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Abstract

Environmental growthchambers arevaluable toasin plant research and
specialty crop production. Thesghambers provide an internal emghment completely
independent of external influences of irradiance, temperature, and humidity. Operators
can program a multitude of settings to obtain the desired internal environment.
Researchers can investigate a diverse range of plant reactions ithgcbambers,
including those of lightnediated photochemicals, or pigments. Specialty crop producers
can create a stable environment for high value plant material. But regardless of the
operator or plant materialpne ofthe largest challengeexperiencedvhen using
growth chambers is the electrical demands imposed by the lighting technology.

Lighting in growth chambers is often a combination of fluorescent and
incandescent lamps. This arrangement emits considerable quantities of heatalgale
consuminggsignificant quantities of electricity. To remove the heat and maintain the
stable internal environment, compressors, humidifiers, and other comporedats
command large quantities of electricity. A quickly developing lighting techndigbi
emitting dodes (LEDslolds the potential to greatlyeduce electrical consumption
growth chambers. The objective of this research was to investigate the impacts LED
lighting has on energy and mechanical demands of a chamber, andtoate whether
plant mateiial responds as it does under conventional lighting sources.

Two growth chambers were utilized over twansof experiments Duringeach
run, a chamber was retrofitted with two Hpectral LED units, and the other chamber
retained thefactory installedightingof fluorescent and incandescef@gmps Plant
samples includeé®haseolus vulgarigresh PidRbush beans)Raphanusativus
g Q! @ X{BngErgnch radish), arlcblium perrenné®ouble Eag@ (perennial
ryegrass)Growth inputs, internal chambeanvironments, and electrical loads were
recorded over 21 days. Overall, plant material responded favorably to both lighting
treatments, witha slight advantage in dry weighgbing tobeans germinatedh the
CONTROL chamb#&vhile under LEDs, plant mater@atperienced more stable PAR, air
temperature and humidity, and soil temperature and moisture levéighting in the
LED chamber consumed 85% less electricity than lighting in the CONTROL chamber, a
40% decrease in overall electrical consumption of th@ncber.The low heat in the LED
chamber resulted in lower mechanical stressn growth chamber components
responsible fomaintaining the programmed optimaiternal environment
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Chapterl: INTRODUCTION

1.1 Research Genesis

At a large university such #sis, manyopportunities for interdisciplinary
education and research are perpetually accesditMeeducators and students. With
such a diverse breadth of subject matgesent, in combination withi KS | Yy A @S NBE A § &
integratedacademic, research araperational cuiure, a student such as | can pursue
curiosities of almost anynaginabletrack. The followingresearch wilillustrate sucha
case. While the research possesses a somewhat unique pedigree, | resist characterizing
it as unique in execution. Born from a shanthisdzy RS NHA NJ RdzF § SQa KSI R F
greenhouse management course, tfraition of this thesisowed toll K i RKe& ©8a 4! K
moment.

As an undergraduate majoring in Theatre Production with an emphasis in
Lighting Design, | was in constant contact with tieevestlighting technologies and
their subsequehprogramming methods. Althougthis knowledge was primarily based
within the entertainment and stage industry, | was aware of the impact the newest
lighting technology revolution could have on another intlysn which | had
background. Raised working in many facets of agriculture and pursuing a minor in
horticulture during my undergraduate period, | was fluent in the challerigesd bythis
industrytoo.

Thetheatre and touringentertainment industry hasnany ofthe same lighting
challenges as the horticulture industry. Whereas a lighting designer grapples with color
outputs, intensities, projection size, and programmability for the purpose of stage
presentation a groweralso is challenged by these ligidiconditions in attemptso
provide the highest quality illumination for a particular créjmssibly because of the
higher emphasis placed on lighting within the entertainment indysind thus more
research and development funding sources availablectiténg edge of lighting
technology and control is being advancec&mespecially whorticultural field. While
the source may be foreign and industries distant, the sharing and hybridization of
lighting technology and knowledge may aid the harligre industry in transitioning
towards the next method of lighting.



1.2 Horticulturaland Academia Drivers

My experience in crop production amtbursework at Penn State University has
offered me the chance to witness thienitationsof using comentional lidhting
techniques. Frequently, in addition to sunlight, greenhouse growers use supplemental
lighting sources such as Higftensity Discharge (HID) lamps of Higlessure Sodium
(HPS) or Metal Halide (MH). These HD sources provide a high intensity poc# aaii
minimaloverhead footprint, but they also have expensive lamps and bakawsts
produce excess heaihcandescentamps are also commonly usedasidimentary
night interruption lighting sourcer rough spectral balance for fluorescent lighting
because of their installation easiexibilityand low costThey, like the HID sources,
waste largeof portions of energy by transferring electrical powero heatinstead of
light.

