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ABSTRACT 

 

CHARACTERISTIC STUDY OF ENERGY EFFICIENT SOLID STATE 

LIGHTING AND ITS APPLICATION IN INDOOR CULTIVATION 

 

 

CHIN LE YAN 

 

 

 The world is facing energy and food shortage issues as population keep 

increasing. New and modern technologies are developed to explore higher 

agriculture productivity with a at lesser energy consumption. This has 

encouraged the study of energy efficient solid state lighting as a future 

important artificial lighting to be used for indoor cultivation. The novel energy 

efficient solid state lighting with the use of Aluminum Indium Gallium 

Phosphide (AlInGaP) and Indium Gallium Nitrate (InGaN) high power LEDs 

to produce high photosynthetic active radiation (PAR) light source which 

required for plant photosynthesis has been designed and constructed. Besides 

adopting high power LEDs to achieve energy efficiency, the solid state 

lighting has applied high efficient optical reflectors and LED drivers to 

generate optimum photosynthetic photon flux density (PPFD) and to increase 

electrical energy conversion. Due to the energy efficient solid state lighting 

only produces monochromatic wavelengths and easy to control, it can 

effectively and efficiently induce plant photosynthesis process and accelerate 

plant growth. The study has verified that the energy efficient solid state 
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lighting consumed lesser electrical energy when compared to conventional 

lighting such as fluorescent lamp. In addition, it could accelerate the growth 

rate of Lactuca sativa when compared to the plants cultivated under normal 

solar irradiance. 
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CHAPTER 1.0 

 

INTRODUCTION 

 

 

1.1 Background 

 

Today’s food supply is becoming of paramount importance as the 

world population is increasing much faster than the food production. Many 

new lands have been developed from forest to agriculture land for the purpose 

of increasing the primary food supply. However, this development is not 

environmental friendly; instead it increases the global warming effect. To help 

reduce global warming effect and at the same time to increase the food supply 

productivity efficiently, a few modern scientific ways are implemented which 

includes growing vegetables and flowers in green houses and growing crops in 

the buildings. When comes to indoor plant cultivation, conventional lighting 

such as High Pressure Sodium lamp, Metal Halide lamp and Tissue Culture 

Fluorescent lamp are commonly used as artificial sunlight. The downside of 

these conventional artificial lamps is that they consume a lot of electric energy, 

radiate a lot of heat and high maintenance cost. On the contrary, with the 

advanced technology of Light Emitting Diode (LED), LED has become a 

prominent light source for intensive plant culture system and also an 

alternative source when the world is slowly depleting those conventional 

lamps which contain toxic mercury content. This has led to an arena to create 

and study the solid state lighting as a light source generator to replace the 
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conventional lamps. The advantages of solid state lighting include producing 

only monochromatic wavelengths that is suitable for plants photosynthesis, 

consuming lesser electric energy as well as radiating less heat in which will 

help decrease the global warming effect. Many relevant researches are 

conducted by using normal typical LED such as 5mm, Surface Mount Device 

(SMD) or some customized LED arrays to grow plants with continuous or 

pulse LED light source (Bula et al, 1991; Tennessen et al, 1994; Brown et al, 

1995; Goins et al, 1997). Having said so, these LED lightings do required a 

substantial number of LED chips to produce sufficient light energy for plants 

photosynthesis because the lumen output per LED chip is relatively low. Thus 

normal LED solid state lighting requires a good thermal heat sink and to 

certain extends, a fan cooling system to dissipate large amount of heat 

generated from the large quantities numbers of LEDs. Indeed a new design on 

using the latest solid state LED namely the high power LED that has higher 

energy efficiency in producing higher lumen output at lesser quantities of 

LEDs to generate sufficient photosynthetic photon flux (PPF) for plants 

cultivation (Chin and Chong, 2012). In this research, a novel design of using 

high power LED solid state lighting is adopted and a low cost thermal 

dissipating method that uses passive cooling instead of active cooling to 

reduce solid state lighting operating temperature and the energy consumption.  
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1.2 Research objectives 

 

There are three objectives on this work: 

1. To design and construct a novel energy efficient solid state  lighting to 

 produce photosynthetic photon flux for plant photosynthesis, 

 

2.  To study the characteristics and features of energy efficient solid state 

 lighting in indoor cultivation, and  

 

3.  To study the energy efficiency of energy efficient solid state lighting 

 on cultivating Lactuca Sativa. 

 

 

1.3 Dissertation overview 

 

Chapter 2 gives the literature about evaluation on the LED light source for 

various plant cultivation, different method of driving the LED and the method 

of dissipate LED heat. In Chapter 3, the design and construction of the energy 

efficient solid state lighting are discussed in detail. While in Chapter 4, the 

experiment setup is described. Testing result and discussion are presented in 

Chapter 5 and finally overall conclusion of the study is stated in Chapter 6.  
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CHAPTER 2.0 

 

LITERATURE REVIEW 

 

 

2.1 LED introduction 

   

 LED also known as light emitting diode is a p-n junction diode that 

emits photons when forward bias. The LED history is traced to the beginning 

of last century where Round (1907) found the first electroluminescence light 

emitting from Silicon Carbide (SiC) in an experiment by chance. Later in 

1950s, III-V compound materials were invented, thus laser and LED based on 

III-V compound materials stepped in the history and dominate the LED 

market till now. The early LED design consists of a die which is placed on a 

reflective cup that is connected to one of the lead frame which commonly 

designated for cathode, and a wire bond connecting the die surface to other 

lead frame as anode source. It ended by clear epoxy encapsulation into round 

shape as shown in Figure 2.1.  
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Figure 2.1: Basic normal LED structure 

 

 

In the early LED development, the only available type of LED was 

made from Gallium Arsenide (GaAs) material with radiation wavelengths 

ranging from infrared to red. Advances in material science have then been 

made possible with the production of devices on ever-shorter wavelengths; in 

late 1960s, the first practical LED was invented by using Gallium Arsenide 

Phosphide (GaAsP) material to provide a 655 nm red light with low brightness 

levels of approximately 1-10 mcd at 20 mA driving current (Holonyak and 

Bevacqua 1962). As LED technology progressed through 1970s, additional 

colors and wavelengths became available from using Gallium Phosphide 

(GaP) material for green and red lights, GaAsP material for yellow and high 

efficient red light. In 1980s, a new material Gallium Aluminum Arsenide 

(GaAlAs) was developed to provide superior performance over previously 

available LEDs with an improvement in brightness and efficiency. This has 

led to the new development of Indium Gallium Aluminum Phosphide 

(InGaAlP) LED that can have different color output via adjusting the energy 
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band gap. Figure 2.2 shows the different materials and their luminous efficacy 

to produce different colors with timeline indication. 

 

 

 

Figure 2.2: Luminous efficacy of visible-spectrum LEDs and other light sources versus 

time (Craford 2007) 

 

 

After decades of research on new materials and process, LED 

technology has gone into never before possible where the solid state lighting 

illumination becomes reality concerned when Nakamura et al. (1991) invented 

the first high brightness Gallium Nitrate (GaN) LED. The brilliant blue light 

of GaN LED, when partially converted to yellow by a phosphor coating 

(YAG), is the key to white LED fabrication that produces a wide spectrum as 

shown in Figure 2.3. 

 

 

http://en.wikipedia.org/wiki/Gallium_nitride
http://en.wikipedia.org/wiki/Blue
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Figure 2.3: The spectrum of a white LED clearly shows blue light emitted by GaN based 

LED die with peak at 460nm and more broadband light emitted by Ce
3+

:YAG phosphor 

at 500-700nm  (Nakamura et al., 1991) 

 

 

In the mid to late 1990, Lumileds Lighting which the company was a 

50-50 joint venture of Agilent Technologies and Philips Lighting has 

developed the early very high brightness LED producing more than ten 

lumens namely Luxeon 1-Watt Star (2002). Luxeon 1-Watt Star LED was 

rated for power dissipation of 1 watt and it consisted of an emitter, an anode, a 

cathode, a circular base and a lens integrated into a single unit. This LED was 

designed to be surface mounted on a metal-core printed circuit board 

(MCPCB) and required a heat-sink slug to help dissipating heat that was not 

electrically isolated. Figure 2.4 shows an early power LED mounted on the 

star shaped MCPCB made from Lumileds Lighting. 

