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ABSTRACT

CHARACTERISTIC STUDY OF ENERGY EFFICIENT SOL ID STATE

LIGHTING AND ITS APP LICATION IN INDOOR C ULTIVATION

CHIN LE YAN

Theworld is facing energy and food shortage issaepopulation keep
increasing New and modern technologies are developed to explofeethig
agriculture productivity with aat lesser energy consumption. THigs
encouraged the study anergy efficient solid statéighting as a future
important artificial lighting to be used for indoor cultivation. The novel energy
efficient solid state lighting with the usef Aluminum Indium Gallium
Phosphide (AllnGaP) anchdium Gallium Nitrate (InGaN) high power LEDs
to producehigh photosynthetic active radiation (PAR) light souxgbkich
required for planphotosynthesi®ias been designed and constructed. Besides
adopting high power LEDgo achieveenergy efficiency the solid state
lighting has applied high efficient opticakffectos and LED drives to
generateoptimum photosynthetic photon flux density (PPFD) and to increase
electrical energy conversion. Due to the energy efficient solid state lighting
only producesmonochromatic wavelengthand easy to contrplit can
effedively and efficiently induce planphotosynthesis process and accelerate

plant growth. The study has verified that thenergy efficient solid state



lighting consumediesser electrical energwhen compared t@onventional
lighting such adluorescent lampin addition,it could accelerate the growth
rate ofLactucasativawhen compared tthe plant cultivated under normal

solar irradiance
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CHAPTER 1.0

INTRODUCTION

11  Background

Todayodés food supply is becahming
world populationis increasing mucHaster than the food production. Man
new lands have been developed from forest to agriculturefdarnide purpose
of increasingthe primary food supplyHowever,this developmentis not
environmental friendlyinstead it increaseble global warming effect. To help
reduce global warming ffct and at the same time to increase the food supply
productivity efficiently, afew modern scientific ways are implementeldich
includes growng vegetables and flowers in green housesgoaing crops in
the buildings When comes tandoor plantcultivation, conventional lighting
such as High Pressure Sodium lamp, Metal Halide lampTasiie Culture
Fluorescent lam@are commonly used as artificial sunligiithe downsideof
theseconventional artificial lampg that they consume lot of electric eneng
radiatea lot of heatand high maintenance casOn the contrary, with the
advanced technology dfight Emitting Diode [ED), LED hasbecome a
prominent light source for intensive plant culture system afsb an
alternative sourcevhen the world is slely depleting those conventional
lamps which contaitoxic mercury contenfThis has led t@n arena to create

and study the solid state lightirag a light source generator to l&ge the

of



conventional lamps. Thadvantage®f solid state lightingnclude produang
only monochromatic wavelengths that is suitable for plants photosynthesis,
consuminglesser eletric energy as welés radiatingessheatin which will
help decreasethe glob&d warming effect. Many relevant researshare
conducted by using nomhtypical LED such as Smngurface Mount Device
(SMD) or somecustomized LED arrays to grow plants with gonbus or
pulse LED light sourcéBula et al, 1991;Tennessenet al 1994 Brown et al
1995 Goinset al, 1997. Having said sothese LED lightigs do required a
substantial numbesf LED chipsto produce sufficient lighenergyfor plants
photosynthesibecause the lumen output per LED chip is relatively [Blus
normal LED solid statelighting requiresa goodthermal heat sink antb
certain ex¢énds, a fan cooling systemto dissipate large amount of heat
generated from the large quantitresmbers oLEDs. Indeed a new design on
usingthe latest solid state LED nametiie high power LED that has higher
enggy efficiency in producinghigher lumenoutput at lesser quantities of
LEDs to generatesufficient photosynti& photon flux (PPF) for plants
cultivation (Chin and Chong 2012) In thisresearcha novel desigrof using
high power LED solid state lightingis adopted anda low costthermal
disspating method that usespassivecooling insteadof active cooling to

reducesolid state lighting operating temperature and the gregsumption.



1.2 Research bjectives

There are three objectives thiswork:
1. To design and construct a nowlergyefficient solid statdighting to

produce photosynthetic photon fléor plant photosynthesis,

2. To study thecharacteristics anfatures ofenergy efficient solid ate

lighting in indoorcultivation, and

3. To studythe energy efficiencyof energy efficient solid state lighting

on cultivatingLactucaSativa

1.3 Dissertationoverview

Chapter 2gives the literature abowvaluation onthe LED light sourcefor
various plantultivation different method of driving the LED and the method
of dissipate LED heatn Chapter 3, the desigand construction of thenergy
efficient solid state lighting ardiscussed irdetail While in Chapte 4, the
experimentsetup isdescribed Testing esult and discussion are presented in

Chapter fand finaly overall conclusion of the study is stated in Chapter 6.



CHAPTER 2.0

LI TERATURE REVIEW

2.1 LED introduction

LED also known as light emitting diode a p-n junction diode that
emits photos whenforward bias.The LED history is traced to theegnning
of last century wher®ound (907 foundthe first electroluminescendeght
emitting from Silicon Carbide(SiC) in an experiment by chanceater in
1950s, 11V compound materials were invented, thus laser and LED based on
[II-V compound materialstepped in the history and dominate the LED
markettill now. The early LED desigonsistsof 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 decsuo dher
lead frame as anode sourtieended by clear epoxy encapsulation into round

shapeas shown in Figre2.1.
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Figure 2.1 Basic normal LED structure

In the earlyLED development, the only available gymf LED was
made from Gallium Asende (GaAs) material ith radiation wavelength
ranging from infrared to red Advances in material science hateen been
made possiblevith the production of devicesn evershorter wavelengthsn
late 1960s, the first practical LED was inventadusing Gallium Arsenide
Phosphide GaAsB material to provide 655 nm red light wittow brightness
levels of approximately-10 mcd at 20 mAdriving current(Holonyak and
Bevacqua 1962)As LED tchnology progressed throud!®70s, additional
colors and wavelenlgs became availé from using Gallium Phosphide
(GaP materialfor green and red lights, GaAsRaterialfor yellow and high
efficient red light In 1980s, a new materigallium Aluminum Arsenide
(GaAlAs) was developed to provide superior performance @rewiously
available LEDs with a improvement in brightness and efficiency. This has
led to the new development ofindium Gallium Aluminum Phosphide

(InGaAIP) LED that can have different color output via adjusting the energy



bandgap.Figure2.2 shows thaifferent materits and their luminous efficacy

to produce different colsmwith timeline indication

Yellow /

Yellow

Luminous Efficacy (Lumens/Watt)

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

time (Craford 2007)

After decades ofresearch on new matesaland pocess, LED
technology has gonato never before possibleherethe solid state lighting
illumination becoms reality concernedvhenNakamuraet al (1991)invented
the first high brightnes&allium Nitrate(GaN) LED. The brilliant bluelight
of GaN LED when partially converted to yellow by a phosphor coating

(YAG), is the key to white LEDabricationthat produes a wide spectrunas

shown inFigure2.3.


http://en.wikipedia.org/wiki/Gallium_nitride
http://en.wikipedia.org/wiki/Blue
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Figure 2.3: The gpectrum of a white LED clearly shows blue light emitted byGaN based
LED die with peak at 460nmand more broadband light emitted by C&":YAG phosphor

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

In the mid to late 1990L.umileds Lightingwhich the companywasa
5050 joint venture of Agilent Technologiesand Philips Lighting has
deweloped the early very high brightnessLED producing more than ten
lumensnamely Lixxeon }Watt Star(2002) Luxeon tWatt StarLED was
rated for power dissipatioof 1 watt andti consistedf an emitter, an anode, a
cathode, a circular base and a lens integrated into a single uniLEDiwas
designedto be surface mounted on a matate printed circuit board
(MCPCB) and required a heaink slugto help dissipating heat thatas not
electrically isolatedFigure 2.4 shows a early power LED mounted on the

starshaped M®@CBmade fran LumiledsLighting.


http://en.wikipedia.org/wiki/Agilent

Figure 2.4: Early power LED mounted on MCPCB (High power LEDs 2010)

As material and proces®chnologieskeep improving, power LED
luminousefficiencyhasbecome kgher withincrease ophotonflux extraction
to generate more luminous flux per wattd it is capde to engineehigher
power dissipabn; from this onwardsit emerged thehigh power LED
developmentl n t odayds Phil i ps fdrinstendetheirs L ED
Luxeon Rebel familyon white LED is able to produce more than 120 lumens
of luminous flux per watat 350mA drive currentcompare to early power
LED only producedl10 percentluminous flux per wattof Luxeon Rebel
producesThis high power LED is able to be driveantinuouslyfor 1000mA
currentwhich is 3 times highgpowerthan early power LERvhich wasonly
driven up to 350 mA current maximumfor the purpose of producingiuch
higher lumens outpuPhilips Lumileds DS64, 2012Besidesthe high power
LED with a lower thermal resistance of°@W canwithstand higher junction
temperaturgmaximum temperature up td50°C) (Philips Lumileds DS64,
2012) when compaing with the early power LED Luxeon XWatt Star
(Luxeon XWatt Star, 2002)Indium Gallium Nitride(InGaN) andAluminum

Indium Gallium PhosphiddAlinGaP) materials are most widely used in



makinghigh power LED for their high quantum efficiencynGaN materials
commonlybeing used to produce green, cyan, kduel white olors while
AllnGaP material is used to produce reeigtorange and amber color§his
technologybreak through has latie worldto startchanging the conventional
lighting into high power LED solid gate lighting for it has very low
catastrophic lost, on average #% lumen maintenance (L70) d@ifitial light
outputremaining after 50,000 hours of operation tifRéilips Lumileds DSS,
2011). This changehasdirectly reducel a lot of lighting maintenanceostand
contributes toa better green environmeat much lesser waste ardwer

power consumptian

From high powerLED energyconversionefficiency (WPE) aspect,
only small portion of thelectricalenergy is converteshto usefullight while
majority of thepowerenergy is transformeihto conduction heatkim et al,
2001) There will be more lights extraction at lower operating temperature,
and itrequires agood thermal managemeskill to dissipate the heat out of the
high powerLED in order to maintain good light output efficiencyenerally
AlinGaP basedhigh powerLEDS #ght output drops much higher percentage
compare to InGaNbasedhigh power LEDwhen reaching high junction
tempeatureas shown inFigures2.5@) and 2.%b) (Lumileds AB12, 2005)
From the Figures 2(8 and 2.%b), it is needed to put more attention on
AllInGaP high power LED thermal handling than InGaN high power LED
thermal handlingn orderto reduce the light oput degradatiordue to high

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

2.2 Lights and Photosyrihesis

The chlorophyll moleculesn the chloroplastinitiate photosynthesis
procesdy capturing light energguring light reaction statand converting it

into chemical energy thelp transforming wate(H,O) and carbon dioxide

10



(COy) into sugarin the dark reactionas theplants primary nutrient The
generalized equation fathis chemical reaction involved iphotosynthetic

process is given dselow.

