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Abstract: The main goal of energy conservation should be reducing the consumption of energy
resources. Due to energy and environmental concerns in recent years, to reduce energy consumption
in a lighting system, which has been one of the prime targets of energy saving, daylighting has been
investigated and has become one of the energy-efficiency techniques widely applied in buildings.
This paper presents an analysis of T5 fluorescent luminaire lighting control using daylight in a
building. The study is conducted in two parts; simulation of a lecture room using the daylighting
function of the DIALux program is performed to estimate the effect of daylighting on a task area
(workplane). Another part is an experimental setup to evaluate the performance of a lighting control
unit that is installed for a T5 fluorescent luminaire with a dimmable electronic ballast. The efficiency
of the lighting control in term of illumination on the task area and energy consumption are also
evaluated and compared with the standard case. The simulation results show that daylighting
increases illuminance on a task area, especially on the window side, so the lighting system can
significantly reduce its power consumption compared with a standard case (without lighting control).
The experimental result shows that upon installing the lighting control with daylighting, both the
average illuminance and the energy consumption in each time period are decreased compared with
in the standard case. Lighting control with daylighting tries to set the average illuminance on a task
area to less than 500 lux, corresponding to the amount of daylight passing through window shutters.
The obtained results are useful for the design of a T5 fluorescent luminaire with lighting control using
daylighting in a building lighting system for energy efficiency and reducing energy consumption,
including the average illuminance on the task area, according to a relevant standard.
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1. Introduction

In past decade, energy has become an important issue in many countries due to the rapid increase
of population and economic growth. Considering a developing country, Thailand is changing from
an agrarian country to an industrial country with a large industrial sector. Industrial countries need
steady supplies of energy to support their industrial sector and ensure economic growth. Energy
statistics of Thailand from the Energy Policy and Planning Office (EPPO) under Thailand’s Ministry
of Energy [1,2], show that the energy demand has continuously increased. According to a study
on the future energy consumption in Thailand over the next 20 years [3] under a business-as-usual
(BAU) scenario, the Gross Domestic Product (GDP) will grow at annual average rate of 4.2% and
the population will grow at an annual average rate of 0.3%; the energy demand during this period
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is forecasted to increase annually by an average of 3.9%. The energy consumption in the year 2030
will rise to 151,000 ktoe, or 2.1 times the current. Hence, greenhouse gas emissions from the energy
sector will tend to increase accordingly. However, based on historical energy data [1] and a statistical
review [2] as shown in Table 1, the growth of energy consumption in the business and residential
sectors considerably surpassed the economic growth. The increasing usage of energy in various sectors
discussed above will cause energy shortages in the near future due to the depletion of fossil fuel.
To prevent energy shortages and increase the energy efficiency of the country, the government has set
an objective to reduce energy usage by decreasing the energy intensity (EI) by 30% in the next 30 years
according to the Energy Efficiency Plan (EEP 2015) [3].

Table 1. Electricity consumption for the whole country (classified by sector) [1].

Year Residential
(GWh)

Small
General
Service
(GWh)

Business
(GWh)

Industrial
(GWh)

Government
and

Non-Profit
(GWh)

Agriculture
(GWh)

Other
(GWh)

Total
(GWh)

Free of
Charge
(GWh)

Grand
Total

(GWh)

2015 41,286 42,466 83,984 179 387 3789 172,090 2743 174,833 41,286
2016 43,932 44,639 86,878 201 267 3967 179,885 2963 182,847 43,932
2017 44,374 45,100 87,772 198 298 4247 181,989 3135 185,124 44,374

Growth Rate (%)

2016 6.41 5.12 3.45 12.40 −30.87 4.70 4.53 7.99 4.58 6.41
2017 1.01 1.03 1.03 −1.66 11.56 7.07 1.17 5.81 1.25 1.01

In Thailand, lighting accounts for approximately 24% of the commercial sector’s electricity use,
8% of the residential sector use and 10% of the industrial sector use. Of this lighting energy use,
approximately 70–80% is from fluorescent lighting. Fluorescent tubes have been used in Thailand
for many decades, particularly in the residential sector, due to the price of energy, financial and
environmental concerns of the local population and the acceptability of the light output. In addition,
Government also support replacement of T8 fluorescent luminaire to T5 fluorescent luminaire with
higher efficiency. The reason for LED tube types luminaire are not widely used in Thailand especially
in residential sector due to price of LED tube is higher than fluorescent, this have a significant impact
on customer choice. Another reason is T5 and LED provide similar lumen output and occupancy in
resident sector are accustomed to feeling provide by fluorescent luminaire. Currently, Thailand is
still not able to achieve its energy conservation goals for the economical and efficient production and
use of energy and the production of highly efficient machinery and equipment and the materials for
energy conservation within the country. Thus, the Department of Alternative Energy Development
and Efficiency has issued a draft of an Energy Conservation law to identify measurements to supervise,
promote and assist in minimizing energy usage.

To reduce energy usage in building lighting systems, many methods can be implemented, such as
replacing older and inefficient equipment, implementing energy management technology and taking
measurements to change the energy consumption behavior of occupants. One of such methodology
is lighting control. Lighting controls are an integral part of a lighting system. Lighting control
equipment is divided into two broad categories, on/off and dimming. Each category is subdivided
into two additional categories, manual and automatic. On/off controls simply turn lights on or off,
while dimming controls permit the adjustment of lighting levels over a range. Daylighting is the use
of natural light to illuminate a work area instead of using artificial light that consumes electricity.
Some luminaires located in a daylight area can be dimmed or closed to reduce energy consumption.
This control strategy results in significant reduction of energy usage in lighting system while maintain
lighting quality from natural light.

