhancing
its efficacy and overall performance. Firstly, the component’s capability to mitigate heat
transfer to the optical fiber contributes to the system’s efficiency and longevity. By reducing
the temperature input to the fiber, potential heat-related damage is minimized, ensuring
prolonged operational life and durability of the optical fiber. Secondly, the improved
light transmission achieved with the component leads to enhanced indoor illumination
levels. This not only promotes visual comfort and productivity but also reduces reliance
on artificial lighting sources, resulting in energy savings and environmental sustainability.
Furthermore, the component’s ability to reduce indoor temperatures underscores its role
in contributing to thermal comfort within indoor spaces. By effectively managing heat,
occupants can enjoy a more comfortable environment, particularly during periods of
intense sunlight and high temperatures.

Opverall, the addition of the filtration device component to the optical fiber daylighting
system represents a holistic approach to optimizing the optical fiber daylighting system.
As we continue to explore innovative solutions for sustainable lighting and environmental
comfort, the integration of such components underscores our commitment to creating
healthier, more efficient indoor spaces for the well-being of occupants and the planet alike.
Although the three levels of heat filtration reduce the lighting efficiency, the guidelines
of the minimum requirement of light for a living area require around 300 to 500 lux. The
setup can efficiently deliver an average light in the daytime of around 400 lux which is well
within acceptable limits. This is useful for basements or other areas where daylight cannot
reach through windows. The filtration device helps in employing optical fibers with lower
temperature ratings. These findings suggest that the proposed parabolic solar daylighting
system, with its innovative heat filtration mechanism, is a viable solution for sustainable
and efficient daylighting in modern buildings

Future scope: Recommendations for future research include exploring advanced mate-
rials for even more effective heat filtration and optimizing the geometry of the parabolic
reflector to enhance light concentration and distribution. The relationship between the
distance from the light source and the illuminance level can be analyzed to understand
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the light attenuation characteristics of the fiber optic bundle. The impact of different heat
filtration levels on light transmission efficiency can be investigated by comparing the per-
formance with and without specific filtration components. The optimal balance between
heat dissipation and lighting effects can be explored. This includes investigating advanced
heat filtration techniques that enable maximum light transmission while preserving the
integrity of the optical fibers. By optimizing this balance, the system'’s efficiency could be
improved, allowing for broader applications in areas where both high-intensity lighting and
effective thermal management are essential. Further research and development could lead
to widespread adoption of this technology, significantly reducing the energy consumption
and environmental impact of artificial lighting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/eng5040140/s1, Figure S1: Experimental set-up of the system;
Table S1: Cost analysis of the system. Figure S2: Flow chart of research methodology.
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