6CO, + 6H,0 (+light energy) lhCeH 1206 + 60, (Farabee007)

Chlorophyll pigmentabsorbs itamost light energy from theviolet-blue and

reddishwavelength barglwhile reject green and yellow wavelengtmands

which are not impdant for photosynthesis. Among these wavelength bands

chlorophyll pigmentreceives its peak energy at wavelesgihound 680nm
and 420 nm and hasthe highest photosynthesis rate these wavelength

(Figure2.6).

Photosynthesis rate
as a function of
absorbed wavelength

Chlorophyll &
absorption -

Rate of photosynthesis

400 500 &00 700
Wavelength Ainm)

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

with the absorption frequencies of chlorophyll a(Nave 2012)

Figure2.6 clearly shovg most of theplantshighly response andbsorlred and

blue lights for photosynthesisvhich meansthe plantsare still able to grow
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even without the full spectrum oflight. As LED produces monochromatic
light, it hasenable researchers to eliminate other wavelerfgtired withinthe
normal white lightthat produced byhe conventional lamp$or the plant
growth. Thus, using LED lights would alseedue the amount ofenergy
waste.The superimposed pattern of luminescence spectrum of red LED (650
665 nm) and blueED (440i 460 nm) correspondsvell to light absorption

spedrum of carotenoids and chlorophidl the plants photosynthesis.

2.3 LEDs and indoor plant cultivation

Along with the LED technologyadvancement, LED light source has
become a prominent light source for intensimdoor plant culture systems
and photbiological researcheBulaet al (1991)hadprovedthatusing the72
pieces(nine x eight rows)zallium-Aluminum-Arsenide chip that had peak
emissionof 660 nmred LEDssupplementedvith blue Tubular Fluorescent
Lamp (TFL) wasable togrow lettuce(Lactuca sativa. The growth ratevas
similar to that under Gol-White Huorescen{CWF) plus incandescent lamps
The sibsequentstudy carried ouby Hoeneckeet al., (1992) showed that
hypocotyls and cotyledons tdttuce seedlinggrownunder660 nmred LEDs
were able to elongatéut that effect could bprevented by adding at least 15
>mol/m?/s of blue lightfrom blue TFL. Thishad verified that blue light is

required for lettuce seedling productionderred LED cultivation
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Figure 2.7: Relative photon output from radiation sources(Hoeneckeet al., 1992)

Tennessert al. (1994) had compared the response of photosynthesis
to CO, was similar on leaves photosynthesis of kudZuéraria lobatg
enclosed in a leaf chamber illuminatedred LED and xenon arc lamp at the
equal photosythetic photon fluXPPPF. Theresuls showedhatthere was no
statistical gynificant difference betweensingwhite light fromthe arc lamp
and red light fromred LED irradianceon the CQ absorption rateln ther

researchthe LED lamp was made from 2%8d LED chips mounted on the
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ceramic heat sinkpacked by aluminium fins and cooling faffered greater
control of lightintensity Thus, it enables easy repetition light treatments

compare to naturdighting anduse ofneutraldensity filter

AL

Figure 2.8: Contour plot of the emitting surface ofthe LED lamp (Tennesseret 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(Tennesseret al.,, 1994)
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Okamotoet al. (1997) had used red and blue LEBhownin Figure
2.10to studythe effectsof different light quality and photosynthetic photon
flux on the growth oflettuce (Lactuca sativa plants. Theinvestigationwas
conductedusingthreedifferent light qualities (red, blue and red/blue) &wd
photosynhetic photon flux density (PPFDdvels (85 and 175mol/m?s) on
the growth ad morphogenesis of lettuseedling. The researctiound that
irrespective of the two different PPHevels, the plants grown under the red
LEDs developed more leaves than the plants under the blue LEDs, but less
leaves than thelants under ré@lue light. The lettucestem length decreased
significantly with an increaskin blue PPF and the whole plant dry weight
was greaterfor the plants grown under the high HPFvel than the plants
grown underthe low PP level. The researb also had identifiedhat the

photosynthesiprocess occurrednder continuous or pulse lights irradiance.

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

control (Okamoto et al.,1997)
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While Yanagi and Okamot(i1994)found that lhe dry nassproduction
under the red LEDight growth wasslightly less than t spinach plants
grown under thefluorescent lamp growthSimilarly, the spinachplant leaf
areagrown under the red LEDsvas alsosmaller than thagrown under the
fluorescent lampNeverthelessthe research indicatedn important possibility

of usingLED as an artificial light source fgrowing the plants

23.1 LED lighting in space agriculture

United Statehasa good artificial lighting cultivation resarch on space
agriculture studycalledN A S AKénnedy Space Cent@KSC). The KSChas
an objective ofpreparation for the development of pldn@ised regenerative
life-support systems for future Moon and Mars ba€e®e of the researches
from thevery early stagein KSC was Goinset al (1997) Theyconducteda
researchon growingthe salad crops of radish Raphanussativug, anion
(Allium fistulosun), lettuce Lactuca sativa) and wheatTriticum aestivunm by
using cool white fluorescent lighting (CWFplue fluorescent lighting(BF)
and Aluminum Gallium Arsenide(AlGaAs) LED array The AlGaAs LED
consisted 02600piecesquantities ohigh intensitydiscrete LEDwith 660 nm

dominant wavelengtto generate 3D>mol/m?/s (Figure 2.11)
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Figure 2.11: LED arr ay mounted on a fixture in KSC(Goinset al., 1997)

Goinset al (1997) reported thatoth thered light (660 nm) and bluelight
(450 nm) could induce photosynthés process on the salad crops plants
However therewasno significant difference betwegiants grown under red
LED light irradiancewith 10% blue fluorescent lighis compare to plants
grown underthe cool fluorescent lamp lightingradiancein terms of shoot
fresh mas and shoot dry mas$hey also foundwvhen plants were grown
underthered LED lampirradiancewithout blue light supplementhe kettuce,
radishand wheat plants athowedsignificant lower shoot fresh aower dry
weight compare with the plantsgrown under red LEDrradiancewith blue
light supplementUnderthered LEDirradiance with blue light supplemeitt
would increasethe hypocotyls, cotyledosm and stems, but overall leaves
biomass yieldvas decreased he research also fod that withapproximately
of 350 >molms™ of photosynthetic photon flugultivation underl8 hoursof
light and 6 hoursof dark photoperiodhas enablel salad crop oflettuce

(Lactuca sitiva) to grow and harvest after 24 days of planting
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2.32 LED lighting in tissue culture

Plant tisue culture (PTC) is the growth of plants tissues or cells under
a controlled environmenwhich is free from microorganism contamination.
PTC is usually carried out under a clean and controlled environiilered
air, stable temperature and lighising different types offormulated growth

media.

The plant propagatingndustrieshave long been using artificial light
sourcefor productionof planting materials Among the conventional lamps
such as High Pressure Sodium lamp (HPS), Metal Halide lamp JMHL
tubular fluoresent lamp and incandescent lamging for plant propagation
the most common and widely usedubular fluorescent lamgll these lamps
producea wide spectrum of wavelengthscluding visible lights(blue to red
colorg and nonvisible lights (ultra violet and infra red Figures 2.2 and 2.B
show the spectralistribution fromcommon used lamps and Philips Lighting

horticultureTFL (Master TL-D reflex).
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Figure 2.12: Spectral radian flux distribution from some widely used ligh sources
include a 100 Wincandescent lamp, a 65 W White low pressure mercur{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 presse sodium (SON) discharge lamp

19



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, wiach
reflected by thegreen leavesndled to low efficiency per quantum of light
within the photosynthetically active radiatiarmnge Besides TFL consumes
65% of the total electricity i tissue culture lafiratorywhich isthe highest
nontlabor cost As a resultthe concerng industriesare seekng for a more
efficient light sourcewhich has ledto rapid development othe high
brightnessor high powerLED lighting for tissue culturelaboratoriesand

plants growth irthe controlled environment
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To study the efficiency of LB light on the plant growthiNhut et al
(2000 culturedstrawberry plantletusing thered andheblue LED lights with
different ratio and different photosynthetic photon flux legelThear resuls
showed that by using the LED irradiance for strawberry fantlet
micropropagationthe growth wasoptimumat 70% red and30 % blue LEDs
ratio at the optimal light intensity 060 >mol/m%s of PPFD The study also
demonstratedhat theLED light sourceused for than vitro plantlet culture

could mprovet h e pgltoatin raté duringcclimatization

Besides,Brown et al. (1995) also conducted the stuan the growth
and normal attribute host resistancef Hungarian Véx pepper Capsicum
annuum L). plant using the red LED with supplemental blue or far red
irradiance Thestudy reported that theepper drymass number of leaves per
plants, chlorophyll concentratioand stomatal caductancereducel when
growing the plantainder red LED only compared the plants grown under
red LED supplemental with blue fluorescent lampsdiance While the
applicationof far-red radiation to the plani$ resuled in taller plants with
greatersttm mass than those plants growmder red LEDirradiancealone.
The studyalso showdthatfewer leavesveredeveloped unddahered or far
red radiation thathoseplants growrunderthe lampsthatalsoproducing blue
wavelength. Their study concludedat with the suitable amount ofblue
wavelengthin combiration with thered LED radiationmight be suitable for
planttissue culture under tight controlled environméngure 2.4 and Table
1 below show the spectral distribution and spectral data of wariamps

sources.
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Table 1: Spectral data for metal halide (MH), red LED plus blue fluorescent @60/BF),

red LED (660), and red plus farred LED (660/735) measured by Browret al. (1995)

Lamp
Characteristic MH 660/BF 660 660/T35
leradiance (W)
Wavelength range (nm)
400-700 69 57 54 53
300800 T ] 34 63
B00-3000 13 1 1] 4
300050000 -8 50 38 35
Phaotan flwe (fraol-m ')
300400 11 1 U] 1]
400-500 63 3 V] 0
500600 180 1 ] 0
BO0-T00 75 310 296 2493
TOO-E00 25 3 2 59
400-700 (PPF) 38 34 296 2493
ID0-B00 354 318 298 352
Yield photon flux (YPEF) 280 289 275 273
YPF : PPF 0.88 0.92 0.93 0.93
Phytochrome photostationary state (@) 0.82 (.88 0.88 0.54
R - FRY in 130 148.00 5.0
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2.3.3 LED lighti ng in algaculture