This paper proposes the design and analysis of T5 fluorescent lighting control using daylight and
its performance in term of energy consumption and illuminance. The research has been divided into
two parts; simulation and experiment. A lecture room with T5 fluorescent luminaires and windows
that allow daylight to pass through has been investigated and simulated using the daylighting function
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in the DIALux program. This program was used to calculate the effect of daylighting on the workplane
in terms of illuminance and energy consumption when using a T5 fluorescent luminaire without
daylight (as a base case) compared with cases of various periods of time. The performance of the
lighting control unit has been evaluated using an experimental setup. The system voltage, current
and real power have been measured to indicate the power consumption of a T5 fluorescent luminaire
and the performance of the lighting control unit. The average illuminance on the workplane has
also been measured; this value is needed for a lighting control unit to set the light output according
to standards [4]. The result from the experimental setup will be useful for designing and installing
a daylighting system in a building to fully harvest natural light and increase the energy efficiency
in a lighting system. The paper is organized as follows: The literature review of the past research
in related field is presented in Section 2. Section 3 presents the simulation and illuminance results.
Section 4 presents the experimental setup with the design of the test unit and result from actual field
test. The discussion of result and finding are presented in Section 5. Finally, the conclusions are given
in Section 6.

2. Literature Review

Literature review from past research and various case studies in related field to lighting system
and daylight control has been presented in this section. The energy consumption in the household
sector and buildings is reviewed, consisting of studies that aim to evaluate the energy consumption
and the potential to increase the energy efficiency through various technologies. Several research
articles [5–37] proposes energy efficiency improvements that have been applied in various countries.
The result is that the implementation of technology and novel methodologies in both the retrofitting of
existing building and new construction projects can improve energy efficiency, save energy and lower
the environmental impact. A survey study on households’ choices of lighting fuels has been performed
in Kenya to evaluate the factors influencing the adoption of less carbon-intensive energy sources [6].
In Reference [8], a study on energy performance and carbon emissions is reported for an urban district
in the city of Macau. The result suggests that there is a great potential for solar energy production,
which would reduce carbon emissions by approximately 10%. The opportunities and challenges of
energy efficiency in India are discussed in Reference [10]. This paper also suggests several key steps
that the government can take to achieve energy efficiency. Another study in India has identified the
problem of energy regulation at the local level [12]. The study found that climate, building envelope,
building materials, daylighting and HVAC are important factors to improving energy efficiency
in buildings. Energy efficiency measurement concepts are proposed for incorporation into India’s
building regulations for designing energy efficient residential buildings. Ref. [14] discusses the role of
conventional and renewable energy technologies that can be implemented in a green energy system
in Turkey. The residential building performance in different climate zones of Turkey is discussed in
Reference [15]. This research evaluated life cycle energy consumption and CO2 emissions using the
life cycle assessment (LCA) and life cycle cost (LCC) methods. The approach in this research can be
applied to both new designs and existing buildings. Energy-saving policies in both Japan and China for
existing buildings are discussed in Reference [17]. Both countries are facing several obstacles such as
high transaction cost and a lack of innovation and awareness, which are very critical to reducing CO2

emissions in the building sector. Ref. [18] has proposed the retrofitting of existing buildings to achieve
energy efficiency by using conventional technologies such as improving insulation and retrofitting
HVAC systems. The proper use of conventional technologies can achieve green building certification
with less energy consumption and improved occupant satisfaction. The energy performance of the
residential sector in Spain has been investigated, as presented in Reference [20]. The results can be used
to prioritize energy conservation and help the government plan future policy. Ref. [21] investigated
the effectiveness of energy efficiency measurements for different occupancy patterns. Less expensive
measurements could generate similar savings to conservation devices, with the savings varying with
the occupancy pattern. Ref. [23] discusses the design, development and application of a model to
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calculate energy consumption for lighting systems in the residential sector. Research in modelling
energy consumption in buildings is presented in Reference [24]. This method uses an agent-based
model, with important elements taken into account, and the results of the simulation can be used
for building energy management. In Reference [25], a model is simulated to quantify residential
peak demand. The model has been used to evaluate energy demand reduction using energy savings
measurements. The results from the simulation indicate that the most effective countermeasure
is turning off lights. A model that estimates the energy demand in the residential sector using
artificial neural network is proposed in Reference [26]. Uncertainties in building energy consumption
introduced by building operations and weather were addressed using a simulation approach for a
commercial office building [27]. The models include all energy-consuming activities such as heating,
cooling, lighting and other appliances inside the residential units. A feasibility study on renewable
energy options in buildings is presented in Reference [28]. The results from the study indicate that
the use of solar thermal power for hot water and space heating is the most cost-effective, while solar
PV is suitable for demand-side management. One renewable energy application in buildings is
building-integrated photovoltaics (BIPVs), which is proposed in Reference [29]. Research in Hong
Kong also applied a BIPV system in a building, as described in Reference [30]. The results indicate
that BIPVs could meet the energy demand but there are some issues between the government and the
utility company. Ref. [31] proposes a novel scheme to increase the efficiency of the PV-converter battery
in a BIPV system. The results from simulations and experiments show an increased energy efficiency
under normal conditions. Ref. [32] discusses renewable energy in buildings in China. The research
aims to forecast the growth rate of renewable energy in buildings (REIB) using a prediction model of
grey theory and scenario analysis. Countermeasures to reduce energy consumption in buildings are
discussed in many studies. Energy savings can be achieved by both implementing new technology
and changing the behavior of building occupants. Ref. [33,34] propose basic actions to improve energy
efficiency that have been tested in several buildings. A joint solution to increase energy efficiency
using a real case study on a university campus is proposed in Reference [35]. The effects of an energy
management system on energy savings in buildings are investigated in Reference [36]. Ref. [31]
also evaluated the energy performance of an intelligent energy management system, indicating its
potential for energy saving due to its high energy performance in terms of payback and return factor.
The behavior, attitudes and opinions of employees of a large commercial company are presented and
analyzed in Reference [37]. As a result, it is internationally accepted that energy conservation and
energy efficiency improvement are important approaches to address the aforementioned challenges,
so some of these strategies may be implemented immediately.

