
energies

Article

Development of a Dimming Lighting Control System
Using General Illumination and
Location-Awareness Technology

Heangwoo Lee 1 , Chang-ho Choi 2 and Minki Sung 3,*
1 Institute of Green Building and New Technology Mirae Environment Plan, Seoul 01905, Korea;

moonup2001@nate.com
2 Department of Architectural Engineering, Kwangwoon University, Seoul 01897, Korea; choi1967@kw.ac.kr
3 Department of Architectural Engineering, Sejong University, Seoul 05006, Korea
* Correspondence: mksung@sejong.ac.kr; Tel.: +82-2-3408-3331

Received: 29 September 2018; Accepted: 29 October 2018; Published: 1 November 2018
����������
�������

Abstract: As part of ongoing research into saving lighting energy, studies on lighting control
integrating location-awareness technologies have recently been increasing, but these have led to the
indoor illuminance imbalance problem by controlling only the lighting adjacent to the occupant.
Therefore, the purpose of this study is to develop a dimming lighting control system using general
illumination and location-awareness technology by integrating general illumination and dimming
technology with lighting control technology that is based on location-recognition, and to verify
the effectiveness of this system. This study built a full-scale test bed to evaluate the performance
of the developed technology, and derived the energy reduction rate and indoor light environment
improvement rate to evaluate the performance of dimming lighting control (Case 1), dimming lighting
control using location-awareness technology (Case 2), and dimming lighting control using general
illumination and location-awareness technology (Case 3). The conclusions are as follows. (1) Case 3
reduces lighting energy by 47.9–64.2% as compared to Case 1, and Case 3 reduces lighting energy
compared to Case 2 when there are three occupants. (2) Case 3 improves indoor light environment
comfort by increasing the uniformity by 17.8–49% compared to Case 2. These results confirm the
effectiveness of Case 3 proposed in this study.

Keywords: general illumination; lighting control; location awareness technology; performance
evaluation; energy saving

1. Introduction

Recently, the continual increase in energy consumption has been recognized as a serious problem,
along with fossil fuel resource depletion and increasing carbon emissions. In response, research
and technology development related to energy reduction are underway in various sectors, such
as buildings, transport, and industry to solve this problem [1–3]. As energy consumption in the
building sector accounts for as high as 1/2 and 1/3, respectively, of global electricity and all energy,
research, and technological developments that are related to energy reduction in the building sector
are increasing [4]. In particular, the lighting energy consumption of the building sector accounts for
25% of total energy consumption, according to the 2011 Buildings Energy Data Book from the DOE
(Department of Energy) [5]. Therefore, various studies are being performed to reduce the lighting
energy consumption in the building sector. These studies are focused on improving the efficiency of
lighting equipment [6–9], improving the application of lighting equipment [10–13], and improving
lighting control through environmental information collection sensors [14–16], which contribute to
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saving building energy. Recently, advanced technologies are coming to be integrated into the building
sector with the introduction of net-zero energy homes, which refer to buildings with zero net energy
consumption [17–20]. Moreover, technologies for lighting control and lighting energy reduction
are becoming increasingly advanced with the introduction of location tracking technologies [21,22],
connection with mobile devices [23,24], and Wireless Fidelity (Wi-Fi) technologies [25]. In particular, the
occupant location-awareness technology in this study tracks and recognizes the location information
of an occupant, which can be used to efficiently reduce lighting energy by preventing the use of
unnecessary lighting when applied to the lighting control [21]. However, in previous related studies,
the lighting control [22,25] implemented on-off and dimming controls only for lighting adjacent to the
occupant’s location. In these cases, the lights are Off for zones where occupants are not located. Such
lighting control may cause indoor illuminance imbalance, which is inappropriate, as it provides an
uncomfortable light environment to the occupant. In particular, this type of lighting control is expected
to cause a more serious illuminance imbalance during nighttime, with no natural light entering from
outside, as well as in cloudy weather conditions.

Therefore, the purpose of this study is to develop a dimming lighting control system and algorithm
while using general illumination and location-awareness technology. The study also aims to test the
effectiveness of this system in terms of lighting energy reduction and indoor light environment
improvement by building a full-scale test bed.

1.1. Lighting Method and Lighting Control Method

Lighting methods for indoor spaces can be classified into the general lighting method and the
local lighting method. The general lighting method can improve the indoor light environment by
minimizing the indoor illuminance imbalance by controlling the entire indoor space with uniform
brightness. On the other hand, the local lighting method can project a desired illuminance on the
work surface, thereby improving the lighting efficiency as compared to the general lighting method.
However, this method may reduce the light environment comfort by causing illuminance deviation
in the indoor space [26]. In this regard, the dimming lighting control using general lighting and
occupant location-awareness technology in this study monitors the occupant’s location information
and it applies general lighting in order to solve the illuminance imbalance that is caused by the local
lighting method that controls only the lighting adjacent to the occupant, thereby saving lighting energy
and improving the overall light environment.

The methods of controlling indoor artificial lighting can be divided into on-off lighting control,
sensor-based lighting control, dimming lighting control, and mixed lighting control, as shown in
Table 1 [22,27,28]. on-off lighting control is a low-cost and easy-to-install method that is operated with
a simple switch, whereas sensor-based lighting control enables automatic control by detecting the
occupant’s movement as well as the indoor and outdoor illuminance. Dimming-based lighting control
provides step-by-step illumination, which improves the visibility of the occupants and enables efficient
energy saving. Dimming-based lighting control provides a phased illuminance, which improves the
occupant’s visual comfort and enables efficient energy saving. Finally, mixed lighting control is a
method of enhancing lighting efficiency by mixing together the previous three methods. The lighting
control method that is proposed in this study is a mixed lighting control method, as it is a combination
of sensor-based lighting control and dimming-based lighting control. The reason for selecting this
combination lighting control method as the method that this study intends to develop is based on
occupant location-awareness and dimming control.
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Table 1. Air cap specifications that are provided by the manufacturer.

Classification Control Format Characteristics

on-off Lighting control Manual control Lighting control with minimal cost, easy installation, and simple
switch operation

Sensor Lighting control Automation control Lighting control based on movement of user and indoor/outdoor
information

Dimming Lighting control Manual/Automation control Lighting control enabling illumination control for effective
management of lighting energy and energy reduction

Mixed Lighting control Manual/Automation control Lighting control with mixed schemes of sensors, dimming, etc.

1.2. Technology Consideration for Implementing Location-Awareness Technology

Location recognition technology provides various occupant-oriented services by collecting and
analyzing the location information of occupants and objects, and its range of application is expanding
into various fields. The typical technologies that are used for implementing location-awareness include
triangulation, scene analysis, and proximity [29]. The location-awareness method using triangulation
basically calculates distance by using the geometrical characteristics of a triangle, which is based on
the method of measuring distance from several reference points. The location-awareness method
using scene analysis uses camera sensors, and it measures the location of the object to be analyzed
by using the characteristics of the observed scene. The scene analysis method can be divided into
the static and the differential analysis methods. The static analysis method compares the observed
scene with the environmental characteristics of the location subject in order analyze, which needs to be
stored in the database in advance, while the differential analysis method is based on the difference
between continuous scenes. Scene analysis is advantageous in that the location measurement does
not require geographical characteristics, such as distance or angle, and is possible through passive
observation. However, as the system must be aware of the scene of the target location in advance
in order to assess the location, the database must be rebuilt any time the analysis target is moved
or the environment changes. The location-awareness method using proximity refers to a method of
recognizing the location when the object to be located is near an object whose position is already
known. This method can be divided into location-awareness by physical contact and that of inferring
the location by an identification tag.