Algaculture is an alga farmingdustrythat producs great sourcef
valuable feedstock, color pigments, carbohydrates, bioplastics,
pharmaceuticalduel and other fine chemicsl Algae indoor farming could be
limited by problems such gmlluted environment, contamination substances
ard inconsistent production yieldsrowing algaein photobioreactor (PBR
incorporats with artficial lights in a closed and controlled systenit is
required tosupply nutrients to induce photosynthesis making glucose for
algae growduring the dark reactionlTo effectively exploit the commercial
potential of algae, a cheap, durable, relialal®] a low density but highly
efficient light source is needed since algady needsmallamountof sun light
radiation forphotosynthesisThis has led to the study of LED radiation as
artificial sun light for alga culture whichis most preferredwith variable

intensity andohotoperiodcontrolfeatures

IN another studyMatthijs et al (1996)solely useded LED with peak
emission 65%1m in 2 LEDs/cr panelascultivating light source in cultuing
the green alga Qhlorella pyrenoidosp The researchfound that the
continuoussupply of LED light could promote maximum growth ailgaand
the inermittent flash LED light suppliedith 5>s pulse on duration during 45
>s pulse off duration oflark period would still gstain near maximum growth.
The intermittentflash pulse method couldeduce theoverall light flux level
but still able to sustainhe alga growthcomparableto the continuous.ED

light suppliedmethodwith the intention of reducing the photosynthetic photon
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flux. As a resultusing the LED pulse or intermittent flash methoallows

energysaving and cause less heat waste generaiocompare with the

conventionafluorescentamps
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Due to thehigh potentialof cultivating algaefor commercialization
Lee and Palsso(1994) calculateda set oftheoretical valug on gas mass
transfer requirements and lights intensity requiresientthe LED based PBR
to support high densitglgacultivation. By using 68Gim red GaAlAs LED as
thelight source and ctine ultrafiltration to periodically supply fresh medium,
it couldachieve the highest cell concentration (more than 2xdldmL) and
the highest total cell volume fraction (more than 6.6% wJfv)addition, by
modifying internal sparging(to improve overall light utilizatiop online
ultrafiltration (to improwe supply of fresh medium with removing the
secondary metabolites)ight intensity (to increase thdight density) and
shorterlight path distance, the oxygeroduction rate in the final PBébuld
increase almost-fold, giving the maimal oxygen production rate &0 mmol

oxygen/L culture/h

BesidesNedbalet al (1996)studed the fluctuation effects on various
algae growth in the diluted cultures by usirg red LED arrays. Theresults
showed thatthe red LED arrays generatedntermittent lightin the small
bioreactorcould growthe algaeas good ashat grownunder thecontinuous
light condition In certain intermittent lighpattern testingthe growth d algae

could be higher than thogeownunderthe continuous light supply grown
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2.4  Photosynthesis potoperiod andenergy saving

Photosynthesis processarc be divided into three phases include
primary photochemistry, electron shuttling and carboetatmolism. These
three photosynthesisubprocesses can be uncoupled by providadses of
PPF 400700 nm wavelength At high frequencythesePPF 400700 nm
pulsestreatment can be used to separate the light reaction from the dark
reaction of photosyn#tic electron transport andLED made from
semiconductor caprovide flexible pulsing patteras short as nanoseconds to

allow good energy saving.

Jaoand Fang(2004) have investigated the effect of intermittent light
on growing the potato in vitro. Thesed conventional FL fluorescent lamp
for continuous light source and LED lighting for adjustable frequency or duty
cycle light source. The resslshowed thaLED illumination at 720Hz (1.4
ms) and 50%duty cycle with 16hours light and8 hours dark phoperiod
provided maximum plant growthThe growth rate of potato plantlets under the
continuous lightof 24 hours/daywas similar to those illuminatedith 16
hourgday underintermittert light. In anothersimilar testing where energy
conservation was stiet, changing intermittent light ta80 Hz (5.5ms) and
50% duty cycledid not show significant difference orplant growth when
compare to those illuminated bgontinuous light fronTFL lighting. Instead
the results showed7% less energy consumpti@md have proved that the

LED lighting couldreduceelectricenergy.
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Figure 2.16: Schematic diagram of the LEDSe{Jao and Fang 2004)

v N =

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

The brightress of LEDdepends on the drivingurrentduring forward
bias An effective way toensure thatach LED produces similar luminous
flux output is to connedhem in seriesThere are manyED driver design
topologies from a basic straightforward linear dagon to a more
complicated switching modebut all havea common goalto generate
consistenturrent sourcéo drive variablenumberof LEDs in thesamecircuit.
Onesimpleapproachs employing a lineacurrentregulator which haa lower
cost but suffes from poor operating efficiencyAn improvedLED driver with
seltadaptive drive voltagproposed byHu and Jovanovig2008) consists of
anoutput voltagepreregulatothatis always seHadjusted The voltage across
the linear current regulator of th€=D string with the highest voltage drops is
kept at the minimum voltage order to maximizehe driver efficiency The
proposed LED driver eliminatithe sensing voltage dropped across the linear
regulator by removing the external voltage feedbackatiusting theoutput
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 regu lators

(Hu and Jovanovic2008)

Lu and Wu (2009 implemened pulse width modulation RWM)
controller for LED drive with two main operation modes, theurrent
feedback modend theconstant curreniode for different PWM DCGDC
converter topologiekke buck, boost, buckoost andlyback. A special error
amplifier with adaptability to different DEDC was introduced for different
application.Figure 219 shows one of # LED driver desigrfor buck-boost
circuit where constant current mogeoperated impeak current mode (PCM)
andcurrent feedback modgengsthe currentacross the sense resistog;

series with LED loaéndconverts to offset voltage.
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Figure 2.19: Buck-boost LED driver (Lu and Wu 2009)

The differencebetweenoffset voltage, oydut feedbackvoltage and reference
voltage isthenamplified and later convestito current signal by V/I converter.
The current signalvill act as the reference of the current comparatoithe
LED currentwill be regulated when the SENSE current is diguavel with

the LED current.

Leung et al. (2008) designed a power efficient LEBurrentsensing
LED driver without using any sensing resistaut extracts LEEcurrent value
from the output capacitor of the driv@he sensing circuit is implementen i
buckboost topology and measurement results indicate 92% of power
conversion efficiency and at least 90 times power reduction in sensing
compared to existing approach. The megd sensing circuih Figure 2.2
senss a feedback ED voltage using resiste potential diviler and amplifies

the difference of the feedbagkltage andhe input voltagewhich thento be
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confirmedwith target set currerty the error amplifieto regulate the LED

current toreasonable sensing accuramngd line/load regulation.

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

Another low costmethod ofselfoscillating zero voltage switching
clampedvoltage (ZVSCV) LED driver implemented byineiro Saet al.
(2008) showedthat no currensen®sr was required to stabilize the average
current through the LED stringrhis is achievedoy using the simplified
mathematicaimodel to characterize the series resonant converténdpower
LED driver from the series resonant network of LED, indu@ad capacitor.
In the experiment, the load of eight power LED of Luxeon III (LXAW09)
were poweredby 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 fgiency, it is cost effective to replacéhe actual

fluorescentamps to the power LED lightingrigure 2.2 shows the proposed
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selfoscillating ZVSCV LED driver circuit andFigure 2.22 shows the prove

of 8 series LED is powered by selécillating ZVSCV LED driver.

_L és Lr
Rb1 )

Rst szs‘ D1 Qi A

Dd N1 N3 Cr

Tiso
_,_l: D2 Q2 J
CS( N2

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

QI,E
T

LED model 4

Saet al,, 2008)

Figure 2.22: Self-oscillating ZVS-CV LED driver drives 8 series powerLED s (Mineiro

Saet al., 2008)

In general the selfadaptive and self oscillatinglrive method aretypical low
cost LED drivers that require modification on current sensingr current

regulationcomponentsvhen there is @hangein the LED stringin order to
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deliver thesametarget drive currentThis haslimited the design flexibility
when variable LED strings and different LED model or made is appliedewher
total LED forward voltage in the circuit has changéthile PWM controller
topology provides the design flexibilityadvantage on theariableLED string
but the current feedback resistan the PWM controller circuit normally
contribues in system power lost artdoecome moresignificant when lower
output current is desigwl To increase the LED driver efficiencgnd
flexibility, a switch modetopology LED driver is preferredas a very low

value offeedback resistas usedto reduce the system power lost.

2.6 LED and Printed Circuit Board

High power LED typically consumasinimum of 350 mA currentor
more than 1W of electrical powerOnly small percatage of thiselectrical
energy istransformednto luminouslight, while other huge portion of energy
will become conduction heaks waste energy. This waste thermal energy must
beextracedout from the high power LED to a heat sinkorder to reduce
LED optical degradationand LED failurerate as suchit is importantthe
printed crcuit board PCB) which mouns the high power LED must have low
thermal resistancand good thermal flofeatures to help removinghe heat
from the highpower LEDto the heat sink attachetb it asfastas possible
Commonly, here are twaypes ofgood thermal conductivihie PCBincluding
metal corePCB (MCPCB) and ceramid®CB for mounting thehigh power

LED. Metal mre PCB means the base material for PCBiésalized mterial
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as heat spreadand usuallyis made fromCopper alloyor Aluminum alloy
and the latter material is moeeonomy and easy to obtaiWhile for ceramic
PCB, the base materiab made fromAlumina ©6% Al,O3) and has lower
thermal conductivity than MECB but it has bettecoefficient of thermal
expansion CTE) than the MCPCRBvhich is an important factor for mounting

high power LED of ceramic substrate body.

There was a study oenhancing the thermal conductivity of the
insulation layer between th&auitry and the metal base plate of the MCPCB
for betterheat dissipatiooy Yung (2010. Theyadded boron nitride into the
dielectric substancdo maximize the formation of conductive paths and to
minimize the thermal barrierThe research showethat fa 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 @ve higher thermal conductivity. The stugyovedthat more
and lager boron nitride particles heddto shorten the low thermal conductive
pathof the dielectric materigli.e. epoxy matrix) and establish a high thermal
conductive network (i.e. boron nitride) for heat conductiegure 2.23 shows
4 em filler size has the highest thermal conductivitly comparé to the
smaller filler size of boron nitride arttie thermal conductivityncrease with

the higher percentage bbron nitridecontent
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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
improve thermal dissipatioby reducing the thermal resistance and increasing
the thermal flow From their finding the patterred anodizingcould 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 had.reduce
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CHAPTER 3.0

METHODOLOGY

In this researcha study was conductean the novel of high power
LED solid state lightingin acceérating the plantgrowth rate for indoor
cultivation (ChinandChong 2012)An energy efficiensolid statelamp(SSL)
has been designed and construcielich wasbasel on high power LEDsind
high efficient reflectorsto produce high density luminous flux of
Photosyntetic Photon Flux (PPFjrom 400nm to 700nm wavelength§he
operatingtemperatureof the energy efficient glid statelamp was controlled
and maintained at good thermal efficiency level to ensure the luminousfflux
PPFproduction is consistent throughout the studyw light plantof Lactuca
sativa (Romanian Lettuce) was chosentlastest specimen becauseitsf high

commerdal value, short lifecycle andeasy toobtain from thdocal farmes.