 

 

http://en.wikipedia.org/wiki/Agilent
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Figure 2.4: Early power LED mounted on MCPCB (High power LEDs 2010) 

 

 

 As material and process technologies keep improving, power LED 

luminous efficiency has become higher with increase of photon flux extraction 

to generate more luminous flux per watt and it is capable to engineer higher 

power dissipation; from this onwards it emerged the high power LED 

development. In today’s Philips Lumileds LED technology for instance, their 

Luxeon Rebel family on white LED is able to produce more than 120 lumens 

of luminous flux per watt at 350 mA drive current compare to early power 

LED only produced 10 percent luminous flux per watt of Luxeon Rebel 

produces. This high power LED is able to be driven continuously for 1000 mA 

current which is 3 times higher power than early power LED which was only 

driven up to 350 mA current maximum for the purpose of producing much 

higher lumens output (Philips Lumileds DS64, 2012). Besides, the high power 

LED with a lower thermal resistance of 10°C/W can withstand higher junction 

temperature (maximum temperature up to 150°C) (Philips Lumileds DS64, 

2012) when comparing with the early power LED Luxeon 1-Watt Star 

(Luxeon 1-Watt Star, 2002). Indium Gallium Nitride (InGaN) and Aluminum 

Indium Gallium Phosphide (AlInGaP) materials are most widely used in 
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making high power LED for their high quantum efficiency. InGaN material is 

commonly being used to produce green, cyan, blue and white colors while 

AlInGaP material is used to produce red, red-orange and amber colors. This 

technology break through has led the world to start changing the conventional 

lighting into high power LED solid state lighting for it has very low 

catastrophic lost, on average of 70% lumen maintenance (L70) of initial light 

output remaining after 50,000 hours of operation time (Philips Lumileds DS65, 

2011). This change has directly reduced a lot of lighting maintenance cost and 

contributes to a better green environment at much lesser waste and lower 

power consumption. 

 

From high power LED energy conversion efficiency (WPE) aspect, 

only small portion of the electrical energy is converted into useful light while 

majority of the power energy is transformed into conduction heat (Kim et al., 

2001). There will be more lights extraction at lower operating temperature, 

and it requires a good thermal management skill to dissipate the heat out of the 

high power LED in order to maintain good light output efficiency. Generally 

AlInGaP based high power LED’s light output drops much higher percentage 

compare to InGaN based high power LED when reaching high junction 

temperature as shown in Figures 2.5(a) and 2.5(b) (Lumileds AB12, 2005). 

From the Figures 2.5(a) and 2.5(b), it is needed to put more attention on 

AlInGaP high power LED thermal handling than InGaN high power LED 

thermal handling in order to reduce the light output degradation due to high 

operating junction temperature.   
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Figure 2.5(a): Typical AlInGaP light output degradation loss (Lumileds AB12 2005) 

 

 

 

Figure 2.5(b): Typical InGaN light output degradation loss (Lumileds AB12 2005) 

 

 

2.2 Lights and Photosynthesis 

 

 The chlorophyll molecules in the chloroplast initiate photosynthesis 

process by capturing light energy during light reaction state and converting it 

into chemical energy to help transforming water (H2O) and carbon dioxide 
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(CO2) into sugar in the dark reaction as the plants primary nutrient. The 

generalized equation for this chemical reaction involved in photosynthetic 

process is given as below: 

 

6CO2 + 6H2O (+light energy) → C6H12O6 + 6O2  (Farabee 2001) 

 

Chlorophyll pigment absorbs its most light energy from the violet-blue and 

reddish wavelength bands while rejects green and yellow wavelength bands 

which are not important for photosynthesis. Among these wavelength bands 

chlorophyll pigment receives its peak energy at wavelengths around 680 nm 

and 420 nm and has the highest photosynthesis rate at these wavelength 

(Figure 2.6). 

 

 

Figure 2.6: The photosynthesis rate as a function of absorbed wavelength correlated well 

with the absorption frequencies of chlorophyll a (Nave 2012). 

 

 

Figure 2.6 clearly shows most of the plants highly response and absorb red and 

blue lights for photosynthesis, which means the plants are still able to grow 
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even without the full spectrum of light. As LED produces monochromatic 

light, it has enable researchers to eliminate other wavelengths found within the 

normal white light that produced by the conventional lamps for the plant 

growth. Thus, using LED lights would also reduce the amount of energy 

waste. The superimposed pattern of luminescence spectrum of red LED (650–

665 nm) and blue LED (440–460 nm) corresponds well to light absorption 

spectrum of carotenoids and chlorophyll in the plants photosynthesis. 

 

 

2.3 LEDs and indoor plant cultivation 

 

 Along with the LED technology advancement, LED light source has 

become a prominent light source for intensive indoor plant culture systems 

and photobiological researches. Bula et al. (1991) had proved that using the 72 

pieces (nine x eight rows) Gallium-Aluminum-Arsenide chip that had a peak 

emission of 660 nm red LEDs supplemented with blue Tubular Fluorescent 

Lamp (TFL) was able to grow lettuce (Lactuca sativa). The growth rate was 

similar to that under Cool-White Fluorescent (CWF) plus incandescent lamps. 

The subsequent study carried out by Hoenecke et al., (1992) showed that 

hypocotyls and cotyledons of lettuce seedlings grown under 660 nm red LEDs 

were able to elongate, but that effect could be prevented by adding at least 15 

μmol/m
2
/s of blue light from blue TFL. This had verified that blue light is 

required for lettuce seedling production under red LED cultivation.  
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Figure 2.7: Relative photon output from radiation sources (Hoenecke et al., 1992) 

 

 

 Tennessen et al. (1994) had compared the response of photosynthesis 

to CO2 was similar on leaves photosynthesis of kudzu (Pueraria lobata) 

enclosed in a leaf chamber illuminated by red LED and xenon arc lamp at the 

equal photosynthetic photon flux (PPF). The results showed that there was no 

statistical significant difference between using white light from the arc lamp 

and red light from red LED irradiance on the CO2 absorption rate. In their 

research, the LED lamp was made from 250 red LED chips mounted on the 
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ceramic heat sink, backed by aluminium fins and cooling fan offered greater 

control of light intensity. Thus, it enables easy repetition of light treatments 

compare to natural lighting and use of neutral density filter. 

 

 

 

Figure 2.8: Contour plot of the emitting surface of the LED lamp (Tennessen et al., 1994) 

 

 

 

Figure 2.9: The LED lamp head operating at full power emits light intensities equivalent 

to full sunlight yet remains cool to touch (Tennessen et al., 1994) 
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 Okamoto et al. (1997) had used red and blue LED shown in Figure 

2.10 to study the effects of different light quality and photosynthetic photon 

flux on the growth of lettuce (Lactuca sativa) plants. The investigation was 

conducted using three different light qualities (red, blue and red/blue) and two 

photosynthetic photon flux density (PPFD) levels (85 and 175 μmol/m
2
/s) on 

the growth and morphogenesis of lettuce seedlings. The research found that 

irrespective of the two different PPFD levels, the plants grown under the red 

LEDs developed more leaves than the plants under the blue LEDs, but less 

leaves than the plants under red/blue light. The lettuce stem length decreased 

significantly with an increased in blue PPF and the whole plant dry weight 

was greater for the plants grown under the high PPFD level than the plants 

grown under the low PPFD level. The research also had identified that the 

photosynthesis process occurred under continuous or pulse lights irradiance. 

 

  

 

Figure 2.10: LED pack consisted of hundreds of LED with different red and blue PPFD 

control (Okamoto et al., 1997) 
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 While Yanagi and Okamoto (1994) found that the dry mass production 

under the red LED light growth was slightly less than the spinach plants 

grown under the fluorescent lamp growth. Similarly, the spinach plant leaf 

area grown under the red LEDs was also smaller than that grown under the 

fluorescent lamp. Nevertheless, the research indicated an important possibility 

of using LED as an artificial light source for growing the plants. 

 

 

2.3.1 LED lighting in space agriculture 

 

United State has a good artificial lighting cultivation research on space 

agriculture study called NASA’ Kennedy Space Center (KSC). The KSC has 

an objective of preparation for the development of plant-based regenerative 

life-support systems for future Moon and Mars bases. One of the researches 

from the very early stage in KSC was Goins et al. (1997). They conducted a 

research on growing the salad crops of radish (Raphanus sativus), anion 

(Allium fistulosum), lettuce (Lactuca sativa) and wheat (Triticum aestivum) by 

using cool white fluorescent lighting (CWF), blue fluorescent lighting (BF) 

and Aluminum Gallium Arsenide (AlGaAs) LED array. The AlGaAs LED 

consisted of 2600 pieces quantities of high intensity discrete LED with 660 nm 

dominant wavelength to generate 300 μmol/m
2
/s (Figure 2.11). 
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Figure 2.11: LED array mounted on a fixture in KSC (Goins et al., 1997) 

 

 

Goins et al. (1997) reported that both the red light (660 nm) and blue light 

(450 nm) could induce photosynthesis process on the salad crops plants. 

However, there was no significant difference between plants grown under red 

LED light irradiance with 10% blue fluorescent light as compared to plants 

grown under the cool fluorescent lamp lighting irradiance in terms of shoot 

fresh mass and shoot dry mass. They also found when plants were grown 

under the red LED lamp irradiance without blue light supplement, the lettuce, 

radish and wheat plants all showed significant lower shoot fresh and lower dry 

weight compared with the plants grown under red LED irradiance with blue 

light supplement. Under the red LED irradiance with blue light supplement, it 

would increase the hypocotyls, cotyledons and stems, but overall leaves 

biomass yield was decreased. The research also found that with approximately 

of 350 μmolm
-2

s
-1

 of photosynthetic photon flux cultivation under 18 hours of 

light and 6 hours of dark photoperiod has enabled salad crop of lettuce 

(Lactuca sativa) to grow and harvest after 24 days of planting.  
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2.3.2 LED lighting in tissue culture 

  

Plant tissue culture (PTC) is the growth of plants tissues or cells under 

a controlled environment which is free from microorganism contamination. 

PTC is usually carried out under a clean and controlled environment (filtered 

air, stable temperature and light) using different types of formulated growth 

media.  