Thailand became the first country in Asia to implement a comprehensive, national demand-side
management (DSM) program in 1993. Demand-side management (DSM) was implemented to reduce
energy consumption and CO2 emissions in the residential sector [16,19]. The calculation method
to estimate the energy-savings was proposed in Reference [22]. This method was adopted from
the British Standards Institution (BSI) to reflect Thailand’s residential sector. Another approach for
solar PV is presented in Reference [38]. This research proposed an efficient solar-powered Homegrid
model based on load characteristics represented by static ZIP models. The simulation model has been
validated by implementation on a solar PV test bed in Thailand. The result showed an improvement
in efficiency and a reduction in harmonics. [39], proposed a design model of a renewable energy
air-conditioning system using solar and biomass as renewable energy sources. The life cycle assessment
of a chilling system in Thailand is presented in Reference [40], comparing the environmental impacts
of a conventional system and a solar-assisted system. The energy savings potential in the residential
and building sectors are presented in Reference [41], using business as usual (BAU) as a reference
case and the AIM/EndUse model. The results indicate that the implementation of new styles of
buildings can achieve energy savings of up to 42.7% compared to the BAU scenario. From research
on energy consumption in buildings, the efficient use of lighting is essential, as the energy usage
in lighting systems is the second largest component after heating, ventilating and air conditioning
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(HVAC). The reduction of energy consumption in these areas can significantly impact the overall
energy usage in buildings. Many countries have begun to increase the stringency of their lighting
minimum energy performance standards (MEPS), with the intent of phasing out the least efficient
light source technologies, while researchers aim to develop techniques and technologies to increase
the energy efficiency and reduce the energy consumption in lighting systems.

To reduce energy consumption by lighting systems, there are several techniques that have been
developed for energy efficiency improvement and energy conservation [42–55]. Criteria for efficient
lighting energy are presented in Reference [42]. The approach in research has taken account of
lighting comfort requirements and maximum allowable lighting loads to set criteria for designing
lighting systems. A stochastic model for energy consumption in lighting systems is proposed in
Reference [43]. The research has developed a model to simulate a lighting consumption profile in
the residential sector. It also performs a study on the impact of LED technology and evaluates the
economic cost when energy saving actions are implemented. Another stochastic model is presented
in Reference [44]. In this research, statistical analysis was used to evaluate the lighting energy usage
in 15 office buildings in China and Hong Kong. Ref. [45] presents survey results from an office in
Korea, evaluating the behavior of occupants and lighting use patterns. The results indicate that a
lighting control strategy must be implemented to reduce energy usage in lighting systems. Lighting
scheduling for energy saving is presented in Reference [46]. The paper proposes the active use of life
log data based on a decision-making method to minimize the waste of lighting energy by controlling
the real-time operation of luminaires. A cost-benefit analysis of high-intensity luminaire replacement is
provided in Reference [47]. For compact fluorescent lamps (CFLs), a new high-power-factor dimmable
electronic ballast control scheme is proposed in Reference [48]. According to experimental results
studying various dimming levels and operating conditions, they verified the good performance and
effectiveness of the proposed dimmable ballast. A fuzzy logic controller and dimmable electronic
ballasts were used to obtain artificial lighting at targeted levels. During the functioning of the system,
approximately 30% savings were achieved by the proposed controller implementation. [49] proposes
energy saving in T5 fluorescent lamps with an electronic ballast and harmonic reduction using a filter
circuit. The results indicate that the energy consumption of a T5 fluorescent lamp can be reduced
through the design of an appropriate filter and it can also reduce the harmonic values within the
international standard. A high-power-factor electronic ballast with different dimming mechanisms
and interfaces for T5 fluorescent lamps is developed in Reference [50]. The life cycle assessment of
light-emitting diode (LED) and compact fluorescent (CFL) luminaires is presented in Reference [51].
The environmental impact of these two technologies has been evaluated. The results indicate that
LEDs can reduce greenhouse gas emissions by at least 41%. The effect of LED lighting on cooling and
heating in building is presented in Reference [52]. It also proposes a heat control strategy to achieve
energy-efficient of LED lighting. In Finland, research on an LED lighting system and its potential to
reduce energy usage and CO2 emissions was conducted [53]. The lighting control strategy is presented
in Reference [54,55], proposing a control algorithm and control system components required to achieve
energy efficiency in a lighting system with daylight harvesting and optimal space cooling. An adaptive
lighting control system is proposed in Reference [56]. The system is an automated lighting control
under varying conditions of occupancy, weather, seasons and other influences. Ref. [57] proposes
a lighting control technique based on a fractional-order (FO) adaptive minimum energy cognitive
control strategy. Ref. [58] proposes a high-efficiency lighting system using real-time integrated lighting
for energy savings. The experimental results demonstrate the effectiveness and applicability of the
proposed method. Researcher in the lighting industry focuses on improving the light output and
lifetime, lighting systems combined with advanced wireless control systems, personal and workstation
controls and daylighting to manage the lighting needs of work spaces energy efficiently.