The focus of energy efficient solid tate lighting design couldbe
divided into three main areakigh powerLED module alloy fixture LED
lamp and LED driverThere weretotal of 18piecesof high power LE3, 18
piecesof ceramic PCB, 18 piecesof high efficient reflectors3 unitsof LED
drivers, 1lpieceof step down transformer, @nits of alloy fixture casing and

some wires to buildn energy efficient solid stategghting.
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3.1  High power LED module

The hgh powerLED made fromAlinGaP with wavelength ranging
from 620 to 645 nm for red radiationand the high powerLED madefrom
InGaN with wavelength rangindgrom 440 to 490 nm for blue radiatiorwere
adopted. Bothkinds of high powerLEDs provide high ploton extraction
efficiency (WPE) in which both are supplied by Philips Lumileds under the
product range of Luxeon Rebé&lirect Color family The selectedLuxeon
Rebelred LED was LXML -PD01-0030 which could producea minimum of
40 lumensof luminous flux per watt andwas able to reacl65 lumens of
luminous flux output when dven by 700 mA current; while the selected
Luxeon Rebelroyal blue LED is LXML-PR0OX0175 which produced a
minimum 175mW of deep bluduminous fux per wat when driverwith 350
mA currentand it wasable to produc&25 mW of luminous fluxat 700mA

drive curreniPhilips Lumileds DS65, 2011)

All the Luxeon RebelLEDs used inmaking the solid statelamp
originally were in a bare emitter form anidwas required to be mounted on
the PCB for electrich connection Figure 3.1 shows thatthe electrical
connectios of anode and cathodedsare located under theare emitterof

ceramic based body
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Figure 3.1 Diagrams show the Luxeon Rebel padfunctions

With the recommendation pads layout designgerber formatgiven
by Philips Lumileds, two small rectangular pads famode and cathode
electrical connectiagwere drawn at the lower sectiand one big rectangular
pad for thermal dispation function wasdrawn at theupper sectionof a
hexagon shapedCB keep oulayout. Two soldering pads that d&igger size
than the cathodeontactpad wereelectrical connectetb the cathodeontact
padandwere placed at the left end of the hexagon PQBilaily another two
same sizeddering padsverealso conneetd witheach otheandwere placed
at the right end of the hexagon PCB to make electrical connection to the anode
contact pad. The final PCB design wasthen sent to the ceramic PCB
manufacturerHokuriku Sdn Bhd located in Shah Alam of Selangor state of
Malaysia, to fabricate the actual ceramic PGBuminum Oxide Al,Os)
based ceramic PCB was chosen fergbod thermalconductivity, excellent
thermal cycling stability, high electrical insulati@nd more importaiyt, to
minimize the coefficient of thermal expansionQTE) mismatch with the
Luxeon Rebel LED emitter which wdsuilt on the ceramic substratéoo

(Philips Lumileds AB32, 2012)Slver materialbased circuitrack using thick
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film techmology was printed on the ceramic PCBfor its good adhesion force
on ceramic surface and better electrical conductiwiihen the hexagon
shapecceramic PCHabricatedwith Luxeon Rebel emitter footprintasdone
and ready the Luxeon Rebel LERmitter was then placed to theprepared
location on thehexagon shapederamic PCB The Luxeon Rebel emitter
silicone lens is a fragile materialhus, when placing the Luxeon Rebel
emitter, a twizzer tool was used tdelp holding the Luxeon Rebel emitter
body edgeto avoidtouching the soft silicone lerteat mightcause defect and
lead to decrease th@verall optical output performanceand reliability as
shownin Figure 32. The hexagon shapederamic PCB with Luxeon Rebel
emitter sitting on itvasthentransferredo a hot plate soldering machimeth
thetemperatureontrol at 26(xC for few secondso solderthe Luxeon Rebel
emitteron the ceramic PCBRndformed a LED module as showeth Figure
3.3. After the soldering process, the soft silicone déemswasgently cleaned
by a cotton swab with isopropyl alcohol (IPA) to remove any dirt from the

lens.

Figure 3.2: Correct way of manualhandling of Luxeon Rebel emitter
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Ceramic PCB

Luxeon Rebel emitter LED

Figure 3.3: Luxeon Rebel LED module in which a Luxeon Rebel emitter is mounted at
the cenre of a hexagonal shaped ceramic PCBThe positive and negative pads are

printed on the surfaceof the ceramic PCBfor electrical connection

From theceramic PCBmanufacturer specificatiorthe ceramic substratef
PCB has thermal resistancé 0.12 °GW. Luxeon Rebeled LED androyal
blue LED have thermal resistances of 12 °C/W and 10 °Cédpectively
(Philips Lumileds DS65, 201]l)therefore the total thermal resistance of
Luxeon Rebeled LED moduleandLuxeon Rebel royallbe LED modules

12.12°C/W and 10.12C/W, respectively

The completed Luxeon Rebel LED module hagpical 120 radiation
viewing angle which is the off axiangle from lamp centerline whethe
luminous intensity i$alf of the peak value at initialn this wide distribution
angle, only small amount oPPF radiation would reach thetarget test
specimen targgyoungLactucasativa plans). The long light source distance

from the target specimeraused a lot of waste PPF radiatidn.increase the
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radiation receptionefficiency, openended parabolic profile with high
precision optical surfaceeflectors that hastwo different slope angles of 25°
and 52° supplied by Diffractive Optiegere appliedto focus the LEDs lights
to the target plants. Theseflectos havegood opticalefficiency of minimum
85% and it is dedicatedesign for Luxon Rebel emitter that generates
lambertian distribution patteras shown in Figure 3.8y using theseptic
reflectoss, it could help focusing the original wide lambertian distribution
pattern nto narrow andreasonablyuniform light illumination onto the young

Lactucasativatest plans.

Figure 34: An openended pyramidal reflector with two different slope angles of 2%
and 52°supplied by Diffractive Optics. The reflector is mounted on @ch 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 35: Lambertian r adiation pattern of Luxeon Rebel royatblue
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Figure 3.7: Typical 25°x 52°reflector radiation distribution pattern
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Figure 3.8: Optical simulation result shows uniform light distribution reflected by

Diffractive Optics reflector
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To mountthe reflector oto the high power LED modulg high
temperature grade thermal adhegivectite Hysol 934pwas used tdwondthe
polycarbonate (PC) plastic surfacetloé reflectorto the ceramic PCB surface
of high power LED moduleSpecial attention on holding the lestor is
neededand it is advisedo wear gloves whenhardling the reflector to avoid
the finger-print oil contamination on th@luminumcoating surfacehat will
degrade the light reflection efficiencfhe completed Luxeon Rebel LED
moduleassemblywill thenbe installed taan alloy fixture to make solidiate

LED lamp.

3.2 Alloy fixture LED lamp

Two units of Luxeon Rebel Red LED pasahd two units of Luxeo
Rebel Blue LED module assemblieere constructedo makea LED lampin
this study Eachhigh powerLED panel consists of an array of 4 x 2 units of
Luxeon Rebel Red LED module assembliestarefixed into the alloy fixture.
Eachhigh powerLED module assembly consists of thexeon Rebel Bd or
Blue LED module and the opesndedsquarereflecor. Figure3.9 shows the

flow diagram of how the LED panel was constructed.

44



Square
reflector

LED
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Alloy
fixture

Figure 3.9: A flow diagram indicating how the LED panel was constructedThe open

ended reflectoris mountedto the LED module before they arefixedinto an alloy fixture.

The attachment ahe LuxeonRebel Red LED module assembliato
the alloy fixture was done with the use of Dow Corning SE4486 adhesive,
which has a good #&mmal conductivity of 1.53 W/mKThe thermal resistance
contributed by the adhesive is as low as MW when 0.2 mm maximum
thickness of adhesive was applied to bondhiglé powerLED module tothe
surface ofinner part of alloy fixture. On the other lthr_uxeon Rebel Blue
LED moduleassemles wereattached to 20nm x 20 mm aluminum sheeb t
assist kat dissipation and wepdaced at botlend of the alloy fixture. Since
theluminous flux outpubf AllnGaP LED isdependenbn temperaturehence
thermal management required and it iSmportant to ensure Luxeon Rebel
Red LED operas in the optimal pédormance,as suchP hi | i ps L umi

thermal management concept was adopted incdss. The high power LED
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module assemblieshat were attached to the alloy fixture with thermal
resistance of 0.8C/W could create temperature as high as 80.4t the LD
junction when the LED wasriven by constant input current of 700 mA at

ambient temperature of 2€&.

All the eght Luxeon Rebel Red LED module assembimethe panel
wereelectricalconnected in series with the maximum forward voltage of 3.51
V eachandhence it createthe totalforwardvoltage of 28.08 V for each panel.
The calculation of total input eleaal power of each panel ishown as

follow:
Pot Lep=Vix 1= 28.08V x 0.7 A=19.66 W (1)
(whereV; is the total maximum forward volge of Luxeon Rebel Red LEID

serialconnection in th@anel.)

The calculation of the LED temperaturethe paneis as follow

Tj-a=Rottepl  ( LeoRnbdud / 8 2
Tj-a = 19.66 x [(12 + 0.12 + 0#40.8) x 3.51x 0.7] 8 = 80.4°C 3)
(W her QED_anL]g: JR'|U 80@"‘ Rl_Jads"' R)U (4)

provided that
thermal resistance of LED die junctistug R Y= 12 °C/W;

thermal resigtnce of PCBf ceramic substrat® (e, = 0.12°C/W;
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thermal resistance of silicone adhesive with 0.2 mm thickiR$gs = 0.4
°CIW;

thermal resistance of alloy fixtur®, (J= 0.8 °C/W;

Note: Dlder has extremely low thermal resistarafeless than 001 °C/W and has been

ignored in the calculation (Bat al, 2004).