In growthchambers theprimarylighting source is commonfiuorescentlamps
This discharge source also requires a ballaspierateand it like the lamp produces
excess and unwanted hed#lany times, mcandescent lamps are also intermixed among
the fluorescenampsas a means tmmexpensivel\supplementwavelengths not
provided by fluoescent lamps. In some casdésghintensity growth chambersolely
use HPS and MH lamps. These chambers are usually largemwglks, and the
lighting source often requigtwo separate cooling systems to handle tio¢gal heat
generated One cooling systeis usedor the room and another for the lightingvhich
isoften encased to further protect the plants from the intense heat.

Throughout the commercial industry, government, and academia growth
chambers are utilized for tissue cul&yrincubation/ germination, plant growth, and
insectary purposes. These chambers range in size from the smalleriretacthe larger
walkinstylsd ! AN gGIK OKFYOoSNRA LlzN1J2asS Aa a2 LI
by controllingtemperature, humidiy, and lighting. Unfortunately, no matter the scale
these valuable tools are voracious energy consumers wdaolwvreak havoc on budgets
and profits.

For anyone using growth chambers, whethes# researcher ogrower, these
scorchindamps d every ype are the cause ohany research and crop failures. The
incredibleheatemitted by the lamps plasronstant stress on HVAC units, humidifiers,
and other components attempting to maintain the programmed environment. All too
often these components wear oand wastevaluable material, time and money.



In the United States, much like the world at large, issues concerning energy costs
and their management are quickly becoming critical in production and research budgets
across numerous industries. Presenthgreasing premiums on energy usage means
curtailing consumption is vital for a profitable business and thriving resaastitution.

It is rare and certainly valuable to recognize when one tool widely used throughout
industry and research can slaléfhting energy costs by ovet0%and provide many
secondary benefits.



Chapter 2LITERATURE REVIEW

2.1 Pant Photochemical/ Light Relationships

[ AGKG A& ONRGAOFTE 2mabrandindepeidant & dzNIOA O €
mechanisms rely orhe duration, intensity, and quality of light. The firsechanism is
where the green pigment chlorophyll transforms light energy into carbohydrates for
plant food through the process of photosynthesis. The second mecharaked
photomorphogenesisitilizes accessory pigments to induce various physiological
adjustmentsand is more dependent on specti@mposition rather thanntensity.

Photosynthesis requires relatively high amounts of energy to perform the task of
producing food for the plant. Chlorophyccepts a wide range of wavelengths in order
to meet these energy demands. In contrast, the accessory pigments that produce
photomorphogenic responses often require 100x less energy to cause physiological
changeqDecoteau, 2005)Theseaccessorpigment respond to very low fluxes in
wavelengthghat depend on the family of pigmentBhotomorphogenesis relies on the
four primary families of photoreceptorshich include phytochromesdd (R) far-red
sensitive(FR), and cryptochromes, phototraps, and he ZTL/ADO familplue-light
sensitivg (Wada, 2005).

Phytochrome was identified nearly 40 years before any iyl photoreceptor,
and it is consequently better understood today. It was in 1952 in a USDA lab in Beltsville
where phytochrome and itR/FR photereversible form were first characterized
(Borthwicket al., 1952. By the early nineties, phytochrome A through E, or phiE,
werediscoveredClack, 1994L Yy Mddpo 5N ! dowd / | aKY2NBQa 3N
blue-light pigment cakd cryptochrome in Arabidopsi@®hmad andCashmore1993.
Soon after, another bluéght sensitive family caléephototropins was indentified
(Hualaet al.,1997). Most recently, in 2003, the ZTL/ADO family, was identified using
Arabidopsis, but is stlomewtlat unproven andlisputed(Imaizum et al.2003. The
action spectraareless defined for thélue-light sensitive familieCashmore, 2005).
Currently, the Arabidopsis genome has been shown as having five phytochromes, three
cryptochromes, and twghototropins(Cashmore 1997, Briggs and Huala 1999, Nagy
and Schafer 2002, Quail 2002, Lin and Shalitin 2003



Each of thespigmentfamilies react$o specific wavelength profiles and
generatesspecific photomorphogenic responses. Phytochromes generally affect
internode elongation (phyE), seedliggrmination(phyB), seedling detiolation (phyA
and phyB), leaf ze,photoperiodism,and chlorophylproduction(Smith, 2000.
Cryptochromes influence stem elongation, leaf expansion, photoperiodic flowering, and
the circadian clockCashmore 2005, Hat988) Phototropins regulate phototropism,
stomatal opening, chloroplast relocatiosglar trackingand leaf expansion to name a
few (Briggs and Christie, 202’ he newest proteins in the ZTL/ADO family show similar
responses to that of cryptochromes and blue light as they also play a role in regulating
photopernodism and the circadiaclock(Briggs, 2005)nterestingly, in 2002 the
laboratory ofReppert and WeavgR002)concluded that cryptochromes 1 and 2, or
cryland cry2, are a mammalian requirement in regulating the circad@rkand
behavioral expression3his illustrates just one example where a research chamber
outfitted with programmable wavelength outputs could prove valuable for both plant
and animal rgearch.