 

The plant propagating industries have long been using artificial light 

source for production of planting materials.  Among the conventional lamps 

such as High Pressure Sodium lamp (HPS), Metal Halide lamp (MHL), 

tubular fluorescent lamp and incandescent lamp using for plant propagation; 

the most common and widely used is tubular fluorescent lamp. All these lamps 

produce a wide spectrum of wavelengths including visible lights (blue to red 

colors) and non-visible lights (ultra violet and infra red). Figures 2.12 and 2.13 

show the spectral distribution from common used lamps and Philips Lighting 

horticulture TFL (Master TL-D reflex). 
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Figure 2.12: Spectral radian flux distribution from some widely used light sources 

include a 100 W incandescent lamp, a 65 W White low pressure mercury (fluorescent) 

discharge lamp, a 90 W low pressure sodium (SOX) discharge lamp, a 400 W high 

pressure mercury (MBF) discharge lamp, a 400 W high pressure mercury metal halide 

(MBIF) discharge lamp and a 250 W high pressure sodium (SON) discharge lamp  
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 Figure 2.13: Spectral distribution of a Philips TBL growth light for horticulture 

 

 

However in this wide spectrum it contains a lots of green light, which is 

reflected by the green leaves and led to low efficiency per quantum of light 

within the photosynthetically active radiation range. Besides, TFL consumes 

65% of the total electricity in a tissue culture laboratory which is the highest 

non-labor cost. As a result, the concerned industries are seeking for a more 

efficient light source which has led to rapid development of the high 

brightness or high power LED lighting for tissue culture laboratories and 

plants growth in the controlled environment. 
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 To study the efficiency of LED light on the plant growth, Nhut et al. 

(2000) cultured strawberry plantlets using the red and the blue LED lights with 

different ratio and different photosynthetic photon flux levels. Their results 

showed that by using the LED irradiance for strawberry plantlet 

micropropagation, the growth was optimum at 70 % red and 30 % blue LEDs 

ratio at the optimal light intensity of 60 μmol/m
2
/s of PPFD. The study also 

demonstrated that the LED light source used for the in vitro plantlet culture 

could improve the plant’s growth rate during acclimatization.  

 

 Besides, Brown et al. (1995) also conducted the study on the growth 

and normal attribute host resistance of Hungarian Wax pepper (Capsicum 

annuum L.) plant using the red LED with supplemental blue or far red 

irradiance. The study reported that the pepper dry mass, number of leaves per 

plants, chlorophyll concentration and stomatal conductance reduced when 

growing the plants under red LED only compared to the plants grown under 

red LED supplemental with blue fluorescent lamps irradiance. While the 

application of far-red radiation to the plants it resulted in taller plants with 

greater stem mass than those plants grown under red LED irradiance alone. 

The study also showed that fewer leaves were developed under the red or far-

red radiation than those plants grown under the lamps that also producing blue 

wavelength. Their study concluded that with the suitable amount of blue 

wavelength in combination with the red LED radiation might be suitable for 

plant tissue culture under tight controlled environment. Figure 2.14 and Table 

1 below show the spectral distribution and spectral data of various lamps 

sources. 
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Figure 2.14:  Spectral distribution of light from MH (A), red LED plus blue fluorescent 

(B), red LED (C) and red plus far-red LED (D) (Brown et al., 1995) 

 

 

Table 1: Spectral data for metal halide (MH), red LED plus blue fluorescent (660/BF), 

red LED (660), and red plus far-red LED (660/735) measured by Brown et al.  (1995) 
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2.3.3 LED lighting in algaculture 

 

Algaculture is an alga farming industry that produces great source of 

valuable feedstock, color pigments, carbohydrates, bioplastics, 

pharmaceuticals, fuel and other fine chemicals. Algae indoor farming could be 

limited by problems such as polluted environment, contamination substances 

and inconsistent production yield. Growing algae in photobioreactor (PBR) 

incorporates with artificial lights in a closed and controlled system. It is 

required to supply nutrients to induce photosynthesis in making glucose for 

algae grow during the dark reaction. To effectively exploit the commercial 

potential of algae, a cheap, durable, reliable, and a low density but highly 

efficient light source is needed since algae only need small amount of sun light 

radiation for photosynthesis. This has led to the study of LED radiation as 

artificial sun light for alga culture which is most preferred with variable 

intensity and photoperiod control features. 

 

IN another study, Matthijs et al. (1996) solely used red LED with peak 

emission 659 nm in 2 LEDs/cm
2
 panel as cultivating light source in culturing 

the green alga (Chlorella pyrenoidosa). The research found that the 

continuous supply of LED light could promote maximum growth of alga and 

the intermittent flash LED light supplied with 5 μs pulse on duration during 45 

μs pulse off duration of dark period would still sustain near maximum growth. 

The intermittent flash pulse method could reduce the overall light flux level 

but still able to sustain the alga growth comparable to the continuous LED 

light supplied method with the intention of reducing the photosynthetic photon 
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flux. As a result using the LED pulse or intermittent flash method allows 

energy saving and cause less heat waste generation if compared with the 

conventional fluorescent lamps. 

 

 

 

 

Figure 2.15: Relative intensity on energy basis of artificial light from Tungsten-halogen 

lamp (Philips Halotone 300 W, 230 V, R7s), ‘Plant-growth’ fluorescent tube (Osram–

Sylvania, Britegro 2023, 36 W) and a LED (Kingbright, L-53SRC-F). In all graphs the 

relative intensity of sunlight is presented as a reference  (Matthijs et al., 1996) 
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Due to the high potential of cultivating algae for commercialization, 

Lee and Palsson (1994) calculated a set of theoretical values on gas mass 

transfer requirements and lights intensity requirements for the LED based PBR 

to support high density alga cultivation. By using 680 nm red GaAlAs LED as 

the light source and on-line ultrafiltration to periodically supply fresh medium, 

it could achieve the highest cell concentration (more than 2 x 10
9
 cell/mL) and 

the highest total cell volume fraction (more than  6.6% v/v). In addition, by 

modifying internal sparging (to improve overall light utilization), online 

ultrafiltration (to improve supply of fresh medium with removing the 

secondary metabolites), light intensity (to increase the light density) and 

shorter light path distance, the oxygen production rate in the final PBR could 

increase almost 5-fold, giving the maximal oxygen production rate of 10 mmol 

oxygen/L culture/h. 

 

Besides, Nedbal et al. (1996) studied the fluctuation effects on various 

algae growth in the diluted cultures by using red LED arrays. Their results 

showed that the red LED arrays generated intermittent light in the small 

bioreactor could grow the algae as good as that grown under the continuous 

light condition. In certain intermittent light pattern testing, the growth of algae 

could be higher than those grown under the continuous light supply grown. 
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2.4 Photosynthesis photoperiod and energy saving 

 

Photosynthesis process can be divided into three phases include 

primary photochemistry, electron shuttling and carbon metabolism. These 

three photosynthesis sub-processes can be uncoupled by providing pulses of 

PPF 400-700 nm wavelengths. At high frequency, these PPF 400-700 nm 

pulses treatment can be used to separate the light reaction from the dark 

reaction of photosynthetic electron transport and LED made from 

semiconductor can provide flexible pulsing pattern as short as nanoseconds to 

allow good energy saving. 

 

Jao and Fang (2004) have investigated the effect of intermittent light 

on growing the potato in vitro. They used conventional TFL fluorescent lamp 

for continuous light source and LED lighting for adjustable frequency or duty 

cycle light source. The results showed that LED illumination at 720 Hz (1.4 

ms) and 50% duty cycle with 16 hours light and 8 hours dark photoperiod 

provided maximum plant growth. The growth rate of potato plantlets under the 

continuous light of 24 hours/day was similar to those illuminated with 16 

hours/day under intermittent light. In another similar testing where energy 

conservation was studied, changing intermittent light to 180 Hz (5.5 ms) and 

50% duty cycle did not show significant difference on plant growth when 

compared to those illuminated by continuous light from TFL lighting.  Instead 

the results showed 17% less energy consumption and have proved that the 

LED lighting could reduce electric energy. 
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Figure 2.16: Schematic diagram of the LEDSet (Jao and Fang 2004) 

 

 

 

 

Figure 2.17: LEDSet control circuit design (Jao and Fang 2004) 
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2.5 LED drivers and design topology 

 

 The brightness of LED depends on the driving current during forward 

bias. An effective way to ensure that each LED produces similar luminous 

flux output is to connect them in series. There are many LED driver design 

topologies from a basic straightforward linear regulation to a more 

complicated switching mode, but all have a common goal to generate 

consistent current source to drive variable number of LEDs in the same circuit. 