Temperature at outer surface of the alloy fixture was measamdd
recordedas 53 °Cat the ambient temperature of 25. By using the system
thermal resistanceodel of Philips Lumiled#\B05, thejunctiontemperature
of Luxeon Rebel RedED should be

53°C + (12 + 0.12 + 0.4 + 0.8) °C/¥(3.51x 0.7) W = 85.7 °C
This valuewas quite close to the calctdd temperature valua equation (3)
this temperature wastill well below the naximum operating tempature of
135 °C.Basal on Luxeon Rebel Red LED luminous flux versus temperature
chartin Figure 3.10, when the Luxeon Rebel Red LED junction temperature
reached5.7 °Cthe thermal padt that moment would be

85.7°C- (12°C/W x 3.51 Vx 0.7 A) = 56.2C
This valuehasmaintaired 80% of the initial luminous fluxVith this thermal
pad temperaturgalue and Luxeon Rebel Red LED has 0.05 nm/°C thermal
coefficient of dominant wavelengtis stated in Table, Zhe wavelength shift
will have(56.2- 25) °C x0.05nm/°C = 1.56nm small differennear to 629

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

amber
Table 2: Optical characteristic of Luxeon Rebel LED
Typical
Temperature Typical
Typical Coefficient of Total Typical
Dominant Wavelength BT A, Spectral Dominant Included Viewing
or Peak Wavelength B\, Half-width®l  Wavelength Angle B Angle 1
(nm) (nm/°C) (degrees) (degrees)
Color Min. Typ. Max. AN, AN/ ATI 8 90v 28 112
Green ["] 5200 nm 5300 nm 550.0 nm 30 0.05 160 120
Cyan [ 4900 nm 505.0 nm 520.0 nm 30 0.04 160 120
Blue ) 460.0 nm 470.0 nm 490.0 nm 20 0.05 160 120
Royal-Blue 171 4400 nm 447.5 nm 460.0 nm 20 0.04 160 120
Red @ 620.0 nm 627.0 nm 645.0 nm 20 0.05 160 120
Red-Orange @ 610.0 nm 6170 nm 620.0 nm 20 0.08 160 120
Amber ] 5845 nm 590.0 nm 597.0 nm 20 0.10 160 120

Similarly for the LuxeonRebel Blue LED the temperature recorded at the
aluminum sheet surfageattached tovas 64°C and basé on Luxeon Rebel

Blue LED luminous fluxversustemperature chart in Figure 3,lwhen the
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junction temperature dfuxeon Rebel Blue LED reach&d °C +(10 + 0.12 +
0.4 + 0.8) °C/Wk (3.51x 0.7) W =91.8°C thetemperature othermal pad at
that moment would b81.8°C - (10°C/W x 3.51 Vx 0.7 A) =67.2°C; only
less than % of the luminous flux degradatiooccurred. With 0.04 nm/°C
thermal coefficienof dominant wavelengtls stated in Table 2or Luxeon
Rebel Blue LEDthe wavelengthshift would have(67.2 - 25) °C x 0.04

knm/°C = 1.69mdeltadifferentand near to 448m.
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Figure 3.11: Relative light output vs. thermal pad temperature forroyal blue, blue, cyan

& green
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3.3 LED driver

From the capletedLED panes for red illuminationand LED module
assembliedor blue illumination the highest numbers aferial LEDs in the
circuit couldbe found in LED panelsTherewereeight Luxeon Rebel LED&
each LED panetonnected irserial connectiorthat obtained 28.08 \Mfotal
forward voltageas insection 3.2equation(1); in which to turn on the LED
pane| a LED driverthat andeliver a DC output voltage of greater than 28.1
V is neededThe LED driver design in this study was based on switclle
buck topology where the LM3404 (Figure 3.12) made from National
Semicomluctor was selectetbr this reason The LM3404was capalte to
generatanore than 40/ of DC voltage andnaximum1.0 A of current output
which was greater than 28.08 V and 700 mA requiremdssides, it also
provided high power conversion efficiency atghi switching frequencwhere
part of thisachievement wasontributed from its integrated 14 MOSFET
switch This switch could reduce the switching lost the minimaland

indirectly increasinghe overall efficiency.

Figure 3.12: Pins function of LM 3404
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For driving Luxeon Rebel Red LEDonly 700 mA maximumcurrent
wasallowed and th&eM3404 basedLED driver wasdesignedaccordingly as
shown in Figire 3.13. A feedback resistor of 083 wascalculatedo convert
the outputcurrent value to voltagealue to allowthe currentfeedbackcontrol
to regulate 700 mAconstantcurrent In this LED driver design, twoSurface
Mount Device §MD) resistorsof 1206 packagevith the resistancgalue of
0.68 q each were connectedce nofp.a.a34d e
Two resistors instead of one wansedfor the reasorof increasingthe heat
dissipation capacitwhenhigh currentof 700 mApassing through themn the
feedback loop A step downtransformer was used to step dowre AC
voltage from 240 Vad 24 V. The 24V AC voltagehenwasconveredto DC
voltage through a bridgeectifier and filter circuit consistedof 4 diodes
namely D2, D3, D4D5 andtwo bypass capacitor€1, C4 before it supplied
to LM3404 as shown in Figre 3.B8. A 150 kq resistor vas placed at the R
and M, pins to configurel.4MHz high switching frequencyn order to have
higher efficiency operation. As a resudt smaller inductor size was required

and lesser heatasgenerated 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 threeLED driverswereprepared for thenergyefficient solid
state lightingtwo LED drivers suppliedhe power totwo LED panels okight
seriesof Luxeon Rebel Red LED each aade LED driver supplied the power
to two LED module assemblies of Luxeon Rebel Blue LBD the threeLED
drivers were placed separatéfgm the solid state lighting to avomhy heat

interference with high power LED ambient temperature.

3.4 Luminous flux and PPF of solid state lighting

The completedsolid state lighting wadunctionally testedto ensure
working in good manneefore starting the experimenw/hen all the LEDs
of the solid state lamp were turned ohe tlluminous recordedy Konica
Minolta CL200was 7200 Lx in photometricat thecenter while5190 Lix and
5670 bx in phaometric were recorded atthe left and right sides of the

illumination area as showm Figures3.14(a)-(c).
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Figure 3.14a): llluminance recorded at Figure 3.14(b): llluminance recorded

center at left edge

Figure 3.14(c): llluminancerecorded at right edge
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There was higher illuminancebtained at the center tiie target areaThis
was due to some radiatidacus overlapped from LED panels and the LED
module assemblies. This issue coblel minimized byhavingmore accurate
reflectors mounting and placemenadjustmentof the LED modules in the

LED panels

The energy efficient solid state lampproduc&l minimum light
radiationenergy of4.404W of red radiation from 60000nm and650 mW of
blue radiation from 4000 nm thatwould be focused to an area of &® x
40 cm. Thetest specimen ofoungLactucasativa plantswould begrown on
the palletplacing at this area witB13.23 >mol/m?/s of PPFdensity Below

computation states the detail derivation.

Lumen output generated lhED panes$ at temperature stated in Figure 3.10
LM eq = (number of panels) x (number of LED per panelyadiant fluxper
LED) (5)

LMeg=2 % 8 x52 Im =832 Im (6)
Radiometricenergygenerated by ED panelss:
RMea= LM eq/ (photopic conversion valuat wavelength629 nm) (7)

RMeqg =832 Im/ 188.92 Im/W =4.404W (8

Note : wavelengtk in (6) - (8) are based on629 nmand has Photopic

Conversion of 188.9tn/W
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Radiometric energy output generated by LED module assemblias
temperature stated in Figure 3i$1
RMpie = (number of LED module assembljes(radiant flux per LED (9)

RMpiue = 2 x 325 mW= 650mW (10

Totalirradianceenergy outpt from solid state lighting is:

Since energy per photas E = ha = hd s, sototal photons per second, will
be

n (photons/sec) = Qe(hx3) =Qe/ (hxc)/ a8 =(Qexad)/ (hxc) (12)

Photosynthtc Photon Flux PPFcan be calculated as:

PPF (mol/sec) fQex a) / (h x ¢ x Navogadro) (13
where

Qe =irradianceenergy

&= photon wavelength;

h =6.63x10%

¢ =3.00% 10%,

Navogado = 6.0 10%

For PPFof 600-700 nm;
PPFReg (Mmol/sec)= (RMeq X areqd) / (h % ¢ x Navogadro) (14)

PPFed (Mol/sec)= 23.149>mol/s (15)
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wherearq = 629 nm;

For PPFof 400-500 nm;

PPFRiue (Mol/sec) = RMpiue X anie) / (h % ¢ x Navogadro) (16)
PPRe (Mol/sec)= 2.439>mol/s (17)

whereaye = 449 nm;

Total PPF 0f400-500 nm) &(600-700nm)is:

PPFot (Mol/sec) =PPFey + PPy = 25.588>mol/'s (18)

PPF density in 30cm 40cm area, PPFI3:

PPFD = PPE;/ Area (19)
PPFD= (25.588>mol/s)/ (0.3 mx 0.4 m) (20)
PPFD= 213.23>mol/n¥/s (21)
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CHAPTER 4.0

EXPERIMENTAL SET UP

The youngLactucasativa seedlingsveregrown in pallet tray antivo
leaf stageplantletsgerminatedrom the seedsvere usedas shown in Figure

4.1(a) & (b). Each palle contained thirty threggerminatedtwo-leaf stage

Lactucasativa.

(b)

Figure 4.1: The two leaf stagd_actuca sativaseedlings 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 experimets, wo pallets of yound.actuca ativa plantswerecultivated
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under two different illumination calitions for a comparison study.n® pallet

was placedniside a dd« room equipped witlenergy efficient ohigh power

LED solid statdighting system and another pallet was placed outside the dark
room to be exposed tthe normal solar irradianceThe pallet of young
Lactuca stiva in the dark roomwas alignedwell underthe solid state.ED

lamp that was hung at the height of 20 cm above the plemthat the light
cone irradated from the high power LED wasifficient to cover all the plants

as shown in Figre 4.2

Luxeon Rebel blue LED
module assembly

i

- A'
Luxeon -

Rebel red

LED panel Test specimen
plants in
pallet tray

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

lighting is placed at 20 cm above the test spenen plants.
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The ambient temperature was recorded ranging from 18 °C to 26 °C
during the testing period in which the lowest temperature happened in the
midnight whilst thehighest temperature happenadhe sunny afternoon. The
energy efficient glid statelighting 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 tineantrol Both the youngLactucasativa
plants cultivated in the dark rooamd under the normal solar irradiarngere
watered twice daily, i.e. in the morning and in the afternddre average
illuminance under theenergy efficientsolid state lamp was 6020x while
averagelluminance undethe normal sunwvas 36515 lux. The plantlets were
grown under the above described conditionslfbdays This experiment was
repeated, however, due to unexpected electric power supply failure, it was

performed for eight daysThe wholeplant growth and development of the

Lactuca sativavasmonitored 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 theenergy efficientof high power LEDbasedsolid 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 ofLactuca stivaplants

From theobservation, thespecimens of youngactuca stiva plants
cultivated under thenergy efficiensolid statdighting showed faster growth
rate than that othe plantscultivated undethe normal solar irradiance. From
the reorded video, Figres5.1(a) 1 (k) show thelLactuca sativgplant growth
from day 1 to dy 11 forexperiment 1 while Figres5.2a)i (h) show the
Lactuca sativaplant growth from day 1 to day 8 foexpeiment 2. In the
observations the youngLactuca sativa plants cultivated undethe energy
efficient solid statelighting were observed to have larger leafea and taller
stem than theyoung Lactuca sativa plants cultivated under normal solar

irradiance.