Research on lighting control systems using daylight has been reviewed. To evaluate the potential
of daylighting, the adaptation of daylighting modelling has been performed and is presented in
Reference [59]. The paper investigated whether kriging modelling can be used to profile illuminance.
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The results show that the proposed modelling was in the approximate range of measurement data.
A hybrid lighting system (HLS) with electric lighting and daylight delivered into the building was
developed in Reference [60,61]. The energy performance of an office building with daylight integration
is discussed in Reference [62]. The research has investigated the energy savings in a lighting system
based on both daylighting and artificial light, while taking visual comfort into consideration. It can
be observed from the result that in all cases, visual comfort can be achieved with automatic interior
shading controls. Ref. [63] proposes design recommendations for daylight harvesting systems (DHS).
It suggests that technical robustness, architectural integration and human acceptance are the main
aspects that need attention. A practical case of using daylight harvesting is proposed in Reference [64].
The control strategy is to detect illuminance in the area below and adjusting the modulation of
the luminous flux to maintain the illuminance required by the standard. A new concept of using
daylighting for a factory is proposed in Reference [65]. The methodology is based on a multidisciplinary
approach that is a combination of logistics, building physics and structural engineering to achieve
both indoor environmental quality (IEQ) and energy savings. An algorithm for daylight harvesting
is presented in Reference [66]. The proposed algorithm is based on machine learning and radiosity
theory to calculate the total illuminance. A controller designed for an artificial lighting system in
a room illuminated with daylight using light pipes is presented in Reference [67]. The model was
tested in a five-level building and it was shown that all five levels of the building can achieve an
average illuminance of 70 lux at a low sun elevation. Ref. [68] has developed an optimal daylight-based
controller. Sensor-integrated luminaires with daylight and occupancy in consideration are proposed in
Reference [69]. The centralized lighting control was based on solving a power minimization problem
with illumination constraints. The results demonstrate better uniformity with similar energy savings
to other control strategies. Ref. [70,71] present the application of artificial intelligence to predict the
availability of daylighting and use this algorithm to calculate the final energy requirements of a
building. The calculation of daylight availability and its impact on energy savings are presented in
Reference [72–74]. Factors that have an impact on daylight performance such as weather, architecture
and location of the building are presented in Reference [75–77]. A simulation result [78] using different
weather data has revealed that weather has a significant effect on the illuminance value through the
condition of the sky. A review of the effects of daylight on building occupants in term of psychology
and physiology also showed that daylight not only benefits a building through energy savings but also
provides health, productivity and safety benefits to the building occupants [79]. From the literature
review above, it can be seen that daylight contributes benefits to many aspects of buildings and
lighting control using daylight has attracted much attention from many researchers. The majority
of the research has only used simulations to evaluate the performance of control strategies and the
potential of daylighting, so experimental work is needed to evaluate the impact of some factors that
were omitted in the simulation stage.

3. Simulation

The fluorescent T5 tube lamp was simulated using the DIALux program to study the impact
of daylight and artificial light in terms of average illuminance, including the energy consumption,
for a university building. A lecture room with dimensions of 12 m × 8 m × 2.7 m (room area of
96 m2) was considered as the case study room, with a layout as shown in Figure 1. As shown in
Figure 1a,c, this room contains two windows (with dimensions of 1.5 m × 3.4 m) and a wooden
door (with dimensions of 1 m × 2 m). The height of the task area (or workplane) was set as 0.75 m,
corresponding to the height of a table (approximately as 0.75–0.85 m above the floor level), as shown
in Figure 1c. As shown in Figure 1d, 15 sets of 2 × 28 W T5 fluorescent luminaires are installed in the
lecture room. The luminous intensity of the T5 fluorescent luminaire is recorded on a polar plot shown
in Figure 2 and its data are shown in Table 2.
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Table 2. Data for T5 fluorescent lamp.

Type of
Luminaire

Luminous Flux (Lumen
per Luminaires)

Total Luminous
Flux (Lumen)

Luminaire Wattage
(Watt per Luminaires)

Total Wattage
(Watt)

Fluorescent T5 4516 67,737 56 840

As previously mentioned, to study the impact on illuminance and energy consumption of daylight
in each time period, the illuminance was calculated at 8 a.m., 10 a.m., 12 p.m., 2 p.m. and 4 p.m.,
in addition to without daylight (as base case) by considering only the T5 luminaires, as shown in
Table 3 and Figure 3.

Table 3. Obtained illuminance on workplane using DIALux in various time period.

Time Surface
Reflectance
Coefficient

(%)

Average
Illuminance

(lux)

Minimum
Illuminance

(lux)

Maximum
Illuminance

(lux)

Uniformity
of

Illuminance

Energy Consumption
Index (Watt per
Square Meter)

Without
Daylight

Workplane - 536 136 694 0.253

8.75
Floor 20 273 42 595 0.155

Ceiling 70 138 48 189 0.347
Walls 52 215 17 432 -

8 a.m.

Workplane - 739 339 1736 0.458

8.75
Floor 20 361 83 780 0.230

Ceiling 70 186 70 267 0.377
Walls 52 290 26 738 -

10 a.m.

Workplane - 901 369 3171 0.409

8.75
Floor 20 440 98 1362 0.223

Ceiling 70 222 89 351 0.403
Walls 52 340 36 1023 -

12 a.m.

Workplane - 724 335 2236 0.463

8.75
Floor 20 367 95 1096 0.258

Ceiling 70 179 71 254 0.399
Walls 52 271 29 596 -

2 p.m.

Workplane - 822 348 2787 0.424

8.75
Floor 20 402 106 1235 0.263

Ceiling 70 203 79 316 0.388
Walls 52 312 35 1000 -

4 p.m.