As shown in Table 2, there are three types of occupant location-awareness systems: macro
location-awareness, micro location-awareness, and ad-hoc location-awareness, depending on the
characteristics and awareness range of the occupant. When considering the size of the space and
the indoor area, Zigbee, which is a type of micro location-awareness, is considered to be suitable
for the occupant location-awareness system for indoor lighting control. Therefore, based on related
studies [21], this study adopted and applied Zigbee, which is a micro location-awareness method,
in order to implement the occupant location-awareness system and evaluate its performance.

Table 2. Classification and characteristics of location-awareness technology.

Classification of the
Location-Awareness Technology

Position of
Application

Range of
Application Characteristics

Macro method GPS Outdoor Within 10 m Suitable for outdoor environments

Micro method

Zigbee

Indoor

2–10 m

Receiver (tag) should be carried

Low installation costs

Significantly affected by environments

Active Bat Within 9 m
Requires a ceiling sensor grid

Requires possession of Bat

Active Badge Within 5 m Affected by the surrounding environment
such as sunlight interference

Radar 3–4 cm Requires a wireless NIC

Ad-hoc method Centroid Outdoor, Indoor - -
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1.3. Consideration of Previous Studies Related to Lighting Control

As shown in Table 3, research into developing efficient lighting control methods and technologies
for saving building energy [22,25,30–35] has been continuously performed, and these studies induce
efficient lighting energy reductions by considering indoor illuminance information as well as the
presence of occupants. However, these studies have thus far focused on the development or method of
a sensor network for indoor illuminance and occupancy sensing for lighting control; the actual lighting
is controlled by the presence of the occupant or only the lighting adjacent to the occupant is controlled.
Among these, studies that recognize the location of the occupant and control the lighting adjacent to
the occupant [22,25,33,35] prove that this method is effective in reducing lighting energy by blocking
unnecessary lighting control. However, these studies only examine controlling the lighting adjacent to
the occupant, which might provide an unpleasant visual environment to the occupant by inducing an
imbalance in indoor illuminance. This matter is also presented through the performance evaluation
results in Section 3.1 of this study.

Table 3. Consideration of previous studies related to lighting control.

Author (Year of Publication) Information Collected for Lighting Control Lighting Control

CF Reinhart (2004) [30] Illuminance, occupancy sensing
(occupant’s presence)

Lighting control according to occupant’s
presence

T. Leephakpreeda (2005) [31] Illuminance, occupancy sensing
(occupant’s presence)

Lighting control according to occupant’s
presence

Nagy et al. (2015) [32] Illuminance, occupancy motion sensing
(occupant’s presence)

Lighting control according to occupant
recognition (motion)

Pandharipande and Caicedo
(2015) [33]

Illuminance, occupancy sensing
(occupant’s location)

Occupant location recognition & lighting
dimming control adjacent to occupant location

Choi et al. (2015) [22] Illuminance, occupancy sensing
(occupant’s location)

Occupant location recognition & lighting
dimming control adjacent to occupant location

Peruffo et al. (2015) [34] Illuminance, occupancy sensing
(occupant’s presence)

Lighting dimming control according to
occupant’s presence

Caicedo et al. (2016) [35] Illuminance, occupancy sensing
(occupant’s location)

Occupant location recognition & lighting
dimming control adjacent to occupant location

Zou et al. (2018) [25] Illuminance, occupancy sensing
(occupant’s location)

Occupant location recognition & lighting
dimming control adjacent to occupant location

1.4. Consideration of Optimal Indoor Light Environment Standards

Maintaining a recommended level of indoor illumination is important not only in creating
a comfortable light environment, but also in reducing building energy by blocking unnecessary
lighting control [36,37]. In addition, this study needs to consider the recommended level of indoor
illumination in order to calculate the lighting energy so as to maintain the optimal indoor illumination
between performance evaluations. Therefore, this study considered the recommended levels of indoor
illumination in the U.S. and Korea [38,39], as shown in Tables 4 and 5, respectively. Although the
indoor illumination standards in the U.S. and Korea are similar in that the optimal illumination range
is specified according to the type of activity and the lighting method used, the illumination standards
of indoor space according to the classification differ in some ways. This study set 100 lx and 500 lx as
the reference measures for the local lighting control for indoor general lighting and occupant location,
respectively. These are based on the lower of the intersecting values for the illumination range of
a workplace where visual work is not frequent and the general luminance against visual work is
appropriate to the illumination standards of the U.S. and Korea. In addition, based on recommended
levels of illumination of a workplace where visual work is not frequent, the illumination standards
of the U.S. and Korea recommend maintaining 50 lx and 30 lx, respectively, in order to maintain a
comfortable indoor light environment.

In addition to maintaining a recommended level of indoor illumination, an important factor for
improving the indoor light environment is the uniformity of the indoor illumination. The uniformity is
a value indicating the uniformity of the indoor illuminance, and the international standards recommend
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maintaining uniformity above 0.5 [40]. It is also recommended to maintain a minimum uniformity of
1/3 in spaces where lighting control is performed.

Table 4. Illuminating Engineering Society (IES) indoor illumination standards.

Type of Activity
Range of Illuminance (lx)

Reference Work Plane
Minimum Standard Maximum

Simple orientation for
short/temporary visits 50 75 100

General lighting
throughout spacesWorking spaces where visual tasks

are only occasionally performed 100 150 200

Performance of visual tasks of
medium contrast 500 750 1000 Illuminance on task

Table 5. KS A 3011 Recommended levels of illumination.

Type of Activity
Illumination Range (lx) Reference Work Surface

Lighting MethodMinimum Standard Maximum

Workplace where visual work is
not frequent 60 100 150 General lighting of space

2. Proposal and Performance Evaluation Environment Setting

2.1. The Concept of the Dimming Lighting Control Using General Lighting and Occupant
Location-Awareness Technology

As shown in Figure 1, the dimming lighting control using general lighting and occupant
location-awareness technology that is proposed in this study can be classified into occupant location
recognition, indoor illumination information collection, and lighting control. The main contents are
as follows.
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Figure 1. The concept of the lighting control system applying general illumination and
location-awareness technology.

First, the lighting control server of the lighting control system that is proposed in this study
tracks the occupant’s location from the moment that he/she enters the room, and then monitors the
occupant’s location information in real-time. However, errors may occur in recognizing the occupant’s
location due to environmental factors, such as physical obstacles and the movement of the target.
Therefore, this study divided the indoor space into a specific number of zones according to the size
and characteristics of the space rather than collecting the exact coordinates of the occupant’s location.
This arrangement enables the recognition of the zone in which the occupant is located so as to confirm
the occupant’s location. Second, this study installed an illuminance sensor in each zone in order to
collect indoor illumination information, and moved on to the lighting control phase by collecting the
measured values of the illuminance sensor when the occupant would enter the room. The standards
for the lighting control based on general lighting and occupant location-awareness in this study are
100 lx and 500 lx, respectively, as previously mentioned in Section 1.4. Third, the lighting control that is
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connected to the illuminance sensor in each zone is implemented in two steps according to the general
lighting control and local lighting by recognizing the location of the occupant. The lighting control
procedure is as follows: The first step of the lighting control that is performed when the occupant
enters the room is the general lighting control, which maintains the measured indoor illumination
value at 100 lx, regardless of the location information of the occupant. When the measured value of
the illuminance sensor with the lowest illuminance value is below 100 lx, the general lighting control
is designed to increase the dimming phase sequentially from the lighting that is connected to the
illuminance sensor showing the minimum illuminance value. The general lighting control ends when
the measured values of all of the illuminance sensors during this process are 100 lx or higher. We then
proceed to the second step, which is the local lighting control according to occupant location recognition.
However, the general lighting control of this study assumes that the illuminance decreases as the
distance from the window increases. Thus, the lighting dimming control is performed sequentially from
the zones that are distant from the window. The second step of the lighting dimming control according
to occupant location recognition measures the illuminance of the zone where the occupant is located
and it sequentially increases the dimming control phase so as to satisfy 500 lx when the illuminance is
below 500 lx. This two-step lighting control method not only improves indoor illuminance imbalance,
but it also allows for efficient energy reduction through location-based lighting control.