To compare the results of plant cultivation under tive different

illumination conditions quantitatively, terLactuca sativa plants were
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randomlyselected from each pallet to meastire leaf width, total leaf area
index per plant and plant fresh weight. Theultsare shownn Tables 3 and 4
for experimens 1 and 2respectively. As a summary okgeriment 1, most of
theplants cultivated undexnergy efficiensolid statdighting systemhad four
big leaves with average leaf width of 21.8 mrand average total leaf area
index per plant of 1400.1 nfmTheaverage plant fresh weighbtained was
2.39 g For theplants cultivated under solar irradiantee average leaf width
measured wad3.6 mm,with the average total leaf area index per plant of
458.8 mm. A much loweraverage plant fresh wgt (0.64 g was obtained if
compared with plants cultivated under the energy efficient solid state lighting
For experiment 2, the pints cultivated undethe energy efficientsolid state
lighting systemhad twobig leaves with average leaf wititof 13.7 mmand
averge total leafarea index per plant of 625.5 inThe average plant fresh
weight was0.76 g For plants cultivated under solar irradiantlee average
leaf width andaverage total leadrea index per plantere 0.97 mm and41.7
mn?, respectively, with thaverag dant fresh weight of 0.37 (Figure 5.3)

By comparing he leaf size and plant fresh weight of thewn plants in
Figures 5.3 the Lactuca sitiva plants cultivated undethe energy efficient
solid statelighting system showed a faster growth ratethan the plants

cultivated undenormalsolar irradiance.

However, the plant growtis also affected by the physical environment
where the plants are grown. Thus, the slower growth rate observed after the
plants were kept under thermal sunlight condibn 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 studyttier study needs to be performed
in the futureto grow the plants in a controlled environment where aligas

will be grown under similar environment except the light source used will be
varied. The current results showtte potential enhance effect of the solid

state lighting on the plant growth.
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Figure 5.1 Images of grownLactuca sdiva plantlets captured by CCD video camera for
11 daysto monitor the progress of plant growth underthe 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 grownLactuca sativaplantlets captured by CCD video camera for
8 days to monitor the progress of plant growth underthe 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, (9) Day 7, (h) Day 8

67



Figure 5.3 The comparisons of Lactuca sativa plantlets growth under the solar
irradiance and the energy efficient solid statelighting: (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 lightingin 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 widtbf

the tenrandomly selected samples inxperiment 1

Experiment 1 (11 days of plant)

Plant Total leaf area index per plant [mmz) Plant fresh weight (g) Leaf width (mm)
sample . i High power
High power LED irr:(;,ili:l:ce ngll'n-éxgwer irr:ecl)igilzce gLgD irr:c?ile:r:ce
51 1515 502 3.0 0.8 36,33,28,24,10 22,20,19,11,6
s2 1479 487 28 0.7 34,28,26,25,10 22,20, 18,10,5
S3 1423 485 25 0.7 30,27,26,18,9 22,19, 18,10,6
54 1202 463 1.7 0.6 29,24,16,8,8 21,18,17,9,5
s5 1487 445 27 0.6 32,27,27,24,10 19,17,15,8,5
s6 1265 435 1.8 0.6 29,24,18,10,9 18,16,13,8,5
s7 1390 470 22 0.7 29,27,19,17,9 21,20,18,9,5
S8 1338 486 20 0.7 29,25,20,14,8  21,20,18,10,6
s9 1476 412 28 0.5 33,30, 26,24, 10 16,14,12,8,5
S$10 1426 403 24 0.5 30, 28, 23, 18, 10 15,14,12, 7,5
Average 1400.1 458.8 2.39 0.64 21.8 136
Max 1515 502 3.0 0.8 36 22
Min 1202 403 1.7 0.5 8 5

Table 4 Measurement result of total leaf areandex, plant fresh weight and leaf width of

the tenrandomly selected samples iexperiment 2

Experiment 2 (8 days of plant)

Plant Total leaf area index per plant (mmz) Plant fresh weight (g) Leaf width (mm)
sample ’ Solar . Solar High power Solar
High power LED irradiance High power LED ;4 diance Lk irradiance
S1 294 386 0.3 0.4 17,4, 4 18,16,7,6
S2 908 341 1.2 0.4 28,24, 7,86 16,12,4, 4
S3 587 335 0.8 0.4 24,20,5,5 15,14,5, 4
S4 718 342 0.9 0.4 24,2455 16,10, 6,5
S5 667 330 0.8 0.3 23,20, 6 14,14, 4,4
S6 868 359 1.1 0.4 28,23,5,6 15,14,5, 4
S7 844 338 1.0 0.4 23,25,6,6 16,12,5,4
S8 550 343 0.6 0.4 18,22,5,5 15,14,5,5
S9 340 327 04 0.3 20,14, 6 21,7, 4
510 479 316 0.5 0.3 10,21,5,86 17,6,6
Average 8255 341.7 0.76 0.37 13.7 97
Max 908 386 1.2 04 28 21
Min 294 316 0.3 0.3 4 4
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Figure 5.4: The total leaf area index per plant were measured from 1€andomly selected

plants to comparethe Lactuca stivaplants cultivated under the solar irradiance andthe

energy efficientsolid statelighting system,(a) experiment 1 and (b)experiment 2.
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Figure 5.5: The fresh weight were measured from 10 randomly selected plants to
compare the Lactuca stiva plants cultivated under the solar irradiance and the energy

efficient solid statelighting system,(a) experiment 1 and (b)experiment 2.
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Figure 5.6: The average values of both total leaf area indeger plant and fresh weight
were measured from 10randomly selectedplants to compare the Lactuca sativa plants
cultivated under the solar irradiance and the energy efficient solid statdighting system

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

For the analysis of energy efficient method to cultivate Lthetuca
sativa plants, three mjor parameters were computedahich include
Photosythetic Active Radiation (PAR)energy efficiency, external power

convasion efficiency and gpwth rate

Firstly, to calculate PAR energy efficiency, the spectrums of various
light sources are required. AvaSH&ESG-NIR1.7 spectrometer with the
resolution of 0.6 nm supplied by Avantes was employed to acquire the
spectums for high power LED based solid statdighting, Cool White
Fluorescent Lamp (CWFL) and solar irradian€e.understandiow effective
the light source is in producirtge irradiance within the wavelengths required
for the photosynthesis process, PAR energyiefficy 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 mimom the spectrumshownn
in Figures 5.7 1 5.9, the PAR energy efficiency for different liglsburces
could compute for the comparison study. Theapplied equations in

computatiorare as follow:

Spectral intensity with the wavelgihs in the range of 46800 nm:

_500m
| 400 s0mm = m)mml (/) d/ (22
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Spectral intensity with the wavelengths in thage of 606700 nm:

_70am
I 600 70mm = la)mml (/) d/ (23

Total spectral intensity with the wavefgths in the range of 26800 nm:

_90mm
| 200 s0mm = rz'[)mml (/) d/ (24)

PAR (400500 nm &600-700 nm) spectral intensity:

lpar [ 400-500nm +  l600-700nm (25

PAR energy efficiency,

hpar = (1par/ 1200.900nm) X 100% (26)

From the compted result as listed in Table ,5the high powr LED based

solid statelighting hadvery good PAR energy efficiency of 95.54 % (PAR

spectral intensity of 55.77 Wrhand total spectral intensity of 58.37 Win

whencompare with the PAR energy efficiency of CWFL with 47.11 % (PAR

spectral intensity 09.07 Wni? and total spectral intensity of 19.2545 Wjn
as an alternativ® AR sourceto solar irradianceFigures 5.71 5.9 show the
spectrunof energy efficient ohigh power LEDbasedighting system, CWFL

lamp and solar irradiaecrespectively.
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Spectrum of high power LED
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Figure 5.7 The spectrum ofenergy efficient ofhigh power LED basedlighting system

ranging from 200nm to 900nmacquired using AvaSpec256-NIR1.7 spectrometer with

the resolution of 0.6 nm.
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Figure 5.8 The spectrum of Cool White Fluorescent Lamp (CWFL ranging from

200nm to 900nmacquired using AvaSpee256-NIR1.7 spectrometer with the resolution
of 0.6 nm.
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Spectrum of solar irradiance

—~ 70

.
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Figure 5.9 The spectrum ofsolar irradiance at 12pm sunny dayranging from 200nm to
900nmwas acquired using AvaSpee256-NIR1.7 spectrometer with the resolution of 0.6

nm.