Recent studies targeting Arabidopsis flowering have shown a complex
interaction between phytochromes and cryptochromes. Through varying mutants with
members of each family (phyl, phy2, cryl, cry2, etc.), researchers observed flower
initiation earier with PHYB, PHYC, PHYD, and PHYE gene ntlogamnits that of the
wild type (Reedet al. 1993, Devliret al. 1998, Frankliret al. 2003. Oddly though,
mutants with the PHYA genes had the reverse effect.

Green light has been shovasa growth inhibita in tissue cell cultwe (Klein,
1964). It was observed in growth chambers housing greieh fluorescent lamps, that
crown gall callus growth was repressed in relation to the quantity of green light
supplied. It makes evolutionary sense for a plant nogttow in a greedight rich
environment. Ad=ig. 2.1.]llustrates below, the wavelengths transmitted through a
thick vegetative canopig primarily green and fanred. A plant interprets a bulk of these
wavelengths as a signal that there is much competitiothe environment and that it
should avoid or alter its growth.
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Fig. 2.1.1Smith, H. 1994 A generalized spectral distribution of sunlight above (solid)
andbelow (dash) a vegetation canopy

Phytochromecan exist in two photoreversible forms. Rta synthesize
phytochrome in the ground form Pr, r indiestthe pigments sensitivity to recdr R
(peak near 65@70nm) wavelengths. When the Pr form of phytochrome is expos&l to
light, Pr transforms into the morghysiologicallyactive Pfr form fr indicating farred
state and sensitivity t-Rwavelengths (peak near 7640) (Nelson, 2003)The Pfr state
is far more activehan Pr in signal transducticand gene expression throughout a plant
(Nagy and Schafer, 200Exposure of Pfr td-Rlight will transform the phytochrome
back to the ground state of FFig. 2.1.2 illustrates a typical transformation cycle of a
phytochrome and light mediated respons@$e transformation betweeformscan
occur over just a few minutg&asperbauer, 2000AIso,a pl Y iplytdchrome state
immediatelybefore a dark perio@r nightwill be maintained until next light or dawn.



PHYTOCHROME
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Fig. 2.1.2 Vincerug 1991 Typical phytochrome photochemical cycles.
If Pris exposed to R light, the reversion arrow will continue cloekwis
as it transforms back into the active Pfr form.

It is highly unlikely at any one time that a plant will experemsolated R or FR
light. Snce Pr and Pfr spectral profiles overlap in toartions as seen in Fig. 2.1iBis
implausible for a plantd exclusively contain either Pr or Pfr forms of phytochrome.
Instead, plants contain both forms and physiological responses rely on the ratio of the
two (VincePrue, 1991)The R/FR light raticeported by the phytochrome pigment is
valuable as plants udhis ratio as means of determining competition and appropriate
physiological adaptation@asperbauer, 2000)

Seed germination, vegetative growth and reproductive phases are all affected by
the balance of R and KBmithet al., 199). Some seeds exposed FRlight will not
germinateasphotochemical processes react to low R/FR rati@diance with high
guantities of FR wavelengths is a signal to seeds that a potentially comp#titiestrial
environment currently exists abov8eeds exhibiting thiessitivity to shade and FR
treatment are commonly small, rich in fat seddsm non-domesticated species
(Decoteau, 2005)Seeds from domesticated species often do restpondto R/FR ratios,
or even light amounts at all in some cases, as most seeds @degis of breeding
programs designed to ease germination difficultiesammercialproduction(Hartmann
et al.,2002.
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Fig. 2.1.Pecoteal?2005 Optimal absorption spectrums of phytochrome in red (R) and
far-red (FR) photaeversible forms.

Although nany photomorphogenic responses can be attributed to various
accessory pigments, it must also be recognized that other physiological responses are
not due to spectral composition, but rather simply low light conditid®eme of these
plant responses mimicne anoher and thiswvas evident in early experimesitrials in
our research. Certain LED fixtures were unable to produce sufficient PAR but provided
plenty of spectral capability.