2.2. Algorithm Development for the Dimming Lighting Control Using General Lighting and Occupant
Location-Awareness Technology

As shown in Figure 2, an algorithm was developed to implement the dimming lighting control using
general lighting and occupant location-awareness technology proposed in this study. This algorithm is
divided into three major stages: the general lighting control, occupant location recognition, and the local
lighting control based on occupant location recognition for application. The details are as follows.
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First, the general lighting control is performed when the occupant first enters the room as the
initial step of the lighting control. This general lighting control was designed to increase the dimming
level of the lighting sequentially, so as to satisfy an illuminance of 100 lx or higher in all zones in the
indoor space. However, since the lighting control of a particular zone can affect all of the spaces, the
general lighting control performs the dimming lighting control sequentially from zones that are distant
from the lighting window. This lighting control takes place prior to occupant location recognition,
which minimizes the deterioration of indoor light environment comfort due to the lack of illuminance
and any illuminance imbalance when the occupant enters the room. Second, the occupant location
information recognition stage was designed to sequentially check the presence of an occupant, and
when two or more occupants enter the room, the process of collecting occupant location information is
repeated for each occupant. Third, the lighting that is associated with the zone where the occupant is
located is controlled, and if the illuminance of the corresponding zone is below 500 lx, the dimming
level of the lighting is sequentially increased to 500 lx. In addition, the system that is proposed in
this study was designed to locate the occupant and control the lighting in one-minute intervals for
performance evaluation. Therefore, adjustments will be necessary before this lighting control can be
applied to an actual environment.

2.3. Performance Evaluation Environment Settings

This study established a full-scale test bed in order to evaluate the performance of the dimming
lighting control while using general lighting and occupant location-awareness technology. The reason
for adopting the performance evaluation method through a full-scale test bed is that it calculates
the lighting energy consumption according to the implementation of the location-awareness system
for lighting control and lighting equipment control. The size of the test bed built for performance
evaluation was 4.9 m wide, 2.5 m high, and 6.6 m deep, as shown in Table 6 and Figure 3, and the
size of the lighting window was 1.9 m wide and 1.7 m high. In addition, a blind (shading device)
was installed on the lighting window in order to create an environment that is similar to actual
conditions, and the angle of the slats of the blind was set to 90◦ for the performance evaluation. As the
position of the lighting in the test bed was based on the IES four-point method [38], this study installed
four LED-type lights, which offer an eight-step dimming control. The conical illuminance and light
distribution of the lighting built for this study are shown in Figure 4. The illuminance distribution
of the Zone set in this study will reach 500 lx through the eight-step dimming lighting control of the
lighting connected to each Zone, even at night when no natural light enters the room. In addition, the
occupant location-awareness system and the lighting control system of this study were implemented
in cooperation with Samsung in Korea. The occupant location-awareness system built on the test bed
consists of one master sensor and six detector sensors that collect Zigbee-type tags as well as occupant
location information. In addition, the occupant location-awareness system in this study divides the
location into four zones based on the occupant location information collected, and the division of the
zones was determined after considering the error rate for occupant location awareness and the size of
the space. In order to evaluate the performance according to the lighting control, this study linked
Lighting 1, Lighting 2, Lighting 3, and Lighting 4 to Zone 1, Zone 2, Zone 3, and Zone 4, respectively,
and the lighting of each zone was controlled according to the measurements of the illuminance sensors
in that zone. The locations of the illuminance sensors were adjusted based on research showing
that indoor average illuminance measurement is effective at a distance of 4.4 m from the lighting
window [41], and four sensors were installed, as shown in Figure 5. In addition, the illuminance
sensors were positioned 750 mm from the floor in consideration of the height of the working surface.
This study established an energy monitoring system to monitor the energy consumption according to
the lighting control, and the margin of error of the energy monitoring system is within 2%. This study
installed an artificial solar irradiation system that can adjust the height, angle, and light quantity of
the artificial light source outside the lighting window in order to create an outdoor light environment.
Although the artificial solar irradiation system that was used in this study may differ from the Sun, the
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reasons for using this artificial solar irradiation system between performance evaluations are as follows:
First, this study compares and analyzes the performance of lighting energy reduction for various
lighting control methods, and accordingly, the same external environment should be created for the
performance evaluation for each lighting control method; creating an artificial environment is an easy
and effective way to maintain the same external environment between these performance evaluations.
Second, the artificial solar irradiation system that is used in this study can obtain valid results between
performance evaluations, as it received an A-grade for measurement uniformity according to ASTM
E927-85. However, the artificial solar irradiation system was not capable of simulating the azimuth of
the Sun. Therefore, the performance evaluation was only performed under a full south aspect.

Table 6. Overview of test bed, chamber.

Item Specification

Room size and material
- Size: 4.9 m (W) × 6.6 m (D) × 2.5 m (H)
- Room reflection factors: Ceiling 86%, Wall 46%, Floor 25%

Window size and material

- Size: 1.9 m (W) × 1.7 m (H)
- Type: Double glazed 12 mm (3 CL + 6 A + 3 CL), Blind installation (slats

angle −90◦)
- Transmissivity: 80%

Occupant location-awareness system - Master sensor 1ea, detector sensor 6ea, Zigbee tag 3ea

Lighting

- Type: Eight-level dimming (LED type) 4ea, 600 × 600 mm
- Dimming range: 10–100%
- Energy consumption for phased light dimming: 12.3 kWh (Level 1), 18.3

kWh (Level 2), 22.0 kWh (Level 3), 27.7 kWh (Level 4), 34.0 kWh (Level 5),
38.5 kWh (Level 6), 42.6 kWh (Level 7), and 50.8 kWh (Level 8)

Illuminance sensor
- Sensing element: Silicon photo sensor, with filter
- Detection range: 0–200,000 lx
- Precision: ±3%

Artificial solar Light Radiation
Apparatus

- Precision of solar light radiation: Grade A (according to ASTM E927-85)
- Range of illumination: 0–80,000 lx
- Directions: South aspect

Energy monitoring system

- Measurement capacity: Single phase (220 V, 1–50 A)
- Error rate: Within 2.0%
- Measurement items: Power/voltage/current, real-time, and

accumulated amount
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awareness system 
- Master sensor 1ea, detector sensor 6ea, Zigbee tag 3ea 

Lighting 

- Type: Eight-level dimming (LED type) 4ea, 600 × 600 mm 

- Dimming range: 10–100% 

- Energy consumption for phased light dimming: 12.3 kWh (Level 1), 18.3 kWh (Level 2), 22.0 

kWh (Level 3), 27.7 kWh (Level 4), 34.0 kWh (Level 5), 38.5 kWh (Level 6), 42.6 kWh (Level 

7), and 50.8 kWh (Level 8) 

Illuminance sensor 

- Sensing element: Silicon photo sensor, with filter 

- Detection range: 0–200,000 lx 

- Precision: ±3% 

Artificial solar Light 

Radiation Apparatus 

- Precision of solar light radiation: Grade A (according to ASTM E927-85) 

- Range of illumination: 0–80,000 lx 

- Directions: South aspect 

Energy monitoring 

system 

- Measurement capacity: Single phase (220 V, 1–50 A) 

- Error rate: Within 2.0% 

- Measurement items: Power/voltage/current, real-time, and accumulated amount 

 

Figure 3. Overview of test bed and measurement apparatus. 

 

Figure 4. Light distribution and conical illuminance and of lighting. Figure 4. Light distribution and conical illuminance and of lighting.
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The performance evaluation was limited to summer, because the energy consumption of the
building sector during summer is high. In addition, indoor lighting control is particularly important
in summer, when the amount of natural light entering the room is low due to the high altitude [42].
Based on related studies [43,44], the external illuminance settings for each hour during summer were
set from 10:00 to 15:00 in the daytime and from 20:00 to 23:00 at night, respectively, as shown in Table 7.