Secondly, the external power conversion efficiency can be calculated
as a ratio of theutput PAR spectral powehat is illuminated orthe focus
area of 0.12 fto the input electrical powerThe calculated resultsealisted
in Table 5 where the conversioafficiency of high power LECbasedsolid
statelighting with 15.81% is much more superior to that of the CWFL with
3.03%; indirectly showinghat tre high power LEDbasedsolid statdighting
could povide higheramountof PAR energy with lower electrical energy
power consumptionThus,this also showshat the high power LED based

solid state lighting provides higher energy efficient than the CWFL

Lastly, the growthrate (/) of the Lactuca sativa plantswas also
computed for the comparison studyhe growth ratd/is;) is defined aghe

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 = l200900nm* t X A (27)
where

l200900nmiS the irradiance of the light source;

tis thetotal hours of the plant beinduminated by the light source throughout
the whole cultivation process (or total days of plant x total hours of photo
period per day

Ais thetotal illuminated area

The growth ratefor the plants cultivated undehe high power LEDbased
solid state lightingand solar irradiance iexperiments 1 and ®erecalculated
and listed in Tabl&. The calculation of total radiometric pomweonsumption
per plant for solar irradiance is based on the average daily solar irradiation of
6000 Wh/ni for the months of July and August in the zone of Cameron
Highland provided by Ayu Wazirat al (2008) In experiment 1, the growth
rate of Lactuca stiva plants cultivated under high power LBiEasedsolid
state lightingwith 63.97x 10 ° gram/Wh was much higher compadéo that of
solar irradiance 02.67x 102 gram/Wh. Similarly inexperiment 2the growth
rate of Lactuca stiva plants cultivated wer high power LEDbasedsolid
state lightingwith 27.97x 1023 gram/Wh was also mucthigher compare to

that of solar irradiance of 2.3210° gram/Wh.
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Conclusively, 8 the datalisted in Table Shave clearly explained that

the cultivation ofLactu@ stiva plants under high power LEDasedsolid

statelighting has higher growth rate thaultivationunder solar irradiance

Table 5: PAR energy efficiency, external power conversion efficiency and growthate

for different light sources: solar irradiance, high power LEDbasedenergy efficientsolid

state lighting and CWFL

Solar irradiance High power LED CWFL
1200-900nm (n‘Wcmz) 59892.65 5837.15 1925.45
l400-500nm (MA/CmM™) 8157.97 265.24 617.63
1500-600nm (anmZ) 9996.95 50.78 768.38
l600-700nm (ITWCI'T‘I_Z) 13757.95 5311.42 289.35
PAR energy
efficiency, foas (%) 36.59 95.54 47.11
Electrical power (W) - 42.32 36
PAR spectral
intensity (W/m?) 219.16 55.77 9.07
PAR spectral
power illuminated to
the area of 0.12 m? 26.30 6.69 1.09
W)
External
power conversion - 15.81 3.03
efficiency (%)
Experiment 1
Average plant fresh 0.64 239 )

weight (gram)

Total radiometric
power consumption

(*6000 x11x 0.12)/33  (58.37x16x11x0.12)/33

per plant (Wh)
Growth rate i3 s
her (gram/(Why) 2.67 %10 63.97 x 10 )
Experiment 2
Average plant fresh 0.37 076 _

weight (gram)
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Total radiometric
power consumption (*6000%8%0.12)/33 (58.37x16x8%0.12)/33 -
per plant (Wh)

Growth rate

i3 i3
her (gram/(Wh)) 2.12x 10 27.97 x 10 -

Note:” Average daily solar irdiation of 6000 Wh/rhfor the month of July and August in the

zone of Cameron Highland that is provided by Ayu Waetal. (2008)
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CHAPTER 6

CONCLUSION

Theenergy efficient solid state lightinghich consists oAliInGaP and
InGaN high powerLEDs that produce effective 406500 nm and 60000 nm
PPF, wassuccessfully designed and construciius novd energy efficient of
high power LEDbasedsolid state lightingonly usesl18 piecesof high power
LEDs to generate high PPFD of 213.28nol/m?s. From the experimental
resuls shown the youngLactucasativa (the test gantg cultivated under the
energy efficientsolid statdighting hadhigher gowth rate when compando
thoseplants cultivated under normal solar irradiance in terms of total leaf area
index per plant andiverage fresh weigltsince he energy efficient solid state
lighting only consumedess than20 W of electricpower energy a simple
passive cooling method is sufficient to retain the high power LED in good
operating conditn for lessoptical degradationAs suchthis will increase the
solid state lighting lumen maintenance adlicectly reducesthe agriculture
maintenance coste avery minimal level foralong period of timeBesides, it
can be easily controlled to operatéongerthan normal sun irradiance period
which might be abldo increase plants photosynthe&is higheragriculture
economy.To conclude the research has verified the energy effiti solid
state lighting is highlyenergy efficienfor thein indoor plant cultiviion. The
energy efficient solid state lighting &socapablein acceleratinghe growth

rate ofLactucasativa
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The government is recommended to set policy to use energy efficient
and green solid statéghting systemreplacing the current conventional
lighting systemfor 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 B

Full spectrum lighting

IRC Internal Report No. 659
Page 30

Is Full-Spectrum Lighting Special?

Peter R. Boyce, Ph.D.
Lighting Research Center
Rensselaer Polytechnic Institute
Troy, NY 12180-3590 U.S.A.

Definition

There is no "official" definition of full spectrum lighting. What there is, is a de facto definition
related to the use of full- spectrum fluorescent lamps. Specifically, full-spectrum lighting consists of
interior lighting provided exclusively by full-spectrum fluorescent lamps. Such lamps are designed to
mimic daylight. They have spectral emissions in all parts of the visible spectrum and some emission in
the ultra-violet, mainly the near ultra-violet. Quantitatively, they have a correlated colour temperature
greater than 5000 K and a CIE General Colour Rendering Index of greater than 90. The correlated
colour temperature specifies the apparent colour of light emitted by the lamp; the higher the colour
temperature, the cooler (or more blue) the apparent colour of the light. The CIE Colour Rendering
Index quantifies the ability of the lamp to render colours as well as a standard lamp with the same
colour temperature. The CIE General Colour Rendering Index has a value of 100 when the match
between the test lamp and the standard is perfect. Therefore, the full-spectrum fluorescent lamp is
cool in colour appearance and has good colour rendering properties.

Claims

Lighting using full-spectrum fluorescent lamps has been the subject of many claims. The level
of support for these claims varies. For example, full-spectrum lamps have repeatedly been shown to
be effective in the treatment of seasonal affective disorder (Rosenthal & Blehar, 1989) . Less well
established are the effects of working under full-spectrum fluorescent lamps on fatigue, task
performance and mood; some authors achieving statistically significant improvements under full
spectrum lighting (Maas, Jayson & Kleiber, 1974) while others fail to find any effects (Berry, 1983;
Boray, Gifford & Rosenblood, 1989). Even more controversial are studies of the effects of
full-spectrum lighting on hyperactivity in children (Mayron, Ott, Nations & Mayron, 1974; O’Leary,
Rosenbaum & Hughes, 1978a; Mayron, 1978; O’Leary, Rosenbaum & Hughes, 1978b)

The result of this diversity of findings is that the whole field of full-spectrum lighting has
become clouded with controversy. The objective of this symposium is to clarify some of the arguments
involved in this controversy and to set down what steps are needed to resolve it.

The objective of this presentation is to place full-spectrum fluorescent lamps in context with
other light sources available to the lighting designer and to predict what would be expected from
full-spectrum fluorescent lamps on the basis of current knowledge.

Full-Spectrum Fluorescent Lamps in Context

There are two broad classes of electric light sources available for interior lighting;
incandescent light sources and discharge light sources. Incandescent light sources produce light by
heating a filament, the spectrum of the light being determined by the temperature of the filament.
Discharge light sources produce light by passing an electric current through an ionized gas; the
spectrum of the light being determined by the gas used, the gas pressure, the other elements in the
discharge and the presence or absence of a phosphor coating. Full-spectrum fluorescent lamps are
low pressure, mercury discharge lamps with a phosphor coating. The discharge in the mercury
atmosphere produces mainly ultra-violet radiation. This ultra-violet radiation is largely absorbed by the
phosphor coating lining the walls of the discharge tube and reradiated as light. Incandescent lamps
have a continuous spectrum in the visible region, dominated by the long wavelengths (see Figure 1).
Discharge lamps typically have a spectrum consisting of strong single wavelengths amongst a
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continuous background (see Figure 1). The spectrum emitted by one type of full-spectrum fluorescent
lamp is shown in Figure 2.

Figure 1
Spectral radian flux distributions for some widely used light sources.

The light sources shown are 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. Note the different scales
on the ordinates.
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It is the emission spectrum which defines each lamp type. Different lamp types have different
luminous flux outputs but these can be compensated by adjusting the number of lamps used in
an installation. The spectral emission cannot be compensated in this way. Figure 1 shows emission
spectra, over the visible spectrum, for a number of light sources. All the light sources shown are
commonly used for lighting in homes, offices, factories and on roads. It should be apparent from
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APPENDIX C

Ceracon product specification

We Produce Competitive

CERACON?® Printed Circuit Substrate

for LEDs Lighting

CERACON® is the latest launched product for LEDs application. We
offer affordable and competitive price of CERACON® without
compromising its quality and functional features. The cost is
comparatively lower than metal core circuit boards.

With our past 17 years of good quality control experiences and
exposure in ceramic printing, we are proud to be renowned as a
reliable and trustworthy thin film processes techology producer.

Physically white in nature, CERACON® is able to provide good
lighting reflection to enchance brightness. By allowing direct fired

on ceramic surface, elimination of heat barrier and directly generates
better heat dissipation and thermal management, thus longer LED
life span is assured.

CERACONB® is excellent used for ceramic-based LED as it is able to reduce
TCE mismatch. Thus solder stretch problem will be minimum or negligible.
As CERACON® has high electrical insulation, it widely used for high voltage applications.

Circuit Layer * High electrical insulation

Ceramic substrate

* Thermal cycling stability

* Better light reflection of its natural color.

* Reduce TCE missmatch (excellent used for
ceramic-base LEDs such as Rebel).

* Good thermal conductivity

* Low cost

* Flexible shape and design capability

Product Specifica

Technical Specification:

Maximum Operating voltage : 250 VAC

Maximum Operating Temperatt: 150° C

Color

Breakdown Voltage : 15KV/mm Thermal conductivity 20-100°C W/m °K 24
Thermal expansion 20-600°C 10°°K 7.3

Conductor Trace Resistivity 1< 55 mQfin? Dielectric constant

-1 MHz 9.8 + 10%
Fired Conductor Thickness :10.0um * 2.5um -1 GHz 10.0 + 10%

Volume resistivity Ohm x cm

Maximum Substrate Size :100mm X 100mm 20°C 10"”

200°C 107

Conductor Trace Resolution ~ : 200um X 200um
(line/space)

Conductor Adhesion Force : >6.0 kgf
(Initial - 2mm X 2mm pad)

PDF created with pdfFactory trial version www.pdffactory.com
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APPENDIX D

Dow Corning adhesive thermal management

Electronics
-

10 advanced materialsi

LED Thermal Management
Advanced silicone technology for LED applications

Features
Dow Corning is a global technology innovator for the
LED marketplace, delivering high-performance solutions
developed to meet the unique demands of LED assembly,
from general illumination to specific automotive

* Excellent thermal transfer

+ Good thermal and aging
stability
« Flexible, stress relieving

Benefits

+ Easy application (heat cured or
screen printing)

* Pre-cured materials can be cold
applied

applications.

We deliver a comprehensive line of wet dispensed and
fabricated thermal management material.