Workplane - 615 309 1031 0.503

8.75
Floor 20 309 66 624 0.214

Ceiling 70 156 49 215 0.318
Walls 52 239 14 501 -

The obtained results are presented in Table 3 and the illuminance distribution (as an isolux
diagram) and a false color rendering are illustrated in Figure 3. Generally, according to the CIE
standard, the average illuminance on a task area of a general room must be more than 300 lux but
should not exceed 750 lux (recommended by the EN 12464-1 and CIE S 008/E:2001 standard as
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500 lux [80,81]). By considering the illuminance in Table 3, in the case of a lecture room with daylight,
the average illuminance is more than that of the base case (without daylight); this indicates that
the daylight is beneficial to the overall illuminance on the task area. However, the variation of the
maximum illuminance within each time period is significantly larger than that in the base case and
the variation of the minimum illuminance is also slightly larger. This indicates a slight mismatch
between the maximum and minimum illuminances in each period of time. Although the uniformity
of the illuminance in the cases of daylight is greater than that of the base case, as shown in Table 3,
the difference between the maximum and minimum illuminances can be clearly seen in the isolux
diagrams shown in Figure 3; this indicates that the daylight could increase the average illuminance but
the uniformity of the illuminance should be improved, as the illuminance of the task area section near
the window side was higher than that of the other section of task area in the lecture room. Considering
Figure 3, the illuminance on the task areas near the window side is more than 1000 lux, while the other
task areas of this room have illuminance values of 400–600 lux.
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Figure 3. Isolux diagram and false color rendering on the task area of the lecturer room with fluorescent
T5 and daylight at various times: (a) without daylight; (b) 8 a.m.; (c) 10 a.m.; (d) 12 a.m.; (e) 2 p.m.;
(f) 4 p.m.

Based on a further analysis of Figure 3, it is noteworthy that, for the daylight at 10 a.m.,
the illuminance on the task area is much higher than that of the other time periods because of location
of the building and the direction of the sunlight passing through the window while, for the daylight
at 4 p.m., the average illuminance on the task area is lower than during the other periods of time
because it is the sunset period. The energy consumption index (in watts per square meter) does not
change with the time period, as shown in Table 3. This emphasizes that luminaires in the window
area affected by daylight can be dimmed or turned off to reduce energy consumption and maintain
the uniformity of the illuminance in the daytime, so that artificial light with dimming ability must be
applied to control the illuminance of the task area at the desired values for each time period.

4. Experimental Setup and Results

As described in the previous section, daylighting may provide a sufficient quantity of illumination
(illuminance and uniformity of illuminance) to reduce the artificial lighting level needed but it can
result in false energy consumption. To maintain an appropriate average illuminance level and reduce
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the energy consumption, the lighting control must be properly adjusted with the daylight level.
By considering the isolux of Figure 3, the daylight from the window has an effect on only 1/3 of the
task area, so that this task area section should be subjected to lighting control to adjust the illuminance
only in a specific area. In this section, an experimental setup unit has been designed and built, as shown
in Figure 4. Figure 4a shows that the experimental setup unit (1.35 m × 1.4 m × 1.9 m) has been
designed as an enclosed area with a black interior surface to prevent light reflection, as depicted
in Figure 4b. The louver system on the window of experimental setup can be adjusted into 4 level;
0, 15, 30 and 45 degree using vertical line as a reference. when 0 degree mean that the louver is
close and 45 degree mean that louver is open at 45 degree with vertical reference line. The distance
between the luminaire and task area (measured point on floor of experimental setup) is 1.8 m because
this distance is generally 1.75 m–1.95 m, depending on the objective of room. Considering the side
view of the experimental setup unit shown in Figure 4c, two window shutters (0.485 m × 0.615 m)
have been installed to admit daylight into the experimental setup unit and there are two luminaires
installed on the ceiling of the experimental setup unit each (2.95 m × 11.95 m × 0.65 m) consisting
of 28 W T5 fluorescent lamps connected with a dimmable electronic ballast, as shown in Figure 4b.
The illuminance control unit is installed on the ceiling of the experimental setup, as shown in Figure 4d.
Measuring instruments such as a lux meter, power meter and lighting control switch (on/off control)
have been installed to measure the illuminance, voltage, current and real power, as shown in Figure 5.

A diagram of the experimental setup is shown in Figure 5. The single-phase power supply of
the experimental setup was determined in the laboratory to have a voltage level of 230 V (number
1 in Figure 5), while a fuse with 5 A is used to protect the experimental setup unit. For measurement,
an energy meter (Fluke 435-II) (number 2 in Figure 5) is used to measure the power quality including
harmonics and electrical parameters, both for the power supply and the experimental setup unit,
while, as previously mentioned, the illuminance and real power of the experimental setup unit
are measured using a lux meter (number 7 in Figure 5) and power meter (number 3 in Figure 5),
respectively. The measurement of illuminance using lux meter has been done on two points under
both T5 luminaires. As previously mentioned, a luminaire a T5 fluorescent lamp with a dimmable
electronic ballast (number 8 and number 4 in Figure 5, respectively) was installed on the ceiling of the
experimental setup, as were a light detector (number 6 in Figure 5) and the illuminance control unit
(number 5 in Figure 5), as shown in Figure 4d. The algorithm used to control the illuminance with
daylighting is shown in Figure 6.