Table 7. The external illuminance and meridian altitude during summer by time period.

Item Daytime Nighttime

Time 10:00–12:00 12:00–13:00 13:00–15:00 20:00–23:00
External illuminance 70,000 lx 80,000 lx 70,000 lx 0 lx

Meridian altitude 76◦

2.4. Performance Evaluation Method

This study proposes a dimming lighting control system using general lighting and occupant
location-awareness technology, and conducted a performance evaluation for lighting energy reduction
and light environment improvement using a full-scale test bed. For this purpose, the performance
evaluation method of this study was set as follows based on related studies [45,46].

First, this study compared and analyzed the performance of the dimming lighting control and
the dimming lighting control using location-awareness technology in order to verify the effectiveness
of the dimming lighting control using general lighting and occupant location-awareness technology.
For this purpose, this study set the dimming lighting control, dimming lighting control while using
location-awareness technology, and the dimming lighting control using general lighting and occupant
location-awareness technology as Case 1, Case 2, and Case 3, respectively, as shown in Table 8.
The application of location-awareness technology and general lighting yields the result of this study.
Second, this study performed a performance evaluation for one to three occupants in order to evaluate
the energy reduction performance of the lighting control according to occupant location recognition.
The occupant’s location was the same for each performance evaluation. However, this study assumed
that the occupants moved every 30 min, and in the case of three occupants, only two persons were
ever located in the same zone, considering the size of the zone. Third, this study calculated the amount
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of lighting energy consumption for each case, and the criteria for the lighting equipment control level
and lighting energy consumption calculation derived from each case are as follows: The dimming
lighting control (Case 1) in this study monitored the indoor illumination when the occupant entered
the room and implemented the lighting control if the minimum value of the measured illumination
is below 500 lx, regardless of the occupant location recognition. In addition, the dimming lighting
control (Case 1) controlled all of the lights to the same level, and sequentially increased the lighting
dimming level such that the indoor illuminance sensor value was above 500 lx. The lighting control
ended when all of the measurements of indoor illumination reached 500 lx, and the lighting energy
consumption of the dimming lighting control (Case 1) was derived by reflecting the level of control.
The dimming lighting control using location-awareness technology (Case 2) was configured based
on related research [22,25,33,35], and it worked by tracking the occupant’s location upon entry to the
room, then implementing the lighting control if the illumination in the zone where the occupant was
located was below 500 lx. The dimming lighting control using location-awareness technology (Case 2)
independently controlled the lighting connected to each zone, and only raised the lighting dimming
level of the zone where the occupant was located until it reached 500 lx. The lighting control and
power consumption at this time were calculated and reflected in the performance evaluation results of
the dimming lighting control using location-awareness technology (Case 2). However, when two or
more occupants were not in the same zone in Case 2, the lighting control was first applied in the zone
with the lower illuminance value, and then subsequently applied in the other zones. For example,
when occupants were located in Zone 1 and Zone 2, and the illuminances of Zone 1 and Zone 2 were
300 lx and 400 lx, respectively, the dimming lighting control using location-awareness technology
(Case 2) implemented lighting control, as follows: First, among the zones where occupants were
recognized, the dimming level of the light connected to Zone 1, where the illuminance value was
low, was raised until it reached 500 lx. Next, the illuminance of Zone 2 was remeasured in order
to check if it satisfied 500 lx, since the illuminance of Zone 1 can influence that of Zone 2 to satisfy
500 lx. If the illuminance of Zone 2 did not satisfy 500 lx after the lighting control was performed for
Zone 1, the lighting dimming level of the light connected to Zone 2 was raised until it reached 500 lx.
The lighting control ended when the illuminances of Zone 1 and Zone 2 both satisfied 500 lx, and
the power consumption was calculated based on these results. The dimming lighting control using
general lighting and occupant location-awareness technology (Case 3) was implemented using the
control methods presented in Sections 2.1 and 2.2. Fourth, this study analyzed the uniformity of each
case in order to derive the indoor light environment improvement rate according to the application of
location-awareness technology, and the indoor uniformity of this study was calculated as the minimum
illuminance for the average illumination.

Table 8. Case setting for performance evaluation.

Item Dimming Lighting
Control (Case 1)

Dimming Lighting Control
Using Location-Awareness

Technology (Case 2)

Dimming Lighting Control
Using General Lighting
and Location-Awareness

Technology (Case 3)

Dimming control Considered Considered Considered
Location-awareness technology Not considered Considered Considered

General lighting control Not considered Not considered Considered

3. Performance Evaluation Results and Discussion

3.1. Performance Evaluation Results

As shown in Tables 9–11, this study derived the lighting energy consumption and indoor uniformity
for the dimming lighting control (Case 1), dimming lighting control using location-awareness technology
(Case 2), and the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3). The details are as follows.
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Table 9. Performance evaluation results based on one occupant.

Time

Location
Awareness (Zone) Dimming Lighting Control (Case 1) Dimming Lighting Control Using

Location-Awareness Technology (Case 2)
Dimming Lighting Control Using General Lighting

and Location-Awareness Technology (Case 3)