+ Outstanding gap fill + Good dielectric properties

* Available in various forms:
adhesive, gels, grease,
thermal pad

Thermal Interface Materials — Wet Dispensed: Dispensable, printable and curable materials effective as heat transfer media.

Cure Conditions

Thermal
PFrod:ct Material Description/Color ngggc;';:g o VISC;SIty
anmiyy Room Temperature Heat Cure, Watt) ( t )k (cP)
Cure, Time Time A Hioles
Dow Corning® SE 4486 CV <
Thermally Conductive Flowable; one-part 120 hr - 153 19,000
3 moisture cure; white
Adhesive
Dow Corning® SE 9184 CV OF-pAFt HONIow;
Therm.ally Conductive moktirs G, white 48 hr — 0.84 non-flowing
Adhesive
Dow Corning® 1-4173 o o iSahiGu 90 min@100°C
Thermally Conductive oo il - 30 min@125°C 1.9 58,000
T Adhesive P s grey 20 min@150°C
Dow Corning® Q1-9226 . 3 . ¢ o,
Thermally Conductive g park senfawable — o m::g:ggg 074 50,000
Adhesive priming:greay
Dow Corning® SC 102 i " aaass
k- Thermally Conductive Onespaitt gap il material; — — 08 non-flowing
white
Compound
3 Dow CorninggiiCat2y One-part; silicone paste;
K Thermally Conductive PeIEg pesie; — — 25 127,725
Compound grey
= Dow Corning® SE 4445 CV Two-part; UL 94 V-0 .
] _ o
@ Thermally Conductive Gel rating; grey A5 min@125:C 26 44,000
Sylgard® Q3-3600 A&B ; .
5 Two-part 60 min@100°C
Thermally Conductive > — 2 % 0.77 4,700
Encapsulart encapsulant; grey 30 min@150°C

NOTE: Please check with your local Dow Corning office for a full product range and availability in your area.
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APPENDIX E

Luxeon Thermal Design using Luxeon Power Light Source

Application Brief ABOS LUXEG@N
never before possible

Thermal Design Using

LUXEON® Power Light Sources

Introduction

LUXEON® Power Light Sources provide the highest light output with the smallest footprint of any Light
Emitting Diodes (LEDs) in the world. This is due, in part, to LUXEON's ground breaking thermal design.
LUXEON is the first LED solution to separate thermal and electrical paths, drawing more heat away from
the emitter core and significantly reducing thermal resistance. As a result, LUXEON packages handle
significantly more power than competing LEDs. LUXEON's larger, brighter emitters together with its
unique high-power capabilities provide a tremendous amount of light in a small, durable package. This, in
turn, provides lighting designers with a unique opportunity to explore new designs and product ideas and
to improve the quality, energy-efficiency, safety and longevity

of existing products.

Lighting designers working with LUXEON Power Light Sources do need to consider some potentially
unfamiliar factors, such as the impact of temperature rise on optical performance. Proper thermal design
is imperative to keep the LED emitter package below its rated operating temperature. This application
note will assist design engineers with thermal management strategies.

We recommend taking the time to develop a thermal model for your application before finalizing your
design. The LUXEON Custom Design Guide provides important details about operating temperatures for
each LED emitter package. Once you determine your target temperature, a thermal model will allow you
to consider the impact of factors such as size, type of heat sink, and

airflow requirements. Index
Lighting designers needing additional development support for thermal Introduction ... .......oiiina. 1
management issues will find ample resources. The thermal management MinmumHeatSini Reaulements; :2
v . i . i Thermal Modeling .............. 2
industry has grown along side advances in electronics design. The
i . . i Inputs/Output of the Thermal Model 4
thermal analysis resources section at the end of this document provides Heat IR CHAFICIGHZANON oo 4
a useful introduction to some industry resources. Attachment to Heat Sinks ... ... 7
Best Practices for Thermal Design .8
Evaluating Your Design  ......... 8
Validation of Method . .......... 11

pl."ups LUMILEDS
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Minimum Heat Sink Requirements
All LUXEON products mounted on an aluminum, metal-core
printed circuit board (MCPCB, also called Level 2 products)
can be lit out of the box, though we do not recommend
lighting the Flood for more than a few seconds without an
additional heat sink.

As a rule, product applications using LUXEON Power Light
Sources require mounting to a heat sink for proper thermal
management in all operating conditions. Depending on the
application, this heat sink can be as simple as a flat,
auminum plate.

The LUXEON Star, Line and Ring products consist of LEDs
mounted on MCPCB in various configurations (see the
LUXEON Product Guide). These products have 1 in? of
MCPCB per emitter. The MCPCB acts as an electrical inter-
connect, as well as a thermal heat sink interface. While we
recommend using an additional heat sink, these products
can be operated at 25°C without one. The MCPCB can get
very hot (~70°C) without a heat sink. Use appropriate
precautions.

A LUXEON Flood should be mounted to a heat sink before
being illuminated for more than a few seconds. A flat
aluminum plate with an area of about 36 in? (6" x 6" x
0.0625" thick) is adequate when operating at 25°C.

Thermal Modeling

The purpose of thermal modeling is to predict the junction
temperature (Tjunction). The word “junction” refers to the p-n
junction within the semiconductor die. This is the region of
the chip where the photons are created and emitted. You
can find the maximum recommended value for each
LUXEON product in your data sheet. This section describes
how to determine the junction temperature for a given appli-
cation using a thermal model.

A. Thermal Resistance Model

One of the primary mathematical tools used

in thermal management design is thermal resistance (RO).
Thermal resistance is defined as the ratio of temperature
difference to the corresponding power dissipation. The
overall RO j,,gion-ampient -4 Of @ LUXEON Power Light Source
plus a heat sink is defined in Equation 1:

1. D of Thermal
R AT unction - Ambient
O junction-Ambiert = P
d
Where:

AT = Tyincton = Tampient (°C)
Py = Power dissipated (W)
P4 = Forward cument (If) * Forward voltage (Vf)

Heat generated at the junction travels from the die along
the following simplified thermal path: junction-to-slug,
slug-to-board, and board-to-ambient air.

For systems involving conduction between multiple surfaces
and materials, a simplified model of the thermal path is a
series-thermal resistance circuit, as shown in Figure 1A. The
overall thermal resistance (RO, ) of an application can be
expressed as the sum of the individual resistances of the
thermal path from junction to ambient (Equation 2). The corre-
sponding components of each resistance in the heat path
are shown in Figure 1B. The physical components of each
resistance lie between the respective temperature nodes.

Pa =Vr*lr

4— T junction
RO.s

+—Tgy
ROss

+—Tgoa
ROga

T prnbient

Figure 1A. Series Resistance Thermal Count

i [ Die
duneton Die attach
T Epoxy
Tsiug
MCPCE -
I i

Ta

Figure 1B. Emitter Cut-Away

Equation 2. Thermal Resistance Model

RO junction-amvert = R@Junmmst}g + Res{ugrBoard + ROpoarg-Ambient

Where:

RO,uncion-sugu-s = RO of the die attach combined with
die and slug material in contact with
the die attach.

= RO of the epoxy combined with slug

and board materials in contact with
the epoxy.

ROgoarg-ampent @4 = the combined RO of the surface
contact or adhesive between the heat
sink and the board and the heat sink
into ambient air.

ROgu.808r (5.8
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Equation 3, derived from Equation 1 can be used to
calculate the junction temperature of the LUXEON device.

3. Junction T C

Tincton = Ta + PIROA)

Where:
Ta = Ambient temperature
Py = Power Dissipated (W) = Forward cument

() * Forward voltage (V; )
RO,.» = Themal resistance junction to ambient

B. Thermal Resistance of LUXEON Light
Sources

In LUXEON Power Light Sources, Philips Lumileds has opti-
mized the junction-to-board thermal path to minimize the
thermal resistance. The thermal resistance of a LUXEON
emitter (not mounted on an MCPCB, also called a Level 1) is
represented by RO, s.

The thermal resistance of LUXEON Power Light Sources
(MCPCB mounted, also called a Level 2) representing by
RO, g, equal to:

RO,g=RO, 5 + ROs g

Typical values for RO are shown in Table 2.

Table 2 Typical LUXEON Thermal Resistance

LUXEON Power
Light Sources LUXEON Emitter
(ROue) MCPCB  (R®,5) MCPCB
Mounted Mounted
Enter Description Level 2 Level 1
Batwing (all colors)
Lambertian (Green, Cyan, 17°C/W 15°C/W
Blue, Royal Blue)
Lambertain (Red,
Red-orange, Amber) 20°C/W 18°C/W

°C/W = °Celcius (AT) / Watts (Py)
Note: Consult current data sheet for RO, sand RO, g

C. Thermal Resistance of Multiple LUXEON
Products

The total system thermal resistance of multiple-emitter
LUXEON Products such as the LUXEON Line, Ring or
multiple Stars can be determined using the parallel
thermal resistance model as shown in Figure 2. In this
model, each emitter is represented by individual, parallel
thermal resistances.

LED LED LED LED LED
2 3 4 N

Tounction
RO Junction-siug
TSlug
=S
Thoard
RObosrs Ambient
Tambient

Figure 2. Parallel Thermal Resistance Model
of Multiple Emitter Products

The RO, g of the multiple-emitter array is obtained by using
the parallel resistance equation:

1 1 1
TOa A2 RO, o  LED_RO, oy LEDIN_FO, 1 o

All the parallel resistances can be assumed equivalent, so
the equation becomes:
1 _ N
Total_Aray_RO,, " LED_Emitter_R©

inction -Board Junction -Board
or:
Equation 4. Multiple Emitter to Single Emitter
Thermal Resistance Relation
LED_Emitter_R©
Total_Aray_RO,, un sous = w
Where:

LED Emitter RO ynction-Board = RO junction-sivg + ROsiug-Boart
N = Number of emitters

For example, in a LUXEON Line, there are 12 emitters,
N=12. The LUXEON Line uses a batwing emitter; therefore,
the Total Array RO g is: (17°C/W)/12 = 1.42°C/W.

The Total Array RO jnciion-amsientis-4) for the LUXEON Line is:
Total_Array_ RO, yction-ampient=1-42 + ROgoard-ambient

The Total Array Dissipated Power must be used in any calcu-

lations when using a Total Array thermal resistance model.

The Total Array Dissipated Power is the sum of Vi * |- for all

the emitters.

Equation 5. Thermal Resistance of a Multiple Emitter Array

AT
Total Array RO, =
Pd‘ Total
Where:
AT = Tunction = Tambeent (°C)
Py a = Total Array Dissipated Power (W)

Thermal Design Using LUXEON Power Light Sources App Brief ABOS (6/06)
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