Photosynthesis harvests radiant energy and transformgatehemical enegy,
in the form of carbohydratesHart, 1988)A variety of chlorophyll and carotenoid
pigments allows plants to absorb radiant energy from a wide breadth of wavelengths in
a reaction that depends more aguantity of energy (Wm?), rather than quality of
energy(400nm, 500nm, etc.). The photosynthesis compensation point is roughly 10
W/m? andthe saturation point varies around 26800 W/nt. A cloudy day emits roughly
100 W/nt and summer sunlight at noon emits roughly 1000 \¥/(Bjorn, 1976.

Under low ligh conditions a plant begins using more carbohydrates from its
reserve than it creates during photosynthesis. If this cycle persists the plant will exhaust
its food supply and starve. To survive the plant adapts by transforming various structural
features and photochemical processes, as presented in Table 2.1.1. Through evolution
the plant is programmed in low light conditionsdaickly redirect resources into
reaching for more light and transitioning from a vegetative state into a reproductive
state. Thisnew objective provides the plant optimal chance for offspring and continued
survival of the species.



Physiological Process

Response to Shade

Extension growth
Internode elongation
Stem
Petiole elongation

Leaf development
Area per leaf
Leaf thickness
Chloroplast development
Chloroplast synthesis
Chlorophyll a/b ratio

Apical dominance
Branching

Flowering
Rate of flowering
Seed set

Fruit development

Accelerated

Rapidly accelerated

Thinner and less weight

Rapidly accelerated
Changed

Increased

Reduced

Retarded

Retarded

Changed
Strengthened

Inhibited
Accelerated

Increased

Reduced

Truncated

Table 2.1.1 Decotea2005 Physiological responses to shade.

Flowering is one of the responses induced by low light exposure, but flowering
can also benduced by RFR light treatmentgHartmannet al., 2002) Fig. 2.1.4hows
the importance of the Pr and Pfr ratio in a species requiring photoperiod treatment to
induce flowering. A longight species requires a low presence ofiR order to allow
flowering (VincePrueet al.,1984). Pfr levels quickly build during the daytime and
through the night slowly diminish. Seasonal lighting conditions affect photoperiod
sensitive species in outside environments. In controlled environments photoperiodic
& LIS Glaweriag can be manipulated by day/ night ratigsartmannet al., 2002) It is
conceivable too that spectral treatments exposagpecies tdigher levels of R light
rather than FR light coulproducea higrer Pr/Pfr ratioand promote flowering.
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Fig. 2.14 Nelson2003 Diminishing Pfr levels affect on flower initiationsimort-day
species.

From the perspective of researchers working in horticulture and other plant
science fields, it is conceivable that a lighting technology like LEDs, whichfallows
instant and programmable wavelength and intensity adjustments, can be an enormous
advantage over the current growth chamber lighting systeithgs important to
understand that plants utilize light for more than just photosynthelsig rather also br
environmental cuesnd adaptive responsgSagetet al., 1988) Plants have amazing
mechanisms to adapt and thrive in all sorts of environmental conditions, and scientists
are continuing to indentify more anehore lightmediated mechanisms.

If growth diambersare converted to programmable LED light fixtures | believe
researcherill quickly gravitate to them and begin opening new windows of research
previously hindered by traditional lighting technologi€gher bb procedures and
equipment areincreasnglybecoming precise; accordingly, so should ligichnology.

2.2 Lighting Measurement Metrics

In order to properly justify later data brief review of the various measurement
methods is necessar@n the surface lighineasurementgnay seem simple anéss
contestable than some other growth inputs, but in reality, lighting metrics can become
quite complicated. Much of the confusion stems from neamnlgompatible
measurement metrics. If not fully understood by growergesearchersthen
purchased lamg and lighting systems may not be providing adequate wavelengths and
intensities. Alsogcompanies can deceive consumers by providing misleading lighting
specifications in order to move product.

10



Knowing what lighting metric taseor trust begins with knowng the purpose of
the lightingbeing measuredMeasurement scales differ and wavelength outputs
become especially important. In the case of this reseatah purpose of the lighting is
to grow plants. Howevemost lighting sources or lamps are characed in
photometrics base@n human vision. Any measurement terminology expressing units in
foot-candles, lux, or lumens is part of the photetry method of lighting metrics
specifically biased for the human efta-Cor Ltd., 198R As illustrated in Fi@.2.1, the
human eye is very sensitive to greand yellowmwavelengths and least sensi¢ to
colors on the margins, that includitdue and redThis curve is defined Byommission
LYGSNY I GA 2yl €5FamiB referted tO &slthe phbtapiesponse curve.