Considering Figure 6, in the case of lighting control with daylighting, the light detector (number
6 in Figure 5) measures the daylight (light from the window shutters) and artificial light (light from
T5 fluorescent luminaires) in the form of a voltage signal (analogue input) and then converts this
voltage signal to a digital signal. The digital signal is used for comparison with the illuminance value
setting in the program. The illuminance value on the workplane (or task area) is measured by two lux
meters that are installed under the two luminaires, as shown in Figure 4b. These values were used
to calculate the average illuminance on the workplane. If the illuminance measured from the light
detector device is more than the setting value, the illuminance control circuit will decrease the light
output by 0.25 units. Contrarily, if the illuminance is less than the setting value, the illuminance control
circuit will increase the light output by 0.25 units. For the computation of the illuminance control unit,
a Pulse-width modulation (PWM) signal was generated using the obtained digital signal. The output
of the PWM signal has a duty cycle of 1–100% to adjust the illuminance using the dimmable electronic
ballast (number 4 in Figure 5). This dimmable electronic ballast controls the input current of the T5
fluorescent lamp (number 8 in Figure 5) so that the obtained illuminance from the luminaire can be
adjusted. The minimum illuminance set in this program is one unit, when the fluorescent luminaire
has a 1% light output, while the maximum illuminance setting is 255 units, when the fluorescent
luminaire has a 100% light output.

After building the experimental setup unit, two case studies were considered to verify the lighting
control unit capability and study the performance of the daylight control T5 fluorescent luminaire.
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Two T5 luminaire using in experimental setup will be refer as luminaire 1 and Luminaire 2 (Installed
location is referring in Figure 4b). The overall average illuminance on the task area was also measured
and controlled to less than 500 lux according to EN 12464-1 and CIE S 008/E:2001 standard [80,81],
while the energy consumption should be reduced by decreasing the average illuminance. In the
first study, a comparison in terms of illuminance and energy consumption between the fluorescent
luminaire without and with the lighting control unit was considered. In the next case study, various
aperture angles of the window shutters (open louver at different angle) were compared in terms of the
illuminance and energy consumption. The obtained results from the comparison between before and
after the installation of the lighting control unit are shown in Tables 4 and 5 and Figure 7.
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Table 4. Results from the experimental setup before and after installing the daylight control in T5
fluorescent at 3.00 p.m.

Angle
(Degree)

Before Installation of Daylight Control (without Lighting Control)

Voltage (V) Current (A) Real Power (W)
Illuminance (Lux)

Luminaire 1 Luminaire 2 Average

0◦ 226.1 0.576 118 1082 1026 1054.0
15◦ 226.2 0.535 119 1107 1103 1105.0
30◦ 226.5 0.538 120 1106 1109 1107.5
45◦ 226.3 0.537 119 1132 1128 1130.0

Angle
(Degree)

After Installation of Daylight Control (with Lighting Control)

Voltage (V) Current (A) Real Power (W)
Illuminance (Lux)

Luminaire 1 Luminaire 2 Average

0◦ 226.8 0.306 62 365 455 410.0
15◦ 226.9 0.297 60 335 460 397.5
30◦ 226.8 0.289 59 380 448 414.0
45◦ 226.6 0.265 53 394 414 404.0

Table 5. Results from the experimental test set before and after installing daylight control in the T5
fluorescent at 12.00 p.m.

Angle
(Degree)

Before Installation of Daylight Control (without Lighting Control)

Voltage (V) Current (A) Real Power (W)
Illuminance (Lux)

Luminaire 1 Luminaire 2 Average

0◦ 224.1 0.548 119 1141 1091 1116
15◦ 223.1 0.536 119 1310 1186 1248
30◦ 224 0.532 117 1110 1428 1269
45◦ 223.9 0.538 118 1085 1558 1321.5

Angle
(Degree)

After Installation of Daylight Control (with Lighting Control)

Voltage (V) Current (A) Real Power (W)
Illuminance (Lux)

Luminaire 1 Luminaire 2 Average

0◦ 224.2 0.281 57 462 440 451
15◦ 223.8 0.246 48 590 477 533.5
30◦ 224 0.193 35 209 610 409.5
45◦ 224 0.147 22 60 590 325
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Considering the case without lighting control in Table 4, when a window shutters angle of
0 degrees (as a dark room or without light from daylighting) is considered as an example, it can be
observed that the average illuminance has a value of more than 1000 lux and the energy consumption
is approximately 120 W. By changing the angle of the window shutters to 15 degrees (a little
daylighting), the average illuminance slightly increases but the energy consumption exhibits little
change; this indicates that the average illuminance can benefit from the daylighting but not the energy
consumption. To support this assertion, by further increasing the angle of the window shutters to
30 degrees and 45 degrees, the average illuminance continues to increase, while the energy consumption
is still unchanged.

Further analyzing Table 4, when the angle of the window shutters is 0 degrees, the average
illuminance significantly decreases to less than 500 lux when the lighting control unit is applied.
The obtained energy consumption is significantly affected in comparison with the case without lighting
control, to less than half its original value. This is because the light detector device changes the
illuminance value to a voltage signal for controlling the dimmable electronic ballast, thus reducing
the current and real power consumption, as previously mentioned; this indicates that the lighting
control unit can both benefit the illumination and reduce energy consumption with the variation of
the daylight. Likewise, by increasing the angle of the window shutters from 0 degrees to 45 degrees,
the average illuminance tends to decrease in comparison with the case without lighting control and
the average illuminance was controlled to less than 500 lux using the lighting control unit. The energy
consumption also tends to decrease in comparison with the case without lighting control; this indicates
that the lighting control with daylighting still provides energy savings in the building.