One simple approach is employing a linear current regulator which has a lower 

cost but suffers from poor operating efficiency. An improved LED driver with 

self-adaptive drive voltage proposed by Hu and Jovanovic (2008) consists of 

an output voltage preregulator that is always self-adjusted. The voltage across 

the linear current regulator of the LED string with the highest voltage drops is 

kept at the minimum voltage in order to maximize the driver efficiency. The 

proposed LED driver eliminated the sensing voltage dropped across the linear 

regulator by removing the external voltage feedback for adjusting the output 

voltage of preregulator, in replacement was the preregulators and linear 

current regulators connected in series with the LED strings as shown in Figure 

2.18.  
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Figure 2.18: LED driver with adaptive drive voltage for linear current regulators  

(Hu and Jovanovic 2008) 

 

 

 Lu and Wu (2009) implemented pulse width modulation (PWM) 

controller for LED driver with two main operation modes, the current 

feedback mode and the constant current mode, for different PWM DC-DC 

converter topologies like buck, boost, buck-boost and flyback. A special error 

amplifier with adaptability to different DC-DC was introduced for different 

application. Figure 2.19 shows one of the LED driver design for buck-boost 

circuit where constant current mode is operated in peak current mode (PCM) 

and current feedback mode senses the current across the sense resistor RS2 in 

series with LED load and converts to offset voltage. 

 

 



 30 

 

 

Figure 2.19: Buck-boost LED driver (Lu and Wu 2009) 

 

 

The difference between offset voltage, output feedback voltage and reference 

voltage is then amplified and later converted to current signal by V/I converter. 

The current signal will act as the reference of the current comparator and the 

LED current will be regulated when the SENSE current is equally level with 

the LED current. 

  

 Leung et al. (2008) designed a power efficient LED-current sensing 

LED driver without using any sensing resistor but extracts LED-current value 

from the output capacitor of the driver. The sensing circuit is implemented in 

buck-boost topology and measurement results indicate 92% of power 

conversion efficiency and at least 90 times power reduction in sensing 

compared to existing approach. The proposed sensing circuit in Figure 2.20 

senses a feedback LED voltage using resistive potential divider and amplifies 

the difference of the feedback voltage and the input voltage, which then to be 
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confirmed with target set current by the error amplifier to regulate the LED 

current to reasonable sensing accuracy and line/load regulation.  

 

 

 

 

Figure 2.20: System diagram of LED-current sensing circuit (Leung et al., 2008) 

 

 

 Another low cost method of self-oscillating zero voltage switching 

clamped-voltage (ZVS-CV) LED driver implemented by Mineiro Sa et al. 

(2008) showed that no current sensor was required to stabilize the average 

current through the LED string. This is achieved by using the simplified 

mathematical model to characterize the series resonant converter for the power 

LED driver from the series resonant network of LED, inductor and capacitor. 

In the experiment, the load of eight power LED of Luxeon III (LXHL-PW09) 

were powered by ZVS-CV driver at 650 mA average current with ripple factor 

of 15 % obtained 81 % power efficiency. With the simplified design to 

produce good power efficiency, it is cost effective to replace the actual 

fluorescent lamps to the power LED lighting. Figure 2.21 shows the proposed 
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self-oscillating ZVS-CV LED driver circuit and Figure 2.22 shows the prove 

of 8 series LED is powered by self-oscillating ZVS-CV LED driver. 

 

 

 

 

Figure 2.21: The BJT half bridge self-oscillating ZVS-CV LED driver circuit (Mineiro 

Sa et al.,  2008) 

 

 

 

 

Figure 2.22: Self-oscillating ZVS-CV LED driver drives 8 series power LEDs (Mineiro 

Sa et al.,  2008) 

 

 

In general, the self-adaptive and self oscillating drive methods are typical low 

cost LED drivers that require modification on current sensing or current 

regulation components when there is a change in the LED string in order to 
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deliver the same target drive current. This has limited the design flexibility 

when variable LED strings and different LED model or made is applied where 

total LED forward voltage in the circuit has changed. While PWM controller 

topology provides the design flexibility advantage on the variable LED string 

but the current feedback resistor in the PWM controller circuit normally 

contributes in system power lost and it becomes more significant when lower 

output current is designed. To increase the LED driver efficiency and 

flexibility, a switch mode topology LED driver is preferred as a very low 

value of feedback resistor is used to reduce the system power lost. 

 

 

2.6 LED and Printed Circuit Board 

 

 High power LED typically consumes minimum of 350 mA current or 

more than 1 W of electrical power. Only small percentage of this electrical 

energy is transformed into luminous light, while other huge portion of energy 

will become conduction heat as waste energy. This waste thermal energy must 

be extracted out from the high power LED to a heat sink in order to reduce the 

LED optical degradation and LED failure rate; as such it is important the 

printed circuit board (PCB) which mounts the high power LED must have low 

thermal resistance and good thermal flow features to help removing the heat 

from the high power LED to the heat sink attached to it as fast as possible. 

Commonly, there are two types of good thermal conductive the PCB including 

metal core PCB (MCPCB) and ceramic PCB for mounting the high power 

LED. Metal core PCB means the base material for PCB is metalized material 
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as heat spreader and usually is made from Copper alloy or Aluminum alloy 

and the latter material is more economy and easy to obtain. While for ceramic 

PCB, the base material is made from Alumina (96% Al2O3) and has lower 

thermal conductivity than MCPCB but it has better coefficient of thermal 

expansion (CTE) than the MCPCB which is an important factor for mounting 

high power LED of ceramic substrate body. 

  

 There was a study on enhancing the thermal conductivity of the 

insulation layer between the circuitry and the metal base plate of the MCPCB 

for better heat dissipation by Yung (2010). They added boron nitride into the 

dielectric substance to maximize the formation of conductive paths and to 

minimize the thermal barrier. The research showed that for any given 

percentage of boron nitride, the larger the size of boron nitride, the higher the 

thermal conductivity will be. In addition, a higher percentage of boron nitride 

as filler also gave higher thermal conductivity. The study proved that more 

and larger boron nitride particles helped to shorten the low thermal conductive 

path of the dielectric material (i.e. epoxy matrix) and establish a high thermal 

conductive network (i.e. boron nitride) for heat conduction. Figure 2.23 shows 

4 μm filler size has the highest thermal conductivity as compared to the 

smaller filler size of boron nitride and the thermal conductivity increase with 

the higher percentage of boron nitride content. 
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Figure 2.23: Thermal conductivity of dielectric with varying filler sizes and percentages 

of the boron nitride (Yung 2010) 

 

 

 Lee et al. (2010) have studied the MCPCB with anodized pattern to 

improve thermal dissipation by reducing the thermal resistance and increasing 

the thermal flow. From their findings the patterned anodizing could connect 

the lead frame of high power LED package to the metal substrate directly 

without any thermal loss through the dielectric layer and higher efficient 

thermal management is expected since the thermal resistance has reduced. 
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CHAPTER 3.0 

 

METHODOLOGY 

 

 

In this research, a study was conducted on the novel of high power 

LED solid state lighting in accelerating the plant growth rate for indoor 

cultivation (Chin and Chong 2012). An energy efficient solid state lamp (SSL) 

has been designed and constructed, which was based on high power LEDs and 

high efficient reflectors to produce high density luminous flux of 

Photosynthetic Photon Flux (PPF) from 400nm to 700nm wavelengths. The 

operating temperature of the energy efficient solid state lamp was controlled 

and maintained at good thermal efficiency level to ensure the luminous flux of 

PPF production is consistent throughout the study. Low light plant of Lactuca 

sativa (Romanian Lettuce) was chosen as the test specimen because of its high 

commercial value, short life cycle and easy to obtain from the local farmers. 

 

The focus of energy efficient solid state lighting design could be 

divided into three main areas: high power LED module, alloy fixture LED 

lamp and LED driver. There were total of 18 pieces of high power LEDs, 18 

pieces of ceramic PCBs, 18 pieces of high efficient reflectors, 3 units of LED 

drivers, 1 piece of step down transformer, 2 units of alloy fixture casing and 

some wires to build an energy efficient solid state lighting. 
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3.1 High power LED module 

 

The high power LED made from AlInGaP with wavelength ranging 

from 620 to 645 nm for red radiation and the high power LED made from 

InGaN with wavelength ranging from 440 to 490 nm for blue radiation were 

adopted. Both kinds of high power LEDs provide high photon extraction 

efficiency (WPE) in which both are supplied by Philips Lumileds under the 

product range of Luxeon Rebel Direct Color family. The selected Luxeon 

Rebel red LED was LXML-PD01-0030 which could produce a minimum of 

40 lumens of luminous flux per watt and was able to reach 65 lumens of 

luminous flux output when driven by 700 mA current; while the selected 

Luxeon Rebel royal blue LED is LXML-PR01-0175 which produced a 

minimum 175 mW of deep blue luminous flux per watt when driven with 350 

mA current and it was able to produce 325 mW of luminous flux at 700 mA 

drive current (Philips Lumileds DS65, 2011). 

 

All the Luxeon Rebel LEDs used in making the solid state lamp 

originally were in a bare emitter form and it was required to be mounted on 

the PCB for electrical connection. Figure 3.1 shows that the electrical 

connections of anode and cathode pads are located under the bare emitter of 

ceramic based body. 