1
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=
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o 0.6
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------ Light Meter Response  ---------- CIE Response

Fig. 2.2.1IThe Luminosity Function of the Human Eye.
Courtesy of Extech Corporation, Extech.com

Light measurement instruments based photometry calculate readings by
weighing a greeand yellowmwvavelength much more heavily than a bluered
wavelength(Hartmannet al., 2002) So while a lamp may include of high fexzndle
reading and make potential consumers interested in purchasing, the truth is the lamp
may simply posses little more than intense green wavelengtbs plant this are of
wavelengths is least important of all wavelengths in the visible wavelength region which
roughly spans from 46@00 nm(Hart, 1988)
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To understand what wavelengths are vital to healthy plant growth it first is
important to understand the correct liging measurement method fgolants. Thanost
usefulmeasuremenimethod of light for plant purposes is called photosynthetically
active radiation (PARDole and Wilkens, 20057AR is classified as the measurement of
irradiance used by plants for photogiwetic purposes. This method actually umbrellas
two more specific measurement metrics, but both only meter between-400 nm.

The first type measures photosynthetic photon flux density of the @&Rokau,
2005).Thismeasuremeniprovides units in miciBnstein/m?/s, photon/m?/s, or
mircromole/nf/s. During this research the uninicroEinstein/mi/s was utilizedThe
other type of PAR measures photosynthetic irradiance and is provided in tetWndf

Measurements in PARmicroEinstein/ris, are unbiasedo any specific
wavelengths. Equal weight to all wavelengths between 400nm and 700nm comprise the
final measuremen{LiCor Ltd., 198R While not perfect (no method is), it certainly is
more appropriate and useful when plants are involved.

As the humareyes are sensitive to particular wavelengths, the sasrteue for
plant pigments5 SLISY RAY 3 2y | LI} | yaddpéanetichrayMBging O2 Y L
a mix of applied wavelengths can cause aiad/of physiological responsé3avies,
2004) Specific famiés of photoreceptors activate within regions of wavelengths as
showninFig. 2.2.2below. S NI & 2 LJIJI2AAGS KdzYty @AaA2Yy I |
in the margins of blue and red wavelengths. This is why it seems misguided to calibrate
lighting tediniques for plant growth using photometry.
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Fig. 2.2.2Dptimal Wavelengths for Photoreceptor Activation
Courtesy of Wikipedia.com

Researchers and groweskouldprefer anylightingmeasurements to be
performed using PARIsing the PAR methaaso has & shortfalls as shown in Fig.
2.2.3.In this figure, bbth the red and the blue dominant wavelengthsvidea PAR
reading ofapproximately30 microEinsteinen?/s, bdzi G KF 0 A &y QlwhdtK S
isimportantwhen comparing lighting sources. For etige plant growth it is critical to

dzy RSNARAGI YR | fAIKGAY3T a2dzNDOSQa t!w YSI a

ensures proper light intensities in the most effective regions of plant pigments.
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30.437PAR |

Fig. 2.2.3 Comparison of PAR Outputs by LEDs.

Fig. 22.4and Fig. 2.2.5, illustratime challenges faced during this research when
specifying lighting technologies. As most lighting data is presented in units based in
photometry, it becomes difficult to properly translate thosinits into PARWhile a light
source may possess a high faatndle value, it may also possess a low PAR value. The
inverse may also be true for other lighting sourdespreparationfor thisresearch tle
exact situation illustrating thisghting metrics disparity was encounterethe chambers
using a fluorescent and incandescent mpduced a higher foetandle value but a
lower PAR value compared to tbhamber using th&ED lighting source.
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PAR: 232.87 | B

Fig. 2.2.45pectral profiles of CONTROL (green line) and LED (rechéasiired in PAR

The CONTROhamber outfitted using 10x 160fluorescent tubes and0x
100wincandescent lamps (green) measurg89 PAR. The LED chamobetfitted with
only LEDs (red) measur@282 PAR. When measuritige CONTROL chamber PAR,
readings varied (sometimes much as about 80 PAR) due to the flickering
characteristics of fluorescent technology. The value of 189 PAR was about the average
during these fluctuations.
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Fig. 2.2.5 Spectral profile§ CONTROL (green line) and LED (red line)
measured in fooandles(fc).

The same CONTROL (gremmd LED (red) chamber lightiage shown in Fig.
2.2.5,but now using the photometry method which is biased on the sensitivity of the
human eye. Now the CONTROL chamber measures ¢ah@ the LED chamber
measures 112 fc. While lighting in the CONTROL chamber may sound more
advantageous for plant productian terms offoot-candle units, the spectral profiles
illustrate the flaws in accepting only photometry measurements when specifying
supplemental lighting sources be used for plant growthNVavelengthsespecially
those vital to photosynthesis and photomorphogenesie neglected when using the
photometry method of measuring light outputs. But as previously stated, even when
using the PAR method itilmportant to consider the spectral profile in conjunction with
the PAR value for the most accurate understanding of a potential lighting source.