1-2-3-4 L. C./I. C.E L. C./I. C.E U.R L. C./I. C.E U.R

10:00 #-X-X-X 6+6+6+6/
582-867-660-1046 77 8+Off+Off+Off/

521-368-272-508 25 0.652 8+Off+Off+Off/
521-368-272-508 25 0.652

10:30 X-#-X-X 6+6+6+6/
582-867-660-1046 77 Off+4+Off+Off/

43-561-101-557 14 0.137 1+3+Off+Off/
121-500-130-545 17 0.375

11:00 X-#-X-X 6+6+6+6/
594-909-670-1125 77 Off+3+Off+Off/

47-537-109-623 11 0.144 1+3+Off+Off/
133-542-140-624 17 0.371

11:30 X-X-#-X 6+6+6+6/
594-909-670-1125 77 Off+Off+7+Off/

150-353-547-584 21 0.367 1+Off+6+Off/
213-356-519-577 25 0.513

12:00 #-X-X-X 6+6+6+6/
594-909-670-1125 77 8+Off+Off+Off/

533-409-282-587 25 0.623 8+Off+Off+Off/
533-409-282-587 25 0.623

12:30 X-X-#-X 6+6+6+6/
594-909-670-1125 77 Off+Off+7+Off/

150-353-547-584 21 0.367 1+Off+6+Off/
213-356-519-577 25 0.513

13:00 X-X-X-# 6+6+6+6/
594-909-670-1125 77 Off+Off+Off+Off/

32-330-101-554 0 0.127 1+Off+Off+Off/
118-335-132-555 6 0.415

13:30 #-X-X-X 6+6+6+6/
594-909-670-1125 77 8+Off+Off+Off/

533-409-282-587 25 0.623 8+Off+Off+Off/
533-409-282-587 25 0.623

14:00 X-#-X-X 6+6+6+6/
594-909-670-1125 77 Off+3+Off+Off/

47-537-109-623 11 0.144 1+3+Off+Off/
133-542-140-624 17 0.371

14:30 X-X-#-X 6+6+6+6/
582-867-660-1046 77 Off+Off+6+Off/

138-311-537-506 21 0.370 1+Off+6+Off/
201-314-509-498 21 0.530

15:00 X-X-X-# 6+6+6+6/
582-867-660-1046 77 Off+Off+Off+1/

23-319-95-598 6 0.089 1+Off+Off+1/
109-324-126-599 12 0.377

20:00 #-X-X-X 6+6+6+6/
561-578-569-570 77 8+Off+Off+Off/

521-78-181-29 25 0.147 8+1+Off+1/
527-176-188-178 38 0.660

20:30 X-#-X-X 6+6+6+6/
561-578-569-570 77 Off+8+Off+Off/

71-540-27-135 25 0.144 2+8+1+Off/
251-547-164-141 41 0.514

21:00 X-X-#-X 6+6+6+6/
561-578-569-570 77 Off+Off+8+Off/

135-27-511-38 25 0.154 2+2+7+1/
273-201-574-206 46 0.641

21:30 X-X-X-# 6+6+6+6/
561-578-569-570 77 Off+Off+Off+8/

24-154-46-517 25 0.129 2+2+2+7/
214-298-185-565 49 0.586

22:00 #-X-X-X 6+6+6+6/
561-578-569-570 77 8+Off+Off+Off/

521-78-181-29 25 0.147 8+1+Off+1/
527-176-188-178 38 0.660

22:30 X-#-X-X 6+6+6+6/
561-578-569-570 77 Off+8+Off+Off/

71-540-27-135 25 0.144 2+7+2+Off/
170-537-197-149 41 0.567

Total consumption of electric power = 1.309 kWh Total consumption of electric power = 0.330 kWh Total consumption of electric power = 0.468 kWh
Average uniformity ratio of illumination = 0.818 Average uniformity ratio of illumination = 0.265 Average uniformity ratio of illumination = 0.531

Legend: L. C. = Light Control (Lighting 1 Dimming level + Lighting 2 Dimming level + Lighting 3 Dimming level + Lighting 4 Dimming level). I. = Illumination (Illumination sensor 1
value-Illumination sensor 2 value-Illumination sensor 3 value-Illumination sensor 4 value). C.E = Consumption of electric power. U.R = Uniformity ratio of illumination.
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Table 10. Performance evaluation results based on two occupants.

Time

Location
Awareness (Zone) Dimming Lighting Control (Case 1) Dimming Lighting Control Using Location-Awareness Technology

(Case 2)
Dimming Lighting Control Using General Lighting

and Location-Awareness Technology (Case 3)

1-2-3-4 L. C./I. C.E L. C./I. C.E U.R L. C./I. C.E U.R

10:00 }-X-X-X 6+6+6+6/
582-867-660-1046 77 8+Off+Off+Off/

521-368-272-508 25 0.652 8+Off+Off+Off/
521-368-272-508 25 0.652

10:30 X-#-X-# 6+6+6+6/
582-867-660-1046 77 Off+4+Off+Off/

43-561-101-557 14 0.137 1+3+Off+Off/
121-500-130-545 17 0.375

11:00 X-#-#-X 6+6+6+6/
594-909-670-1125 77 Off+3+7+Off/

165-559-555-653 32 0.342 1+3+7+Off/
229-562-527-645 32 0.466

11:30 X-X-}-X 6+6+6+6/
594-909-670-1125 77 Off+Off+7+Off/

150-353-547-584 21 0.367 1+Off+6+Off/
213-356-519-577 25 0.513

12:00 #-X-X-# 6+6+6+6/
594-909-670-1125 77 8+Off+Off+Off/

533-409-282-587 25 0.623 8+Off+Off+Off/
533-409-282-587 25 0.623

12:30 X-X-#-# 6+6+6+6/
594-909-670-1125 77 Off+Off+7+Off/

150-353-547-584 21 0.367 1+Off+6+Off/
213-356-519-577 25 0.513

13:00 X-X-X-} 6+6+6+6/
594-909-670-1125 77 Off+Off+Off+Off/

32-330-101-554 0 0.127 1+Off+Off+Off/
118-335-132-555 6 0.415

13:30 #-#-X-X 6+6+6+6/
594-909-670-1125 77 8+2+Off+Off/

541-541-287-629 35 0.575 8+2+Off+Off/
541-541-287-629 35 0.575

14:00 X-}-X-X 6+6+6+6/
594-909-670-1125 77 Off+3+Off+Off/

47-537-109-623 11 0.144 1+3+Off+Off/
133-542-140-624 17 0.371

14:30 X-X-#-# 6+6+6+6/
582-867-660-1046 77 Off+Off+7+Off/

138-311-537-506 21 0.370 1+Off+6+Off/
201-314-509-498 25 0.530

15:00 #-X-X-# 6+6+6+6/
582-867-660-1046 77 8+Off+Off+Off/

521-368-272-508 25 0.652 8+Off+Off+Off/
521-368-272-508 25 0.652

20:00 #-#-X-X 6+6+6+6/
561-578-569-570 77 8+7+Off+Off/

555-522-205-156 47 0.433 8+4+1+Off/
554-507-235-209 45 0.555

20:30 X-}-X-X 6+6+6+6/
561-578-569-570 77 Off+8+Off+Off/

71-540-30-135 25 0.158 2+8+1+Off/
251-547-164-141 41 0.514

21:00 X-X-#-# 6+6+6+6/
561-578-569-570 77 Off+Off+8+7/

156-168-542-502 47 0.457 2+2+7+7/
292-294-535-539 61 0.704

21:30 X-#-X-# 6+6+6+6/
561-578-569-570 77 Off+8+Off+5/

81-655-48-508 42 0.151 2+8+1+5/
262-662-195-514 58 0.479

22:00 }-X-X-X 6+6+6+6/
561-578-569-570 77 8+Off+Off+Off/

521-78-181-32 25 0.162 8+1+Off+1/
527-176-188-178 38 0.660

22:30 X-#-#-X 6+6+6+6/
561-578-569-570 77 Off+8+8+Off/

206-570-542-174 51 0.466 2+7+8+Off/
334-565-530-179 56 0.445

Total consumption of electric power = 1.309 kWh Total consumption of electric power = 0.467 kWh Total consumption of electric power = 0.556 kWh
Average uniformity ratio of illumination = 0.818 Average uniformity ratio of illumination = 0.364 Average uniformity ratio of illumination = 0.532

Legend: } = two occupants located in the same zone. L. C. = Light Control (Lighting 1 Dimming level + Lighting 2 Dimming level + Lighting 3 Dimming level + Lighting 4 Dimming
level). I. = Illumination (Illumination sensor 1 value-Illumination sensor 2 value-Illumination sensor 3 value-Illumination sensor 4 value). U.R = Uniformity ratio of illumination.
C.E = Consumption of electric power.
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Table 11. Performance evaluation results based on three occupants.

Time
Location

Awareness (Zone) Dimming Lighting Control (Case 1) Dimming Lighting Control Using
Location-Awareness Technology (Case 2)

Dimming Lighting Control Using General Lighting
and Location-Awareness Technology (Case 3)