Upon considering the results of 12.00 p.m. in Table 5, it can be observed that, in case without
lighting control, when the angle of the window shutters is 0 degrees, the average illuminance has
a value of more than 1000 lux, which is the same behavior as the case without lighting control in
Table 4 but the average illuminance is higher. This is because the data from Table 5 are from midday,
while those from Table 4 are from the late afternoon (3.00 p.m.), so the obtained irradiation in Table 5
is higher. To support this assertion, in the obtained result of Table 5, in the case without lighting
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control, the average illuminance at midday (12 p.m.) has the same behavior as the data during the
late afternoon (3.00 p.m.) from Table 4 but the average illuminance for all the angles of the window
shutters have slightly higher values. By considering the energy consumption in the case without
lighting control, the obtained energy consumption has a similar value to the case without lighting
control in Table 4.

Similarly, for the case with lighting control of Table 5, when the angle of the window shutters is
0 degrees, it can be clearly seen that the average illuminance was controlled to less than 500 lux using
the lighting control unit. Likewise, the obtained energy consumption significantly decreases to less
than in the case of without lighting control in Table 4; this emphasizes that the lighting control with
daylighting can significantly benefit energy savings in the building. The illumination and electrical
parameters (such as voltage, current and real power) were additionally measured every 10 min (and
manually monitored every 1 min) to understand the variation with time so that the illuminance
and electrical parameters could be logged every 30 min with a Fluke 435-II power quality meter.
The obtained results of various periods of time are shown in Figure 7.

Figure 7 shows the relation between the electrical parameters of the experimental setup unit,
including the voltage, current, real power and average illuminance and the time from 8.00 a.m. to
4.00 p.m. A comparison between the fluorescent luminaire without and with the lighting control unit
was also performed with various aperture angles of the window shutters. First, considering Figure 7a,
it can be clearly seen that the voltage fluctuates in a narrow range throughout the day because the
daylight does not cause a significant voltage change. Based on a further analysis of Figure 7a, it can be
observed that when the angle of the window shutters is 45 degrees, the level of voltage was highest
and more than in the case without lighting control.

Considering Figure 7b, it can clearly be seen that when the aperture angle of the window shutters
was varied with the control unit, the obtained current is significantly decreased in comparison with the
case without the lighting control, by a factor of two. It can be further observed that when the aperture
angle of the window shutters is increased, the current tends to decrease. This is because decreasing the
T5 fluorescent luminaire light output requires that the dimmable electronic ballast reduce the output
current corresponding to the amount of daylight passing through the window shutters.

Considering Figure 7c, it can clearly be seen that the trend of real power is similar to that of the
current level according to the amount of daylight that passes through the window shutters. Hence,
when the aperture angle of the window shutters is increased, the obtained current tends to decrease,
as previously mentioned. Moreover, when the aperture angle of the window shutters is varied with the
lighting control, as shown in Figure 7c, the real power tends to significantly decrease in comparison
to the case without the lighting control to values 2–4 times smaller; this emphasizes that the lighting
control unit can reduce energy consumption as a result of the variation of daylight.

Finally, from Figure 7d, it can be clearly seen that when as the aperture angle of the window
shutters is varied with the lighting control, the average illuminance steadily increases in the morning
and peaks around midday before steadily decreasing in the late afternoon. It can be further observed
that the average illuminance without the lighting control is more than 1000 lux, as shown in Tables 4
and 5, so the obtained average illuminance without the lighting control unit is ignored from Figure 7d.
This result shows that installing the lighting control with daylighting, both the average illuminance
and energy consumption for each time period decreases compared to the case without the lighting
control unit, as the lighting control unit tries to set the average illuminance on the task area to less
than 500 lux, corresponding with the amount of daylight that passes through the window shutters.
This confirms the effectiveness of the proposed lighting control unit with daylighting.



Sustainability 2018, 10, 4075 16 of 22

Sustainability 2017, 9, x FOR PEER REVIEW  16 of 22 

the lighting control unit, as the lighting control unit tries to set the average illuminance on the task 
area to less than 500 lux, corresponding with the amount of daylight that passes through the window 
shutters. This confirms the effectiveness of the proposed lighting control unit with daylighting. 

 
(a) 

 
(b) 

 
(c) 

8:00 10:00 12:00 14:00 16:00
224

225

226

227

228

229

230

231

232

233

234

Time

V
o

lta
g

e
 (

V
)

 

 

Without Lighting Control
Angle 15 Degree
Angle 30 Degree
Angle 45 Degree

8:00 10:00 12:00 14:00 16:00
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Time

C
u

rr
e

n
t (

A
)

 

 

Without Lighting Control
Angle 15 Degree
Angle 30 Degree
Angle 45 Degree

8:00 10:00 12:00 14:00 16:00
20

40

60

80

100

120

140

160

Time

P
o

w
e

r 
(W

)

 

 

Without Lighting Control
Angle 15 Degree
Angle 30 Degree
Angle 45 Degree

Figure 7. Cont.



Sustainability 2018, 10, 4075 17 of 22
Sustainability 2017, 9, x FOR PEER REVIEW  17 of 22 

 
(d) 

Figure 7. Relation between electrical parameters and periods of time within one day at various 
aperture angles of the window shutters: (a) the voltage level of the experimental setup; (b) T5 
fluorescent luminaire current; (c) T5 fluorescent luminaire power; (d) Average illuminance on the task 
area. 

5. Discussion 

The goal of energy conservation is to reduce the consumption of energy resources. Lighting is 
one of the major sources of energy consumption in buildings and exterior applications, so it is one of 
the prime targets of mandatory standards to reduce energy consumption. This paper presented a 
study of the performance of lighting control with daylighting for T5 fluorescent luminaires to reduce 
the energy consumption in a building. The research has been divided into two parts: a simulation on 
a lecture room using DIALux software and an experiment on T5 fluorescent luminaire lighting 
control using an experimental test unit. The simulation showed that that the lecture room with T5 
fluorescent luminaires and a window allowing daylight to pass through increases the illuminance on 
the task area, especially in the section near the window but the energy consumption index (in watts 
per square meter) remains unchanged for each time period (or daylight). To overcome this problem, 
the lighting control with daylighting must properly control the illuminance of the task area at the 
desired value to maintain an appropriate average illuminance level and thereby reduce energy 
consumption.  