2.3 Conventional Lighting Sources

The industry standard for illumination inside environmental growth chambers
consists dfluorescent, incandescent, argh-intensity dischargeHID sources such as
metalhalide(MH) and higkpressure sodiunfHPS{Hartmannet al., 2002) Although

there are many systems, it is common practice in growth chamber installations to utilize
fluorescent lighting as the primary lighting technology. Each conventional lighting source

possesseadvantages and drawbacksd these are weighed for the particular growth
chamber application and size.
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Smaller growth chambers will almost always be outétteith fluorescent
lighting(Nelson, 2003)These chambers range in size from the smallest réatype
(about 5 cu ft.}o the larger multidoor types (about 90 cu ft.). The chambergdis
throughout this study were about 7€u ft. Tube fluorescents offedesirableuniform
and bright coverage over a production area. Lamp tubes are relatively cheap and easy to
swap for different wattages or spent tube replacement. Also, the ballasts needed to
condition the current can be positioned outside of the growth riter thus reducing
potentially bulky internal infrastructure and avoiding the accumulation of more heat
within the chamber.

Fluorescent lighting also has its drawbacks when used for growth chani{sers.
with any lighting source, spectral outputs becomeissue.The spectral output of
fluorescent tubes varies only slightly between manufactutersall fluorescenttubes
share common overall wavelength characteris{idslson, 2008 Fluorescent lamps
emit wavelengths throughout the visible spectrumith intermittent peaks at various
wavelengthsPeakwavelengthsof 410nm, 440nm, 550nm, and 580rwere emitted
from fluorescent lamps in this study

Incandescent lamps are the often used in growth environments for balancing
other supplemental lighting such asdliescentsGenerally, fhlorescent lighting is
deficient in the warmer wavelengths and incandescent is deficient in the cooler
wavelengths The incorporation of the two lights creates a rough overall spectral
composition favorable to plants. Incandescennfas are sometimes also used as a
nightinterruption source to affect photoperiodic responsesspkcies. Any use of
incandescent lamps is vastly wasteful of electricity as this lighting source is only about
7% efficient.

2.4 LightcEmitting Diode (LEDM@rview

LEDs are a sofstate lighting platform, and thus they do not use any filament
suspended in gas nor require hazardous gases like mercury in fluorescereeitie
irradiance. Instead, a small diode is encased in plastic which in turn wastdgtieery
energy in the form of heat and makes for a robust and compact lighting soluicasic
diagramof LED structure is prested in Fig. 2.4.1The inherent nature bthe diode
structure providesextreme longevity sincédoesy 2 i & 0 dzNJ/ ¢ génKie FTAf | YSYy
traditional sourcegthe driver of much energy transfer inefficiencso, the
composition of diodes is safaith spectral outpus determined by semiconductor
dopingmaterials such as aluminum, gallium, and silicon to name the few most common.
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By using different mixes of elemeritsthe semiconductor to form the diodearious

LED colors are possible, ama further outlined inAPPENDIR. What this all means is a
new light source with low electrical requirements, low heat outputs, dozens of
wavelength options, dimmable properties, no hazardous material concerns, and a long
life.

Transparent

: Emitted light beams
plastic case

Diode

Anode (+) H Cathode (-)

Fig.2.4.1 Hel@009.Simple LED Construction.

To a researcher who relies gnowth chambers as vital todLED lighting fixtures
offer a newlevelof precision andinique opportunities in research. Depending on the
diode doping materials, LEDs produce specific wavelengtiefixturesused in this
studyincorporate LEDs representitgo major color groupscool and warmthus
LINE OARAY 3 | &g KA ok o fully d8piializibimhis Setup, 8 digitdl NS f &
programmingprotocol called DM>»12 (see APPENDCK which isused worldwide for
entertainment and architectural lightings employedor control of the overall spectral
outputs. By selectively dimming welength groups, the overall wavelength mixture
and intensity can be precisely manipulated for a desired output. Before, researchers
could only change spectral outputs by changing lamps or using nondurable filters, and
intensity was usually only offered lamp on/off procedures.