1-2-3-4 L. C./I. C.E L. C./I. C.E U.R L. C./I. C.E U.R

10:00 }-X-X-# 6+6+6+6/
582-867-660-1046 77 8+Off+Off+Off/

521-368-272-508 25 0.652 8+Off+Off+Off/
521-368-272-508 25 0.652

10:30 X-#-#-# 6+6+6+6/
582-867-660-1046 77 Off+3+7+Off/

153-517-545-575 32 0.342 1+2+4+Off/
217-501-503-576 29 0.483

11:00 X-#-}-X 6+6+6+6/
594-909-670-1125 77 Off+3+7+Off/

165-559-555-653 32 0.342 1+3+7+Off/
229-562-527-645 32 0.466

11:30 X-X-}-# 6+6+6+6/
594-909-670-1125 77 Off+Off+7+Off/

150-353-547-584 21 0.367 1+1+6+Off/
213-356-519-577 25 0.513

12:00 #-#-X-# 6+6+6+6/
594-909-670-1125 77 8+2+Off+Off/

541-541-287-629 35 0.575 6+2+1+Off/
503-521-287-679 34 0.578

12:30 #-X-}-X 6+6+6+6/
594-909-670-1125 77 8+Off+4+Off/

612-422-557-596 39 0.772 8+Off+4+Off/
612-422-557-596 39 0.772

13:00 X-#-#-# 6+6+6+6/
594-909-670-1125 77 Off+3+7+Off/

165-567-621-661 32 0.328 1+2+5+Off/
209-502-564-605 32 0.444

13:30 #-#-#-X 6+6+6+6/
594-909-670-1125 77 8+2+4+Off/

620-553-562-638 48 0.932 8+2+4+Off/
620-553-562-638 48 0.932

14:00 X-}-X-# 6+6+6+6/
594-909-670-1125 77 Off+3+Off+Off/

47-537-109-623 11 0.144 1+3+Off+Off/
133-542-140-624 17 0.371

14:30 X-X-#-} 6+6+6+6/
582-867-660-1046 77 Off+Off+7+Off/

138-311-537-506 21 0.370 1+Off+6+Off/
201-314-509-498 25 0.530

15:00 #-X-#-# 6+6+6+6/
582-867-660-1046 77 8+Off+4+Off/

600-380-547-518 39 0.744 8+Off+4+Off/
600-380-547-518 39 0.744

20:00 #-#-#-X 6+6+6+6/
561-578-569-570 77 8+7+6+Off/

651-542-592-177 64 0.361 8+7+6+Off/
651-542-592-177 64 0.361

20:30 #-}-X-X 6+6+6+6/
561-578-569-570 77 8+7+Off+Off/

555-522-205-156 47 0.433 8+4+1+Off/
554-507-235-196 45 0.525

21:00 #-X-#-# 6+6+6+6/
561-578-569-570 77 8+Off+6+7/

618-237-599-518 66 0.481 8+1+6+5/
600-166-572-501 68 0.362

21:30 X-#-#-# 6+6+6+6/
561-578-569-570 77 Off+8+8+4/

212-662-556-500 65 0.441 2+6+5+2/
384-551-530-510 55 0.777

22:00 }-#-X-X 6+6+6+6/
561-578-569-570 77 8+7+Off+Off/

555-522-205-156 47 0.433 8+4+1+Off/
554-507-235-196 45 0.525

22:30 #-#-X-# 6+6+6+6/
561-578-569-570 77 8+7+Off+5/

572-734-230-541 64 0.480 8+5+1+3/
602-640-344-513 60 0.656

Total consumption of electric power = 1.309 kWh Total consumption of electric power = 0.688 kWh Total consumption of electric power = 0.682 kWh
Average uniformity ratio of illumination = 0.818 Average uniformity ratio of illumination = 0.480 Average uniformity ratio of illumination = 0.570

Legend: } = two occupants located in the same zone. L. C. = Light Control (Lighting 1 Dimming level + Lighting 2 Dimming level + Lighting 3 Dimming level + Lighting 4 Dimming
level). I. = Illumination (Illumination sensor 1 value-Illumination sensor 2 value-Illumination sensor 3 value-Illumination sensor 4 value). U.R = Uniformity ratio of illumination.
C.E = Consumption of electric power.
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First, the dimming lighting control (Case 1) showed the same lighting energy consumption of
1.309 kWh regardless of the number of occupants, as no occupant location recognition was applied.
In addition, the lighting control level was maintained at the same dimming level of 6 during both day
and night.

Second, the dimming lighting control using location-awareness technology (Case 2) reflects the
occupant’s location information. Accordingly, the lighting energy consumption levels for one occupant,
two occupants, and three occupants varied significantly at 0.334 kWh, 0.467 kWh, and 0.688 kWh,
respectively. In addition, the lighting control and lighting equipment energy consumption varied
depending on the occupant’s location during the day and night.

Third, the lighting energy consumption of the dimming lighting control using general lighting
and occupant location-awareness technology (Case 3) was 0.468 kWh, 0.556 kWh, and 0.682 kWh,
respectively, for one occupant, two occupants, and three occupants. The lighting energy consumption
of the dimming lighting control using general lighting and occupant location-awareness technology
(Case 3) was lower than the dimming lighting control (Case 1), but higher than the dimming lighting
control using location-awareness technology (Case 2). However, in the case of three occupants, the
lighting energy consumption of the dimming lighting control using general lighting and occupant
location-awareness technology (Case 3) was 0.006 kWh less than that of the dimming lighting control
using location-awareness technology (Case 2).

Fourth, this study identified the uniformity through the distribution of indoor illumination
according to each lighting control, and the average indoor uniformity of the dimming lighting control
(Case 1) was 0.818. In addition, as shown in Tables 9–11, the average indoor uniformities of the dimming
lighting control using location-awareness technology (Case 2) for one occupant, two occupants,
and three occupants were 0.271, 0.358, and 0.480, respectively. These results demonstrate that an
uncomfortable light environment might be created when lighting control is performed only for the
lighting adjacent to the occupant, as previously mentioned in Section 1.3. In addition, in the case of one
occupant during the nighttime, the minimum indoor illumination was below 30 lx for the dimming
lighting control using location-awareness technology (Case 2), which is below the recommended level
of illumination for a “workplace for simple work for a short time” of 30 lx considered in Section 1.4;
this results in a uncomfortable visual environment. In contrast, the dimming lighting control using
general lighting and occupant location-awareness technology (Case 3) showed indoor uniformities of
0.531, 0.528, and 0.584, respectively, for one occupant, two occupants, and three occupants.

3.2. Discussion on the Performance Evaluation Results

This study developed a dimming lighting control system using general lighting and occupant
location-awareness technology (Case 3). The objective was to solve the problems of illuminance
imbalance and indoor light environment deterioration that are caused by conventional lighting
control methods based on occupant location recognition, which control only the lighting adjacent
to the occupant. The dimming lighting control system using general lighting and occupant
location-awareness technology (Case 3) first implements general lighting when the occupant enters the
room so that the illumination of the indoor space satisfies the minimum recommended illumination
of 100 lx for “working spaces where visual tasks are only occasionally performed”. Subsequently, an
illumination of 500 lx is provided for visual work by controlling the lighting adjacent to the occupant.
This not only reduces the lighting energy efficiency but it also addresses the illuminance imbalance
problem. This study conducted a performance evaluation for verification, and the results derived
earlier are discussed below.

First, the dimming lighting control (Case 1) shows the same level of lighting control both day
and night during summer because of the low amount of light entering the room due to the high solar
altitude. This is also why the dimming lighting control (Case 1) in this study controls the lighting at
the same level, so as to ensure that the measurements of all illuminance sensors satisfy 500 lx.
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Second, the dimming lighting control using location-awareness technology (Case 2) tracks the
occupant’s location and only controls the lighting in the zone where the occupant is located. Therefore,
as shown in Figure 6, Case 2 can efficiently reduce lighting energy by 47.4–74.8% as compared to the
dimming lighting control (Case 1). In particular, the dimming lighting control using location-awareness
technology (Case 2) does not implement any lighting control in Zone 4, where the illuminance is
always high during the daytime, as it is near the lighting window. This explains the increased efficiency
of lighting energy reduction.