 

 

 



 38 

 

 

Figure 3.1:  Diagrams show the Luxeon Rebel pads functions 

 

 

With the recommendation pads layout design on gerber format given 

by Philips Lumileds, two small rectangular pads for anode and cathode 

electrical connections were drawn at the lower section and one big rectangular 

pad for thermal dissipation function was drawn at the upper section of a 

hexagon shaped PCB keep out layout. Two soldering pads that had bigger size 

than the cathode contact pad were electrical connected to the cathode contact 

pad and were placed at the left end of the hexagon PCB, similarly another two 

same size soldering pads were also connected with each other and were placed 

at the right end of the hexagon PCB to make electrical connection to the anode 

contact pad. The final PCB design was then sent to the ceramic PCB 

manufacturer, Hokuriku Sdn Bhd located in Shah Alam of Selangor state of 

Malaysia, to fabricate the actual ceramic PCB. Aluminum Oxide (Al2O3) 

based ceramic PCB was chosen for its good thermal conductivity, excellent 

thermal cycling stability, high electrical insulation and more importantly, to 

minimize the coefficient of thermal expansion (CTE) mismatch with the 

Luxeon Rebel LED emitter which was built on the ceramic substrate too 

(Philips Lumileds AB32, 2012). Silver material based circuit track using thick 
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film technology was printed on the ceramic PCB for its good adhesion force 

on ceramic surface and better electrical conductivity. When the hexagon 

shaped ceramic PCB fabricated with Luxeon Rebel emitter footprint was done 

and ready, the Luxeon Rebel LED emitter was then placed to the prepared 

location on the hexagon shaped ceramic PCB. The Luxeon Rebel emitter 

silicone lens is a fragile material. Thus, when placing the Luxeon Rebel 

emitter, a twizzer tool was used to help holding the Luxeon Rebel emitter 

body edge to avoid touching the soft silicone lens that might cause defect and 

lead to decrease the overall optical output performance and reliability as 

shown in Figure 3.2. The hexagon shaped ceramic PCB with Luxeon Rebel 

emitter sitting on it was then transferred to a hot plate soldering machine with 

the temperature control at 260 ⁰C for few seconds to solder the Luxeon Rebel 

emitter on the ceramic PCB and formed a LED module as showed in Figure 

3.3. After the soldering process, the soft silicone dome lens was gently cleaned 

by a cotton swab with isopropyl alcohol (IPA) to remove any dirt from the 

lens. 

 

 

 

 

Figure 3.2: Correct way of manual handling of Luxeon Rebel emitter 
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Figure 3.3: Luxeon Rebel LED module in which a Luxeon Rebel emitter is mounted at 

the centre of a hexagonal shaped ceramic PCB. The positive and negative pads are 

printed on the surface of the ceramic PCB for electrical connection. 

 

 

From the ceramic PCB manufacturer specification, the ceramic substrate of 

PCB has thermal resistance of 0.12 ºC/W. Luxeon Rebel red LED and royal 

blue LED have thermal resistances of 12 ºC/W and 10 ºC/W respectively 

(Philips Lumileds DS65, 2011), therefore the total thermal resistance of 

Luxeon Rebel red LED module and Luxeon Rebel royal blue LED module is 

12.12 ºC/W and 10.12 ºC/W, respectively. 

 

The completed Luxeon Rebel LED module has a typical 120° radiation 

viewing angle which is the off axis angle from lamp centerline where the 

luminous intensity is half of the peak value at initial. In this wide distribution 

angle, only small amount of PPF radiation would reach the target test 

specimen target (young Lactuca sativa plants). The long light source distance 

from the target specimen caused a lot of waste PPF radiation. To increase the 
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radiation reception efficiency, open-ended parabolic profile with high 

precision optical surface reflectors that has two different slope angles of 25° 

and 52º supplied by Diffractive Optics were applied to focus the LEDs lights 

to the target plants. These reflectors have good optical efficiency of minimum 

85% and it is dedicated design for Luxeon Rebel emitter that generates 

lambertian distribution pattern as shown in Figure 3.4. By using these optic 

reflectors, it could help focusing the original wide lambertian distribution 

pattern into narrow and reasonably uniform light illumination onto the young 

Lactuca sativa test plants. 

 

 

 

 

Figure 3.4: An open-ended pyramidal reflector with two different slope angles of 25 º 

and 52º supplied by Diffractive Optics. The reflector is mounted on each of the LED 

module using the high temperature grade thermal adhesive in order to produce 

collimated light with reasonably uniform illumination 
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Figure 3.5: Lambertian radiation pattern of Luxeon Rebel royal-blue 

 

 

 

  

Figure 3.6: Lambertian radiation pattern of Luxeon Rebel red 
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Figure 3.7: Typical 25° x 52° reflector radiation distribution pattern 

 

 

 

 

Figure 3.8: Optical simulation result shows uniform light distribution reflected by 

Diffractive Optics reflector 
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To mount the reflector onto the high power LED module, a high 

temperature grade thermal adhesive (Loctite Hysol 9340) was used to bond the 

polycarbonate (PC) plastic surface of the reflector to the ceramic PCB surface 

of high power LED module. Special attention on holding the reflector is 

needed and it is advised to wear gloves when handling the reflector to avoid 

the finger-print oil contamination on the aluminum coating surface that will 

degrade the light reflection efficiency. The completed Luxeon Rebel LED 

module assembly will then be installed to an alloy fixture to make solid state 

LED lamp. 

 

 

3.2 Alloy fixture LED lamp 

 

Two units of Luxeon Rebel Red LED panels and two units of Luxeon 

Rebel Blue LED module assemblies were constructed to make a LED lamp in 

this study. Each high power LED panel consists of an array of 4 × 2 units of 

Luxeon Rebel Red LED module assemblies that are fixed into the alloy fixture. 

Each high power LED module assembly consists of the Luxeon Rebel Red or 

Blue LED module and the open-ended square reflector. Figure 3.9 shows the 

flow diagram of how the LED panel was constructed. 
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Figure 3.9: A flow diagram indicating how the LED panel was constructed. The open-

ended reflector is mounted to the LED module before they are fixed into an alloy fixture. 

 

 

The attachment of the Luxeon Rebel Red LED module assemblies into 

the alloy fixture was done with the use of Dow Corning SE4486 adhesive, 

which has a good thermal conductivity of 1.53 W/mK. The thermal resistance 

contributed by the adhesive is as low as 0.4 °C/W when 0.2 mm maximum 

thickness of adhesive was applied to bond the high power LED module to the 

surface of inner part of alloy fixture. On the other hand, Luxeon Rebel Blue 

LED module assemblies were attached to 20 mm x 20 mm aluminum sheet to 

assist heat dissipation and were placed at both end of the alloy fixture. Since 

the luminous flux output of AlInGaP LED is dependent on temperature, hence 

thermal management is required and it is important to ensure Luxeon Rebel 

Red LED operates in the optimal performance, as such Philips Lumileds’s 

thermal management concept was adopted in this case. The high power LED 
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module assemblies that were attached to the alloy fixture with thermal 

resistance of 0.8 °C/W could create temperature as high as 80.4 °C at the LED 

junction when the LED was driven by constant input current of 700 mA at 

ambient temperature of 25 °C.  

 

All the eight Luxeon Rebel Red LED module assemblies in the panel 

were electrical connected in series with the maximum forward voltage of 3.51 

V each and hence it created the total forward voltage of 28.08 V for each panel. 

The calculation of total input electrical power of each panel is shown as 

follow:  

 

Ptot_LED = Vf × I = 28.08 V × 0.7 A = 19.66 W    (1) 

( where Vf is the total maximum forward voltage of Luxeon Rebel Red LED in 

serial connection in the panel. ) 

 

The calculation of the LED temperature in the panel is as follow: 

 

Tj-a = Ptot_LED × ( RΘLED_module) / 8      (2)  

Tj-a = 19.66 × [(12 + 0.12 + 0.4 + 0.8) × 3.51× 0.7] / 8 = 80.4 °C  (3)  

( where RΘLED_module = RΘj + RΘpcb + RΘads + RΘf )   (4)  

 

provided that : 

thermal resistance of LED die junction-slug, RΘj = 12 °C/W;  

thermal resistance of PCB of ceramic substrate, RΘpcb = 0.12 °C/W;  
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thermal resistance of silicone adhesive with 0.2 mm thickness, RΘads = 0.4 

°C/W; 

thermal resistance of alloy fixture, RΘf = 0.8 °C/W;  

 

Note: Solder has extremely low thermal resistance of less than 0.001 °C/W and has been 

ignored in the calculation (Bai et al., 2004). 