LED lighting also hassadvantages. Since LED spectral outputs are highly specific
or near monochromatic, to produce light with a balance of wavelesgttross the
visible spectrunrequires a LED fixre to incorporate numerousvavelengthspecific
LEDs. While thiswulti-color fixturepresentsadvantageougapabilities ofyenerating
millionsof spectral compositions at the discretion of the researcher or designer, the
fixture now unfortunatelyNBS lj dzA NB & | & dzFf T Ac©UEBsypicaflyd f SY RA y 3 ¢
project light in narrow beam angles solttendthe various spectrand produce a
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somewhat uniform output can require some distancebl@ndingconstraint §
regrettable since LEDs ertittle heat which allows close proximity of LEDQUies to
plant material (less wasted irradiance, energy, and more material per spadegjure
composed of smallesized LEDs of limited, or single, spectral outputs requires less
distance to sufficiently blend individugpectrums and produce uniforspectral and
intensity coverageMost commercial LED fixtures also offer various lens options to
blend and manipulate beam spreads.

2.5Environmental Growth Chambers

For decades traditional chamber lighting has consisted of fluorescent sources
with other lesser common irradiance sources likigh-pressure sodium (HPS), metal
halide (MH), and incandescent also being incorporated. All these high energy
demandindightingsources generate massive quardgtiof excess heaequiring other
high energy demandingpoling and humidifyingystems to reacto maintain the
desired growth parameters. Since these chambers usually operate for weeks or months
nonstop, the electrical inputs and associated costs are severe.
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Chaper 3 MATERIALSND METHODS

3.1 Materials and Methods

The focuof these experimentsvas to investigate the affects LEhting had on
plant material,compare this against conventional growth chamber lighting methods
and monitor the energy impacts of ealightingsetup. To accomplish ik two growth
chambers were commissioned over twgperimental runsThey are later referred to as
experimentalRun 1 and 2. Areliminary trialwas performedo attune all equipment.
Growth chambersModel GEL5, were manufactured b¥nvironmentalGrowth
Chambersn Chagrin Falls, Ohio and installed in Tyson Building, University Park, PA in
1988were used in this study.

During eachun the LEOchamber was retrofitted withwo iW Reach Powercore
LEDunit¥ 2dzy i SR A GK Hos RATTdz¥g RMigsEacSLER NIt 6 2 i K
contairedLED2 ¥ O2f 2NJ G SYLISNI GdzZNBa 2F wTtnneY FYyR
wereprogrammed- & MnsE: hb a2 (GKS NBadzZ GAy3a O02f 2NJ |
The CONTROthamber remained stock witten Philips160w F72TLZW/VHO
fluorescenttubesand Sylvaniaen 100w incandescent bulbkighting treatments of
each chamber were switchdzbtween experimental runs to account fohamber
specific electrical varianceSwitching of the lighting treatments was the only variable
affected between experimental runs.

HOBO monitoring equipment manufactured by Onset Computer Corp., Bourne,
MA, was installed in each chamber and in the growth chamber r@dhsensors
recorded values, averaged over ten second intervals, every ten nsiiie change in
lighting and heat emissionspmbined with theslightvariance inherent in growth
chamber mechanics, necessitatedlibration of programmed chamber temperatures
between experimental runsChamber temperatures were set and calibrated fors72
during the dayThe temperature sensors as part of the HOBO logging equipment were
installed in each chamber and used to calibrate internal temperattras.objective
gl a LINPOARAY3I +y AYOGSNYlIt SY@ANRYYSysi 2F 7
heat emitted by fluorescent and incandescent lighting during the day in the COINTR
chamber, night temperatures decreased.

¢KS RIFI®d GSYLISNYGdzZNE 2F GKS /hbe¢wh[ OKLFY
programmed to a lowetemperature to compensate fathe high heat loads from

fluorescent and incandescent lighting separate night temperature for the CONTROL
chamber could have been programmed to account for the absent daytime heat, but it
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glrayQied t I NI 2F (GKS aiddzRe dgdffuorgsge@&nd G A I G A Y
incandescent lamps have on chamber components in maintaining internal conditions.

We felt calibrating and programming for the 16 hour portafithe day was the best

option for this study.

The LED chamber required only temperaturglzation due to slight camber
component variances, due temperaturesensor corrosioncompressor wearetc. LED
lighting, as seen in datgenerateda low heat loadvhich @used little mechanical stress
on the chambethereby forgoing the need for sped day and temperature
programming asvasthe casen the CONTROL chamb&a help ensure standardized
performance throughout the experimental runs, both chambers were operated for two
days under these settings before runs were commenced plant matersintiduced.