Third, the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3) developed through this study can reduce lighting energy by 47.9–64.2% as
compared to the dimming lighting control (Case 1). The dimming lighting control using general
lighting and occupant location-awareness technology (Case 3) implements not only the lighting control
according to the occupant’s location, but also implements the lighting control in advance. As a result,
the illuminance of the overall indoor space satisfies 100 lx, and the lighting energy consumption is
increased as compared to the dimming lighting control using location-awareness technology (Case 2).
However, as shown in Figure 6, the rate of increase of lighting energy consumption of the dimming
lighting control using general lighting and occupant location-awareness technology (Case 3) is lower
compared to the dimming lighting control using location-awareness technology (Case 2) as the number
of occupants increases. In particular, in the case of 3 occupants, the lighting energy consumption of the
dimming lighting control using general lighting and occupant location-awareness technology (Case 3)
is lower than that of the dimming lighting control while using location-awareness technology (Case 2).
Although the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3) uses a relatively larger number of lightings as compared to the dimming lighting
control using location-awareness technology (Case 2), the dimming level of each lighting is controlled
at a low level. In contrast, the dimming lighting control using location-awareness technology (Case
2) controls a smaller number of lightings compared to the dimming lighting control using general
lighting and occupant location-awareness technology (Case 3), but each lighting requires a relatively
higher dimming level. This demonstrates the effectiveness of the dimming lighting control using
general lighting and occupant location-awareness technology (Case 3) that was developed through
this study. Furthermore, the developed technology will remain effective when applied to spaces with a
large number of occupants.
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Fourth, as shown in Figure 7, the lighting control according to occupant location recognition
reduced the uniformity, as compared to the dimming lighting control (Case 1) in which the lightings
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are collectively controlled to the same level. Accordingly, the average uniformity of the dimming
lighting control using location-awareness technology (Case 2) does not satisfy the recommended level
of indoor uniformity (0.5), referred to in Section 1.4. As the uniformity level is irrespective of the
number of occupants, it is therefore analyzed to be an uncomfortable light environment. Particularly
in the case of one occupant, the average indoor uniformity of the dimming lighting control using
location-awareness technology (Case 2) is below 0.3, which is deemed to be an unsuitable indoor
light environment. However, the dimming lighting control using general lighting and occupant
location-awareness technology (Case 3) proposed in this study first implements general lighting in
order to partially improve the illuminance imbalance problem, and it satisfies the uniformity of 0.5 or
higher, regardless of the number of occupants. In addition, the dimming lighting control using general
lighting and occupant location-awareness technology (Case 3) improves the indoor uniformity by
17.8–49.0% depending on the number of occupants compared to the dimming lighting control using
location-awareness technology (Case 2). This indicates that the use of a lighting control system that
employs occupant location recognition improves the illuminance imbalance problem.
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Fifth, in summary of the contents above, the dimming lighting control using general lighting and
occupant location-awareness technology (Case 3) proposed in this study is shown to be a significant
lighting control method that can reduce lighting energy and improve indoor uniformity.

4. Conclusions

This study developed a dimming lighting control system using general lighting and occupant
location-awareness technology (Case 3). The objective was to improve the illuminance imbalance
problem caused by lighting control focused only on the occupant’s location. This study verified the
effectiveness of the proposed method by conducting a performance evaluation on lighting energy
reduction and uniformity improvement using a full-scale test bed. The conclusion is as follows.

First, the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3) developed through this study is a system that is capable of reducing lighting
energy and improving indoor uniformity by ensuring the overall illumination of the indoor space
through the general lighting control of the indoor space and the local lighting control of the zone where
the occupant is located, according to occupant location recognition.

Second, the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3) can reduce lighting energy by 47.9–64.2% as compared to the dimming lighting
control (Case 1), thus enabling efficient lighting energy reduction.

Third, the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3) shows a higher lighting energy consumption when compared to the dimming
lighting control using location-awareness technology (Case 2), which simply performs lighting control
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in the zone where the occupant is located. However, the rate of increase of lighting energy consumption,
according to an increase of occupants in the dimming lighting control using general lighting and
occupant location-awareness technology (Case 3), is lower than that in the dimming lighting control
using location-awareness technology (Case 2). Therefore, this lighting control technology is considered
to be suitable for spaces with a large number of occupants.

Fourth, the dimming lighting control using general lighting and occupant location-awareness
technology (Case 3) improves the indoor uniformity by 17.8–49.0% as compared to the dimming
lighting control using location-awareness technology (Case 2), indicating that it is suitable for
improving indoor lighting comfort.

This study proposed a dimming lighting control using general lighting and occupant
location-awareness technology (Case 3) in order to address the problems of conventional lighting
control methods that are based on occupant location recognition, and demonstrated that the developed
system reduces lighting energy and improves indoor comfort while using a full-scale test bed.
In addition, the effectiveness of the developed technology was verified by performing diverse
performance evaluations according to occupant location recognition and the number of occupants.
However, the main limitation of this study is that the performance evaluation was conducted under
an artificial environment using an artificial solar irradiation system and only during summer time.
Therefore, in order to improve the results, follow-up studies that consider a number of variables, such
as seasonal solar altitude and demand illuminance depending on the characteristics of the building,
along with performance evaluations in real-world environments, will be necessary in the future.
Moreover, future studies should be guaranteed with an emphasis on development of various lighting
control technologies and also extended evaluation employing actual environmental factors, such as
moving line of an indoor occupant and different arrangement of the furniture.
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10. Kaminska, A.; Ożadowicz, A. Lighting Control Including Daylight and Energy Efficiency Improvements

Analysis. Energies 2018, 11, 2166. [CrossRef]

http://dx.doi.org/10.3390/en11082001
http://dx.doi.org/10.1016/S0378-7788(02)00075-0
http://dx.doi.org/10.3390/en11051247
http://dx.doi.org/10.1016/j.jclepro.2015.05.139
http://dx.doi.org/10.3390/en10081126
http://dx.doi.org/10.1016/j.enbuild.2016.05.066
http://dx.doi.org/10.1016/j.enbuild.2017.05.016
http://dx.doi.org/10.1016/j.enbuild.2016.04.078
http://dx.doi.org/10.3390/en11082166


Energies 2018, 11, 2999 18 of 19

11. Xu, L.; Pan, Y.; Yao, Y.; Cai, D.; Huang, Z.; Linder, N. Lighting energy efficiency in offices under different
control strategies. Energy Build. 2017, 138, 127–139. [CrossRef]

12. Wen, Y.J.; Agogino, A.M. Personalized dynamic design of networked lighting for energy-efficiency in
open-plan offices. Energy Build. 2011, 43, 1919–1924. [CrossRef]

13. De Bakker, C.; van de Voort, T.; Rosemann, A. The energy saving potential of occupancy-based lighting
control strategies in open-plan offices: The influence of occupancy patterns. Energies 2017, 11, 2. [CrossRef]

14. Guo, X.; Tiller, D.K.; Henze, G.P.; Waters, C.E. Analytical methods for application to sensor networks for
lighting control. Leukos 2009, 5, 297–311.

15. Wang, L.; Li, H.; Zou, X.; Shen, X. Lighting system design based on a sensor network for energy savings in
large industrial buildings. Energy Build. 2015, 105, 226–235. [CrossRef]

16. Yun, G.Y.; Kim, H.; Kim, J.T. Effects of occupancy and lighting use patterns on lighting energy consumption.
Energy Build. 2012, 46, 152–158. [CrossRef]

17. Sartori, I.; Napolitano, A.; Voss, K. Net zero energy buildings: A consistent definition framework.
Energy Build. 2012, 48, 220–232. [CrossRef]

18. Sesana, M.M.; Salvalai, G. Overview on life cycle methodologies and economic feasibility for nZEBs.
Build. Environ. 2013, 67, 211–216. [CrossRef]

19. AlFaris, F.; Juaidi, A.; Manzano-Agugliaro, F. Intelligent homes’ technologies to optimize the energy
performance for the net zero energy home. Energy Build. 2017, 153, 262–274. [CrossRef]

20. Ferrara, M.; Monetti, V.; Fabrizio, E. Cost-Optimal Analysis for Nearly Zero Energy Buildings Design and
Optimization: A Critical Review. Energies 2018, 11, 1478. [CrossRef]

21. Lee, H.W.; Jeong, H.D.; Kim, Y.S. A Basic Study on Applicaton of User and Location Awareness for the Green
Home IT. J. Archit. Inst. Korea Plan. Des. 2012, 28, 69–76.