In the experiment with the test unit, the average illuminance on the task area was also measured, 
which is necessary for the lighting control unit to set the light output according to the standard (less 
than 500 lux) while reducing the real power consumption and decreasing the average illuminance. 
The result from the experimental setup shows that upon installing the lighting control unit, the 
dimmable electronic ballast is able to decrease the output current level and thereby reduce the power 
consumption of the T5 fluorescent luminaire. This illustrates that when applying the proposed 
control unit with actual building, the sensor will detect higher luminance than black surface in 
experimental setup due to luminance value that sensor obtains, which consists of natural light, 
artificial light and reflection from surface. Hence, the energy consumption can be further decreased. 
This result is useful for designing and installing daylighting systems in buildings to fully harvest 
natural light and increase the energy efficiency of the lighting system. The electricity consumption of 
the lighting can be significantly reduced if the lighting control with daylighting is integrated with the 
fluorescent lamps popularly used currently. The typical building lighting system contains 
considerably more luminaires than the number used in the experimental setup unit and the 
architecture of the window is also different. Future work would study the use of T5 fluorescent 
luminaire lighting control with advanced wireless control systems in a building environment to 
evaluate the performance of the lighting control unit in terms of reducing the power consumption of 

8:00 10:00 12:00 14:00 16:00
250

300

350

400

450

500

550

600

650

700

750

Time

A
ve

ra
g

e
 il

lu
m

in
a

nc
e 

(L
u

x)

 

 

Angle 15 Degree
Angle 30 Degree
Angle 45 Degree

Figure 7. Relation between electrical parameters and periods of time within one day at various aperture
angles of the window shutters: (a) the voltage level of the experimental setup; (b) T5 fluorescent
luminaire current; (c) T5 fluorescent luminaire power; (d) Average illuminance on the task area.

5. Discussion

The goal of energy conservation is to reduce the consumption of energy resources. Lighting is one
of the major sources of energy consumption in buildings and exterior applications, so it is one of the
prime targets of mandatory standards to reduce energy consumption. This paper presented a study
of the performance of lighting control with daylighting for T5 fluorescent luminaires to reduce the
energy consumption in a building. The research has been divided into two parts: a simulation on a
lecture room using DIALux software and an experiment on T5 fluorescent luminaire lighting control
using an experimental test unit. The simulation showed that that the lecture room with T5 fluorescent
luminaires and a window allowing daylight to pass through increases the illuminance on the task
area, especially in the section near the window but the energy consumption index (in watts per square
meter) remains unchanged for each time period (or daylight). To overcome this problem, the lighting
control with daylighting must properly control the illuminance of the task area at the desired value to
maintain an appropriate average illuminance level and thereby reduce energy consumption.

In the experiment with the test unit, the average illuminance on the task area was also measured,
which is necessary for the lighting control unit to set the light output according to the standard (less than
500 lux) while reducing the real power consumption and decreasing the average illuminance. The result
from the experimental setup shows that upon installing the lighting control unit, the dimmable
electronic ballast is able to decrease the output current level and thereby reduce the power consumption
of the T5 fluorescent luminaire. This illustrates that when applying the proposed control unit with
actual building, the sensor will detect higher luminance than black surface in experimental setup due
to luminance value that sensor obtains, which consists of natural light, artificial light and reflection
from surface. Hence, the energy consumption can be further decreased. This result is useful for
designing and installing daylighting systems in buildings to fully harvest natural light and increase the
energy efficiency of the lighting system. The electricity consumption of the lighting can be significantly
reduced if the lighting control with daylighting is integrated with the fluorescent lamps popularly
used currently. The typical building lighting system contains considerably more luminaires than the
number used in the experimental setup unit and the architecture of the window is also different. Future
work would study the use of T5 fluorescent luminaire lighting control with advanced wireless control
systems in a building environment to evaluate the performance of the lighting control unit in terms of
reducing the power consumption of the lighting system while maintaining an average illuminance on
task area according to relevant standards.
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6. Conclusions

This research has presented the T5 luminaire daylighting control unit that reduce energy
consumption while maintain illuminance on workplane. The prototype has been tested its performance
on actual field test by built an experimental setup. The methodology and result compare to previous
research from literature review, it can be seen that many researches mainly focus on control strategy,
application or case studies. While this research focus on various perspective from the impact of
daylight on workplane on different period of time; the control strategy to reduce energy consumption
and maintain illuminance on workplane, performance of prototypes on actual field test with various
level of daylight inlet into workplane via louver system and the electrical parameter over the period
that control unit working.

Result from simulation has shown that daylighting has positive impact on illuminance on
workplane by increase it significantly. While the result from experimental setup shown that proposed
control unit can adjust illuminance on workplane within standard value. The power measurement
from power meter shown that energy consumption has been reduce significantly proportionate to
light output from luminaire. The proposed of prototypes unit are small enough to installed within
luminaire. So, it can be installed to building lighting system that has potential daylight through
window. The result showed that the proposed lighting control could achieve significant energy saving
in lighting system while maintain lighting quality in term of illuminance on workplane within standard
value; the real power tends to significantly decrease in comparison to the case without the lighting
control to 2 times smaller value. The energy consumption that can be reduce from installed proposed
daylight control unit can indirectly benefit environmental issue from improve energy efficiency in
building and with large scale installation it can further reduce fossil fuel usage to generate electricity.
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