 

 

Temperature at outer surface of the alloy fixture was measured and 

recorded as 53 ºC at the ambient temperature of 25 ºC. By using the system 

thermal resistance model of Philips Lumileds AB05, the junction temperature 

of Luxeon Rebel Red LED should be;  

53 ºC + (12 + 0.12 + 0.4 + 0.8) ºC/W × (3.51 × 0.7) W = 85.7 ºC  

This value was quite close to the calculated temperature value in equation (3); 

this temperature was still well below the maximum operating temperature of 

135 °C. Based on Luxeon Rebel Red LED luminous flux versus temperature 

chart in Figure 3.10, when the Luxeon Rebel Red LED junction temperature 

reached 85.7 ºC the thermal pad at that moment would be;  

85.7 ºC - (12 ºC/W × 3.51 V × 0.7 A) = 56.2 ºC  

This value has maintained 80% of the initial luminous flux. With this thermal 

pad temperature value and Luxeon Rebel Red LED has 0.05 nm/°C thermal 

coefficient of dominant wavelength as stated in Table 2, the wavelength shift 

will have (56.2 - 25) °C × 0.05 nm/°C = 1.56 nm small different near to 629 

nm. 
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Figure 3.10: Relative light output vs. thermal pad temperature for red, red-orange & 

amber 

 

 

Table 2: Optical characteristic of Luxeon Rebel LED 

  

 

 

Similarly for the Luxeon Rebel Blue LED, the temperature recorded at the 

aluminum sheet surface it attached to was 64 ºC and based on Luxeon Rebel 

Blue LED luminous flux versus temperature chart in Figure 3.11, when the 
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junction temperature of Luxeon Rebel Blue LED reached 64 ºC + (10 + 0.12 + 

0.4 + 0.8) ºC/W × (3.51 × 0.7) W = 91.8 ºC the temperature of thermal pad at 

that moment would be 91.8 ºC - (10 ºC/W × 3.51 V × 0.7 A) = 67.2 ºC; only 

less than 1% of the luminous flux degradation occurred. With 0.04 nm/°C 

thermal coefficient of dominant wavelength as stated in Table 2, for Luxeon 

Rebel Blue LED the wavelength shift would have (67.2 - 25) °C × 0.04 

∆nm/°C = 1.69 nm delta different and near to 449 nm. 

 

 

 

 

Figure 3.11: Relative light output vs. thermal pad temperature for royal blue, blue, cyan 

& green 
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3.3 LED driver 

 

From the completed LED panels for red illumination and LED module 

assemblies for blue illumination, the highest numbers of serial LEDs in the 

circuit could be found in LED panels. There were eight Luxeon Rebel LEDs in 

each LED panel connected in serial connection that obtained 28.08 V total 

forward voltage as in section 3.2 equation (1); in which to turn on the LED 

panel, a LED driver that can deliver a DC output voltage of greater than 28.1 

V is needed. The LED driver design in this study was based on switch mode 

buck topology where the LM3404 (Figure 3.12) made from National 

Semiconductor was selected for this reason. The LM3404 was capable to 

generate more than 40 V of DC voltage and maximum 1.0 A of current output 

which was greater than 28.08 V and 700 mA requirement. Besides, it also 

provided high power conversion efficiency at high switching frequency where 

part of this achievement was contributed from its integrated 1.5 A MOSFET 

switch. This switch could reduce the switching loss to the minimal and 

indirectly increasing the overall efficiency. 

 

 

 

Figure 3.12: Pins function of LM3404 
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For driving Luxeon Rebel Red LED, only 700 mA maximum current 

was allowed and the LM3404 based LED driver was designed accordingly as 

shown in Figure 3.13. A feedback resistor of 0.33 Ω was calculated to convert 

the output current value to voltage value to allow the current feedback control 

to regulate 700 mA constant current. In this LED driver design, two Surface 

Mount Device (SMD) resistors of 1206 package with the resistance value of 

0.68 Ω each were connected in parallel to have a total resistance of 0.34 Ω. 

Two resistors instead of one were used for the reason of increasing the heat 

dissipation capacity when high current of 700 mA passing through them in the 

feedback loop. A step down transformer was used to step down the AC 

voltage from 240 V to 24 V. The 24V AC voltage then was converted to DC 

voltage through a bridge rectifier and filter circuit consisted of 4 diodes 

namely D2, D3, D4, D5 and two bypass capacitors C1, C4 before it supplied 

to LM3404 as shown in Figure 3.13. A 150 kΩ resistor was placed at the Ron 

and Vin pins to configure 1.4MHz high switching frequency in order to have 

higher efficiency operation. As a result, a smaller inductor size was required 

and lesser heat was generated from the whole LED driver. 
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Figure 3.13: Circuit diagram shows a 24 V AC input LED driver based on LM3404IC 

that is capable of supplying constant output current of 700 mA and DC output voltage 

greater than 28.1 V in order to drive a maximum of eight Luxeon Rebel LEDs in series. 
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Total of three LED drivers were prepared for the energy efficient solid 

state lighting: two LED drivers supplied the power to two LED panels of eight 

series of Luxeon Rebel Red LED each and one LED driver supplied the power 

to two LED module assemblies of Luxeon Rebel Blue LED. All the three LED 

drivers were placed separately from the solid state lighting to avoid any heat 

interference with high power LED ambient temperature.  

 

 

3.4 Luminous flux and PPF of solid state lighting 

 

The completed solid state lighting was functionally tested to ensure 

working in good manner before starting the experiments. When all the LEDs 

of the solid state lamp were turned on, the illuminous recorded by Konica 

Minolta CL200 was 7200 lux in photometric at the center while 5190 lux and 

5670 lux in photometric were recorded at the left and right sides of the 

illumination area as shown in Figures 3.14(a)-(c). 
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Figure 3.14(a): Illuminance recorded at   Figure 3.14(b): Illuminance recorded 

center        at left edge 

 

 

 

 

Figure 3.14(c): Illuminance recorded at right edge 
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There was higher illuminance obtained at the center of the target area. This 

was due to some radiation focus overlapped from LED panels and the LED 

module assemblies. This issue could be minimized by having more accurate 

reflectors mounting and placement adjustment of the LED modules in the 

LED panels. 

 

  The energy efficient solid state lamp produced minimum light 

radiation energy of 4.404 W of red radiation from 600-700 nm and 650 mW of 

blue radiation from 400-500 nm that would be focused to an area of 30 cm x 

40 cm. The test specimen of young Lactuca sativa plants would be grown on 

the pallet placing at this area with 213.23 μmol/m
2
/s of PPF density. Below 

computation states the detail derivation. 

 

Lumen output generated by LED panels at temperature stated in Figure 3.10; 

LMred = (number of panels) × (number of LED per panel) × (radiant flux per 

LED)           (5) 

LMred = 2 × 8 × 52 lm = 832 lm       (6) 

 

Radiometric energy generated by LED panels is: 

RMred =  LMred / (photopic conversion value at wavelength 629 nm) (7) 

RMred = 832 lm / 188.92 lm/W = 4.404 W     (8) 

 

Note : wavelengths in (6) - (8) are based on 629 nm and has Photopic 

Conversion of 188.92 lm/W 
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Radiometric energy output generated by LED module assemblies at 

temperature stated in Figure 3.11 is: 

RMblue = (number of LED module assemblies) × (radiant flux per LED) (9) 

RMblue = 2 × 325 mW = 650 mW                (10) 

 

Total irradiance energy output from solid state lighting is: 

RMtot = RMred + RMblue = 5.054 W                (11) 

 

Since energy per photon is  E = hν =  hc/λ, so total photons per second, n, will 

be: 

 n (photons/sec) = Qe / (h × ν) = Qe / ((h × c) / λ) = (Qe × λ) / (h × c)       (12) 

 

Photosynthetic Photon Flux, PPF, can be calculated as: 

PPF (mol/sec) = (Qe × λ) / (h × c × Navogadro)              (13) 

where 

Qe = irradiance energy; 

λ = photon wavelength; 

h  = 6.63 × 10
-34

; 

c = 3.00 × 10
8
; 

Navogado = 6.02 × 10
23

; 

 

For PPF of 600-700 nm; 

PPFred (mol/sec) = (RMred × λred) / (h × c × Navogadro)             (14) 

PPFred (mol/sec) = 23.149 μmol/s                (15) 
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where λred = 629 nm; 

For PPF of 400-500 nm; 

PPFblue (mol/sec) = (RMblue × λblue) / (h × c × Navogadro)             (16) 

PPFblue (mol/sec) = 2.439 μmol/s                (17) 

where λblue = 449 nm; 

 

Total PPF of (400-500 nm) & (600-700 nm) is: 

PPFtot (mol/sec) = PPFred  + PPFblue = 25.588 μmol/s             (18) 

 

PPF density in 30cm × 40cm area, PPFD is: 

PPFD = PPFtot / Area                  (19) 

PPFD = (25.588 μmol/s) / (0.3 m × 0.4 m)                (20)  

PPFD = 213.23 μmol/m
2
/s                 (21) 
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CHAPTER 4.0 

 

EXPERIMENTAL SETUP 

 

 

The young Lactuca sativa seedlings were grown in pallet tray and two 

leaf stage plantlets germinated from the seeds were used as shown in Figure 

4.1(a) & (b). Each pallet contained thirty three germinated two-leaf stage 

Lactuca sativa. 

 

 

 

Figure 4.1: The two leaf stage Lactuca sativa seedlings were grown in pallets 

 

 

The experiments were carried out in a green house of lettuce farm at Kampung 

Raja, Cameron Highland in Malaysia with altitude of 1311 m, latitude of 

4.57 °N and longitude of 101.40 °E which lies entirely in the equatorial region. 

In the experiments, two pallets of young Lactuca sativa plants were cultivated 
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under two different illumination conditions for a comparison study. One pallet 

was placed inside a dark room equipped with energy efficient of high power 

LED solid state lighting system and another pallet was placed outside the dark 

room to be exposed to the normal solar irradiance. The pallet of young 

Lactuca sativa in the dark room was aligned well under the solid state LED 

lamp that was hung at the height of 20 cm above the plants, so that the light 

cone irradiated from the high power LED was sufficient to cover all the plants 

as shown in Figure 4.2.  