22. Choi, K.; Kim, Y.; Lee, H.; Seo, J. A Study on the User and Location Awareness Technology Applied Dimming
Lighting Control System to Save Energy. Korean J. Air-Cond. Refrig. Eng. 2015, 27, 463–467.

23. Tang, S.; Kalavally, V.; Ng, K.Y.; Parkkinen, J. Development of a prototype smart home intelligent lighting
control architecture using sensors onboard a mobile computing system. Energy Build. 2017, 138, 368–376.
[CrossRef]

24. Chew, I.; Karunatilaka, D.; Tan, C.P.; Kalavally, V. Smart lighting: The way forward? Reviewing the past to
shape the future. Energy Build. 2017, 149, 180–191. [CrossRef]

25. Zou, H.; Zhou, Y.; Jiang, H.; Chien, S.C.; Xie, L.; Spanos, C.J. WinLight: A WiFi-based occupancy-driven
lighting control system for smart building. Energy Build. 2018, 158, 924–938. [CrossRef]

26. The Chartered Institution of Building Services Engineers (CIBSE). CIBSE Lighting Guides.
Available online: https://www.cibse.org/knowledge/cibse-publications/cibse-lighting-guides (accessed on
8 September 2018).

27. Li, D.H.; Lam, T.N.; Wong, S.L. Lighting and energy performance for an office using high frequency dimming
controls. Energy Convers. Manag. 2006, 47, 1133–1145. [CrossRef]

28. ul Haq, M.A.; Hassan, M.Y.; Abdullah, H.; Rahman, H.A.; Abdullah, M.P.; Hussin, F.; Said, D.M. A review on
lighting control technologies in commercial buildings, their performance and affecting factors. Renew. Sustain.
Energy. Rev. 2014, 33, 268–279. [CrossRef]

29. Celebi, H.; Arslan, H. Enabling location and environment awareness in cognitive radios. Comput. Commun.
2008, 31, 1114–1125. [CrossRef]

30. Reinhart, C.F. Lightswitch-2002: A model for manual and automated control of electric lighting and blinds.
Solar Energy 2004, 77, 15–28. [CrossRef]

31. Leephakpreeda, T. Adaptive occupancy-based lighting control via grey prediction. Build Environ. 2005, 40,
881–886. [CrossRef]

32. Nagy, Z.; Yong, F.Y.; Frei, M.; Schlueter, A. Occupant centered lighting control for comfort and energy
efficient building operation. Energy Build. 2015, 94, 100–108. [CrossRef]

33. Pandharipande, A.; Caicedo, D. Smart indoor lighting systems with luminaire-based sensing: A review of
lighting control approaches. Energy Build. 2015, 104, 369–377. [CrossRef]

34. Peruffo, A.; Pandharipande, A.; Caicedo, D.; Schenato, L. Lighting control with distributed wireless sensing
and actuation for daylight and occupancy adaptation. Energy Build. 2015, 97, 13–20. [CrossRef]

35. Caicedo, D.; Pandharipande, A. Daylight and occupancy adaptive lighting control system: An iterative
optimization approach. Light. Res. Technol. 2016, 48, 661–675. [CrossRef]

http://dx.doi.org/10.1016/j.enbuild.2016.12.006
http://dx.doi.org/10.1016/j.enbuild.2011.03.036
http://dx.doi.org/10.3390/en11010002
http://dx.doi.org/10.1016/j.enbuild.2015.07.053
http://dx.doi.org/10.1016/j.enbuild.2011.10.034
http://dx.doi.org/10.1016/j.enbuild.2012.01.032
http://dx.doi.org/10.1016/j.buildenv.2013.05.022
http://dx.doi.org/10.1016/j.enbuild.2017.07.089
http://dx.doi.org/10.3390/en11061478
http://dx.doi.org/10.1016/j.enbuild.2016.12.069
http://dx.doi.org/10.1016/j.enbuild.2017.04.083
http://dx.doi.org/10.1016/j.enbuild.2017.09.001
https://www.cibse.org/knowledge/cibse-publications/cibse-lighting-guides
http://dx.doi.org/10.1016/j.enconman.2005.06.016
http://dx.doi.org/10.1016/j.rser.2014.01.090
http://dx.doi.org/10.1016/j.comcom.2008.01.006
http://dx.doi.org/10.1016/j.solener.2004.04.003
http://dx.doi.org/10.1016/j.buildenv.2004.08.026
http://dx.doi.org/10.1016/j.enbuild.2015.02.053
http://dx.doi.org/10.1016/j.enbuild.2015.07.035
http://dx.doi.org/10.1016/j.enbuild.2015.03.049
http://dx.doi.org/10.1177/1477153515587148


Energies 2018, 11, 2999 19 of 19

36. Lee, H.; Gim, S.H.; Seo, J.; Kim, Y. Study on movable light-shelf system with location-awareness technology
for lighting energy saving. Indoor Built Environ. 2017, 26, 796–812. [CrossRef]

37. Lee, H.; Kim, K.; Seo, J.; Kim, Y. Effectiveness of a perforated light shelf for energy saving. Energy Build. 2017,
144, 144–151. [CrossRef]

38. Illuminating Engineering Society. The Lighting Handbook, 10th ed.; Illuminating Engineering Society (IES):
New York, NY, USA, 2011.

39. KSA 3011-2013. Recommended Levels of Illumination; The Korean Standards Association (KSA): Seoul,
Korea, 1998.

40. EN, B. 12464-1: 2002—Light and Lighting. Lighting of Work Places. Indoor Work Places; British Standard
Institution: London, UK, 2002.

41. Jung, B.K.; Choi, A.S. An experimental study of the optimum spatial characteristics and location of
photosensor for daylight responsive dimming systems. J. Korean Inst. Illum. Electr. Install. Eng. 2003,
17, 8–14.

42. Lee, H.; Kim, Y.; Seo, J.; Kim, D.S. Simulation Study on the Performance Evaluation of Light-shelf According
to Geometric Shape of Ceiling. Korean J. Air-Cond. Refrig. Eng. 2014, 26, 181–192.

43. Lee, H.; Park, S.; Seo, J. Development and Performance Evaluation of Light Shelves Using Width-Adjustable
Reflectors. Adv. Civ. Eng. 2018, 2018. [CrossRef]

44. Lee, H.; Jeon, G.; Seo, J.; Kim, Y. Daylighting performance improvement of a light-shelf using diffused
reflection. Indoor Built Environ. 2017, 26, 717–726. [CrossRef]

45. Lee, H.; Jang, H.I.; Seo, J. A preliminary study on the performance of an awning system with a built-in light
shelf. Build Environ. 2018, 131, 255–263. [CrossRef]

46. Lee, H.; Seo, J. Development of Window-Mounted Air Cap Roller Module. Energies 2018, 11, 1909. [CrossRef]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/1420326X16659691
http://dx.doi.org/10.1016/j.enbuild.2017.03.008
http://dx.doi.org/10.1155/2018/2028065
http://dx.doi.org/10.1177/1420326X16631144
http://dx.doi.org/10.1016/j.buildenv.2018.01.016
http://dx.doi.org/10.3390/en11071909
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Lighting Method and Lighting Control Method 
	Technology Consideration for Implementing Location-Awareness Technology 
	Consideration of Previous Studies Related to Lighting Control 
	Consideration of Optimal Indoor Light Environment Standards 

	Proposal and Performance Evaluation Environment Setting 
	The Concept of the Dimming Lighting Control Using General Lighting and Occupant Location-Awareness Technology 
	Algorithm Development for the Dimming Lighting Control Using General Lighting and Occupant Location-Awareness Technology 
	Performance Evaluation Environment Settings 
	Performance Evaluation Method 

	Performance Evaluation Results and Discussion 
	Performance Evaluation Results 
	Discussion on the Performance Evaluation Results 

	Conclusions 
	References