 

 

Figure 4.2: The experimental setup in a dark room. The energy efficient solid state 

lighting is placed at 20 cm above the test specimen plants. 

 

  



 60 

The ambient temperature was recorded ranging from 18 ºC to 26 ºC 

during the testing period in which the lowest temperature happened in the 

midnight whilst the highest temperature happened in the sunny afternoon. The 

energy efficient solid state lighting system was powered up by a 24 V AC and 

the operating time was set from 8.00 am to 12.00 am (or 16 hours of photo-

period) per day with the use of a timer control. Both the young Lactuca sativa 

plants cultivated in the dark room and under the normal solar irradiance were 

watered twice daily, i.e. in the morning and in the afternoon. The average 

illuminance under the energy efficient solid state lamp was 6020 lux while 

average illuminance under the normal sun was 36515 lux. The plantlets were 

grown under the above described conditions for 11 days. This experiment was 

repeated, however, due to unexpected electric power supply failure, it was 

performed for eight days. The whole plant growth and development of the 

Lactuca sativa was monitored and recorded by CCD cameras. 

 

 

    

Figure 4.3(a): Solar illumination    Figure 4.3(b): Solar illumination in  

in the morning.     the afternoon. 
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CHAPTER 5.0 

 

RESULTS AND DISCUSSION 

 

 

 To prove the energy efficient of high power LED based solid state 

lighting is capable to accelerate the growth of indoor plants cultivation, two 

experiments were conducted and their results were presented in this study. 

 

 

5.1 Physical observation of Lactuca sativa plants 

 

From the observation, the specimens of young Lactuca sativa plants 

cultivated under the energy efficient solid state lighting showed faster growth 

rate than that of the plants cultivated under the normal solar irradiance. From 

the recorded video, Figures 5.1(a) – (k) show the Lactuca sativa plant growth 

from day 1 to day 11 for experiment 1 while Figures 5.2(a) – (h) show the 

Lactuca sativa plant growth from day 1 to day 8 for experiment 2. In the 

observations, the young Lactuca sativa plants cultivated under the energy 

efficient solid state lighting were observed to have larger leaf area and taller 

stem than the young Lactuca sativa plants cultivated under normal solar 

irradiance. 

 

To compare the results of plant cultivation under the two different 

illumination conditions quantitatively, ten Lactuca sativa plants were 
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randomly selected from each pallet to measure the leaf width, total leaf area 

index per plant and plant fresh weight. The results are shown in Tables 3 and 4 

for experiments 1 and 2, respectively. As a summary of experiment 1, most of 

the plants cultivated under energy efficient solid state lighting system had four 

big leaves with average leaf width of 21.8 mm, and average total leaf area 

index per plant of 1400.1 mm
2
. The average plant fresh weight obtained was 

2.39 g.  For the plants cultivated under solar irradiance, the average leaf width 

measured was 13.6 mm, with the average total leaf area index per plant of 

458.8 mm
2
. A much lower average plant fresh weight (0.64 g) was obtained if 

compared with plants cultivated under the energy efficient solid state lighting. 

For experiment 2, the plants cultivated under the energy efficient solid state 

lighting system had two big leaves with average leaf width of 13.7 mm, and 

average total leaf area index per plant of 625.5 mm
2
. The average plant fresh 

weight was 0.76 g. For plants cultivated under solar irradiance, the average 

leaf width and average total leaf area index per plant were 0.97 mm and 341.7 

mm
2
, respectively, with the average plant fresh weight of 0.37 g (Figure 5.3). 

By comparing the leaf size and plant fresh weight of the grown plants in 

Figures 5.3, the Lactuca sativa plants cultivated under the energy efficient 

solid state lighting system showed a faster growth rate than the plants 

cultivated under normal solar irradiance. 

 

However, the plant growth is also affected by the physical environment 

where the plants are grown. Thus, the slower growth rate observed after the 

plants were kept under the normal sunlight condition might cause by other 

factors. In order to conclude the solid state lighting system would be able to 
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enhance the growth of plant in this study, further study needs to be performed 

in the future to grow the plants in a controlled environment where all samples 

will be grown under similar environment except the light source used will be 

varied. The current results showed the potential enhance effect of the solid 

state lighting on the plant growth. 
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Figure 5.1: Images of grown Lactuca sativa plantlets captured by CCD video camera for 

11 days to monitor the progress of plant growth under the energy efficient solid state 

lighting system in the dark room: (a) Day 1, (b) Day 2, (c) Day 3, (d) Day 4, (e) Day 5, (f) 

Day 6, (g) Day 7, (h) Day 8, (i) Day 9, (j) Day 10 and (k) Day 11. 
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Figure 5.2: Images of grown Lactuca sativa plantlets captured by CCD video camera for 

8 days to monitor the progress of plant growth under the energy efficient solid state 

lighting system in the dark room: (a) Day 1, (b) Day 2, (c) Day 3, (d) Day 4, (e) Day 5, (f) 

Day 6, (g) Day 7, (h) Day 8. 
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Figure 5.3: The comparisons of Lactuca sativa plantlets growth under the solar 

irradiance and the energy efficient solid state lighting: (a) Lactuca sativa plants 

cultivated under the energy efficient solid state lighting in experiment 1, (b) Lactuca 

sativa plants cultivated under solar irradiance in experiment 1, (c) Lactuca sativa 

cultivated under the energy efficient solid state lighting in left pallet and cultivated 

under solar irradiance in right pallet in experiment 2. 
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Table 3: Measurement result of total leaf area index, plant fresh weight and leaf width of 

the ten randomly selected samples in experiment 1 

 

 

 

 

 

Table 4: Measurement result of total leaf area index, plant fresh weight and leaf width of 

the ten randomly selected samples in experiment 2 
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              (a) 

 

 

                  (b) 

 

Figure 5.4: The total leaf area index per plant were measured from 10 randomly selected 

plants to compare the Lactuca sativa plants cultivated under the solar irradiance and the 

energy efficient solid state lighting system, (a) experiment 1 and (b) experiment 2. 
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            (a) 

 

 

             (b) 

 

Figure 5.5: The fresh weight were measured from 10 randomly selected plants to 

compare the Lactuca sativa plants cultivated under the solar irradiance and the energy 

efficient solid state lighting system, (a) experiment 1 and (b) experiment 2. 
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(a) 

 

  

(b) 

 

Figure 5.6: The average values of both total leaf area index per plant and fresh weight 

were measured from 10 randomly selected plants to compare the Lactuca sativa plants 

cultivated under the solar irradiance and the energy efficient solid state lighting system, 

(a) experiment 1 and (b) experiment 2. 
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5.2 Energy efficiency and growth rate analysis 

 

 For the analysis of energy efficient method to cultivate the Lactuca 

sativa plants, three major parameters were computed which include 

Photosynthetic Active Radiation (PAR) energy efficiency, external power 

conversion efficiency and growth rate. 

 

Firstly, to calculate PAR energy efficiency, the spectrums of various 

light sources are required. AvaSpec-256-NIR1.7 spectrometer with the 

resolution of 0.6 nm supplied by Avantes was employed to acquire the 

spectrums for high power LED based solid state lighting, Cool White 

Fluorescent Lamp (CWFL) and solar irradiance. To understand how effective 

the light source is in producing the irradiance within the wavelengths required 

for the photosynthesis process, PAR energy efficiency is defined as the ratio 

of PAR spectral intensity with the wavelengths ranging from 400 to 500 nm 

(red light) and from 600 to 700 nm (blue light) to the total spectral intensity 

with the wavelengths ranging from 200 to 900 nm. From the spectrums shown 

in Figures 5.7 – 5.9, the PAR energy efficiency for different light sources 

could compute for the comparison study. The applied equations in 

computation are as follow: 

 

 

Spectral intensity with the wavelengths in the range of 400-500 nm: 

 dII
nm

nm
nm 

500

400
500400 )(                  (22) 
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Spectral intensity with the wavelengths in the range of 600-700 nm: 

 dII
nm

nm
nm 

700

600
700600 )(                  (23) 

 

Total spectral intensity with the wavelengths in the range of 200-900 nm: 

 dII
nm

nm
nm 

900

200
900200 )(                  (24) 

 

PAR (400-500 nm & 600-700 nm) spectral intensity: 

 IPAR   =  I400-500nm  +    I600-700nm              (25) 

 

PAR energy efficiency, 

PAR  =   ( IPAR / I200-900nm ) × 100%              (26) 

 

 

From the computed results as listed in Table 5, the high power LED based 

solid state lighting had very good PAR energy efficiency of 95.54 % (PAR 

spectral intensity of 55.77 Wm
–2

 and total spectral intensity of 58.37 Wm
–2

) 

when compared with the PAR energy efficiency of CWFL with 47.11 % (PAR 

spectral intensity of 9.07 Wm
–2

 and total spectral intensity of 19.2545 Wm
–2

) 

as an alternative PAR source to solar irradiance. Figures 5.7 – 5.9 show the 

spectrum of energy efficient of high power LED based lighting system, CWFL 

lamp and solar irradiance, respectively. 
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Figure 5.7:  The spectrum of energy efficient of high power LED based lighting system 

ranging from 200nm to 900nm acquired using AvaSpec-256-NIR1.7 spectrometer with 

the resolution of 0.6 nm. 

 

 

 

 

Figure 5.8: The spectrum of Cool White Fluorescent Lamp (CWFL) ranging from 

200nm to 900nm acquired using AvaSpec-256-NIR1.7 spectrometer with the resolution 

of 0.6 nm. 
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Figure 5.9: The spectrum of solar irradiance at 12pm sunny day ranging from 200nm to 

900nm was acquired using AvaSpec-256-NIR1.7 spectrometer with the resolution of 0.6 

nm. 

 

 

Secondly, the external power conversion efficiency can be calculated 

as a ratio of the output PAR spectral power that is illuminated on the focus 

area of 0.12 m
2 

to the input electrical power. The calculated results are listed 

in Table 5 where the conversion efficiency of high power LED based solid 

state lighting with 15.81 % is much more superior to that of the CWFL with 

3.03 %; indirectly showing that the high power LED based solid state lighting 

could provide higher amount of PAR energy with lower electrical energy 

power consumption. Thus, this also shows that the high power LED based 

solid state lighting provides higher energy efficient than the CWFL. 

 

Lastly, the growth rate (Gr) of the Lactuca sativa plants was also 

computed for the comparison study. The growth rate (Gr) is defined as the 

average plant fresh weight divided by the total radiometric power consumption 
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per plant. Total radiometric power consumption per plant can be obtained as 

follow:  

 

E = I200-900nm × t × A                  (27) 

where  

I200-900nm is the irradiance of the light source; 

t is the total hours of the plant being illuminated by the light source throughout 

the whole cultivation process (or total days of plant × total hours of photo-

period per day);  

A is the total illuminated area. 

 

The growth rate for the plants cultivated under the high power LED based 

solid state lighting and solar irradiance in experiments 1 and 2 were calculated 

and listed in Table 5. The calculation of total radiometric power consumption 

per plant for solar irradiance is based on the average daily solar irradiation of 

6000 Wh/m
2
 for the months of July and August in the zone of Cameron 

Highland provided by Ayu Wazira et al. (2008). In experiment 1, the growth 

rate of Lactuca sativa plants cultivated under high power LED based solid 

state lighting with 63.97 × 10
–3 

gram/Wh was much higher compared to that of 

solar irradiance of 2.67 × 10
–3

 gram/Wh. Similarly in experiment 2, the growth 

rate of Lactuca sativa plants cultivated under high power LED based solid 

state lighting with 27.97 × 10
–3 

gram/Wh was also much higher compared to 

that of solar irradiance of 2.12 × 10
–3

 gram/Wh.   
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 Conclusively, all the data listed in Table 5 have clearly explained that 

the cultivation of Lactuca sativa plants under high power LED based solid 

state lighting has higher growth rate than cultivation under solar irradiance. 

 

Table 5: PAR energy efficiency, external power conversion efficiency and growth rate 

for different light sources: solar irradiance, high power LED based energy efficient solid 

state lighting and CWFL 

 

  Solar irradiance High power LED CWFL 

I200-900nm (Wcm
-2

) 59892.65 5837.15 1925.45 

I400-500nm  (Wcm
-2

) 8157.97 265.24 617.63 

I500-600nm  (Wcm
-2

) 9996.95 50.78 768.38 

I600-700nm (Wcm
-2

) 13757.95 5311.42 289.35 

PAR energy 

efficiency, PAR (%) 
36.59 95.54 47.11 

Electrical power (W) - 42.32 36 

PAR spectral 
intensity (W/m

2
) 

219.16 55.77 9.07 

PAR spectral  
power illuminated to 
the area of 0.12 m

2
 

(W) 

26.30 6.69 1.09 

External  
power conversion 

efficiency (%) 
- 15.81 3.03 

 
Experiment 1 

  

Average plant fresh 
weight (gram) 

0.64 2.39 - 

Total radiometric 
power consumption 

 per plant (Wh) 
(*6000 ×11× 0.12)/33 (58.37×16×11×0.12)/33 - 

 
Growth rate 

Gr (gram/(Wh)) 
 

2.67 × 10
–3 

 63.97 × 10
–3

 - 

 
Experiment 2 

 

Average plant fresh 
weight (gram) 

0.37 0.76 - 
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Total radiometric 
power consumption 

 per plant (Wh) 
(*6000×8×0.12)/33 (58.37×16×8×0.12)/33 - 

Growth rate 

Gr (gram/(Wh)) 
2.12 × 10

–3
 27.97 × 10

–3
 - 

 

Note: 
* 
Average daily solar irradiation of 6000 Wh/m

2
 for the month of July and August in the 

zone of Cameron Highland that is provided by Ayu Wazira et al. (2008)  
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CHAPTER 6 

 

CONCLUSION 

 

 

The energy efficient solid state lighting which consists of AlInGaP and 

InGaN high power LEDs that produces effective 400-500 nm and 600-700 nm 

PPF, was successfully designed and constructed. This novel energy efficient of 

high power LED based solid state lighting only uses 18 pieces of high power 

LEDs to generate high PPFD of 213.23 μmol/m
2
/s. From the experimental 

results shown, the young Lactuca sativa (the test plants) cultivated under the 

energy efficient solid state lighting had higher growth rate when compared to 

those plants cultivated under normal solar irradiance in terms of total leaf area 

index per plant and average fresh weigh. Since the energy efficient solid state 

lighting only consumes less than 20 W of electric power energy, a simple 

passive cooling method is sufficient to retain the high power LED in good 

operating condition for less optical degradation. As such, this will increase the 

solid state lighting lumen maintenance and directly reduces the agriculture 

maintenance costs to a very minimal level for a long period of time. Besides, it 

can be easily controlled to operate longer than normal sun irradiance period 

which might be able to increase plants photosynthesis for higher agriculture 

economy. To conclude, the research has verified the energy efficient solid 

state lighting is highly energy efficient for the in indoor plant cultivation. The 

energy efficient solid state lighting is also capable in accelerating the growth 

rate of Lactuca sativa. 
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The government is recommended to set policy to use energy efficient 

and green solid state lighting system replacing the current conventional 

lighting system for indoor cultivation. For future study, more study on cost 

and benefits of solid state lighting should be conducted to convince the farmer 

in using high efficient LED for indoor cultivation. 
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APPENDIX K 

 

 

Photopic Luminous Conversion Table 

 

 

 

 

Wavelength 

λ (nm) 

Photopic 

Luminous 

Efficacy Vλ 

Photopic 

Conversion 

lm/W 

Scotopic 

Luminous 

Efficacy V'λ 

Scotopic 

Conversion 

lm/W 

380 0.000039 0.027 0.000589 1.001 

390 0.000120 0.082 0.002209 3.755 

390 0.000120 0.082 0.002209 3.755 

400 0.000396 0.270 0.009290 15.793 

410 0.001210 0.826 0.034840 59.228 

420 0.004000 2.732 0.096600 164.220 

430 0.011600 7.923 0.199800 339.660 

440 0.023000 15.709 0.328100 557.770 

450 0.038000 25.954 0.455000 773.500 

460 0.060000 40.980 0.567000 963.900 

470 0.090980 62.139 0.676000 1149.200 

480 0.139020 94.951 0.793000 1348.100 

490 0.208020 142.078 0.904000 1536.800 

500 0.323000 220.609 0.982000 1669.400 

507 0.444310 303.464 1.000000 1700.000 

510 0.503000 343.549 0.997000 1694.900 

520 0.710000 484.930 0.935000 1589.500 

530 0.862000 588.746 0.811000 1378.700 

540 0.954000 651.582 0.655000 1105.000 
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550 0.994950 679.551 0.481000 817.700 

555 1.000000 683.000 0.402000 683.000 

560 0.995000 679.585 0.328800 558.960 

570 0.952000 650.216 0.207600 352.920 

580 0.870000 594.210 0.121200 206.040 

590 0.757000 517.031 0.065500 111.350 

600 0.631000 430.973 0.033150 56.355 

610 0.503000 343.549 0.015930 27.081 

620 0.381000 260.223 0.007370 12.529 

630 0.265000 180.995 0.003335 5.670 

640 0.175000 119.525 0.001497 2.545 

650 0.107000 73.081 0.000677 1.151 

660 0.061000 41.663 0.000313 0.532 

670 0.032000 21.856 0.000148 0.252 

680 0.017000 11.611 0.000072 0.122 

690 0.008210 5.607 0.000035 0.060 

700 0.004102 2.802 0.000018 0.030 

710 0.002091 1.428 0.000009 0.016 

720 0.001047 0.715 0.000005 0.008 

730 0.000520 0.355 0.000003 0.004 

740 0.000249 0.170 0.000001 0.002 

750 0.000120 0.082 0.000001 0.001 

760 0.000060 0.041 0.000000 0.000 

770 0.000030 0.020 0.000000 0.000 

Source: Table 6-1 of Williamson & Cummins, Light and Color in Nature and Art, Wiley, 

1983. The Photopic conversion (lm/W) is obtained by multiplying Vλ by 683 and the Scotopic 

conversion is obtained by multiplying V'λ by 1700 as suggested by those authors. 
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Study of high power light emitting diode (LED) lighting  

system in accelerating the growth rate of Lactuca sativa  

for indoor cultivation 
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