Each chamber was outfitted with two humidifiers below the internal growth
plattorm.9  OK OKl Yo SNRA KdzYARAFTFASNE gwhezZ R Oe Ot S
chambercontroller called for change in humidiepending on chamber sensor
readings Aswith lighting special calibration, this time using the HOBO relative humidity
sensors, and programming was required in both chambers, but especially in the
CONTROL chamber. An internal setting of 70% wadapeand nighbbjective for each
chamber, andhe settingcustomizatiorwas for the 16 houlights ON portion of the
RFed ¢KS aFNOAFAOAFIEE aASGGAY3 F2NJ RFEGAYS
emitted from fluorescent and incandescent lighting in the CONTROL chamber. The
absence of CONTR@hting heat loads caused night humidity to rise as the humidifiers
could fully reach the programmed setting, s$dit for lights ON heat loadsh€& LED
chamber onlyrequiredslight calibration to adjusie humidityto 70%. Low heat loads
from the LEDigihting caused little stress on humidifiers to maintain internal humidity.
To help ensure standardized performance throughout the experimental runs, both
chambers were operated for two days under these settings before runs were
commenced and plant matefiavas introduced.

Each chamber containddOBO seriedata sensors for air and soil temperature,
relative humidity, PAR, and soil moisture. The room was outfitted with a temperature
YR NBflFGAGBS KdzYARAG@E Achijedgaisuphes weze> a Ay OS
fAY1SRE | GSYLISNY GdzZNE aSya2NJ) gl Bchl4d il OKSR
steelpipe. To monitoloverallelectrical consumptiom HOBCb0-amp transformer was
installed into the breaker boxes of each chamber. These sensors relayedmnereasis
to the HOBQU30 Data logger. APPENDpXaVides a full listing of all materials,
equipment and software used throughout this investigation.
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The growth chambers wengowered by 3phase power which allowed for
separate monitoring of each of the leg§s B, and C. Initially, after reviewiagd
manually confirminghamber electrical schemati¢see APPENDIX Each chamber
O2YLRYSYyiQa I YLISNI IS &CNIF80 40Am@handi®eld & dzZNB R dza A
multimeter made by Greenlee Textron, Inc., Southaven, 888ctive breaker tripping
and disconnecting of components allowed precise amperage measurements. This
understanding of Amp loads and which leg of electrical phase each component was on
allowed proper restructuring of legs A, B and C. Ideally legs4ohas® feed shouldbe
under about the same loads.

2 A0K SIFOK ApRNRFSYHYQKIyYRE (GKS OKFYoSNRa
carry specific components. The objective was to isolate the lighting loads yet still not off
balanceoverallleg loads too muctEach K Y6 SNDR&A O2YLINBaaz2N f 21 R
betweenlegs A and GSee Table 3.1.1 for further designation of which components
were on specific electrical legs. Leg B was used as the leg carnglegiicalloads
as®ciated with lighting. Although the chaber brain, unused canopy outlets,
humidifiers, and ghost load were also on leg B, these collectively only added about 2.6
Amps and remained unchanged between experimental runs.

A Sentinel Data Logger (AEMC Instruments Foxborough, MAyvas installed
around each phase leg to record electrical consumption in Aifipssmean of electrical
phase leg A, B, and C of each chamber under both experimental runs was then
calculated to eliminate chamber bias in later data.

CONTROL Growth Chamber Electrical Loadhhse

Phase A Phase B Phase C

See Note Below

Fluorescent #2 (5 tubes)

Fluorescent #3 (5 tubes)

Incandescen{10 bulbs)

Fans

Compressor #1 (split)

Compressor #2 (split)

Ghost Load *

Humidifiers

Canopy Odets

Chamber Brain
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LED Growth Chamber Electrical Loads by Phase

Phase A Phase B Phase C

LED Fixtures

Fans

Compressor #1 (split)

Compressor #2 (split)

Ghost Load *

Humidifiers

Canopy Outlets

Chamber Bain

Note: Fluorescent #1 (6 tubes) was left on Leg A, but disabled through chamber programming
order to balance spectral outputs with the LED chamber.

*We were unable to determine the source of this load; it was present even with all the internal
breakers off. If might be an imbalance in the phases, but it is minimal.

Table3.1.1 Chamber components per electrical leg per chamber lighting treatment.

The LED fixtures were also programmsihg DMX512 protocol(see APPENDIX
C and APPENDIX DMX512 is a common digital programming language primarily
utilized for lighting in live entertainment and architectural settingsllows light
fixtures to be connected in series and controlled from a computer.this study, the
lighting schedule wagrogrammed and maintained by products of Electronic Theatre
Controls (ETC) Middleton, WI.€l'lighting program was created with fré&rC
Expression Ofiine software, transferred into the ETC Lighting Playback Controller (LPC)
by floppy disk, and then wdsaded tobeginactive control of the LED fixtures.

Each chamber received three plapecies sampleg€ach chamber housed eight
containers of bush bear(®Phaseolus vulganstwo eight celtrays of radishe$Raphanus
sativug, and two pots of ryegragtolium perenné€Double Eagla@) all freshly seeded
into Sunshine #5 MigSun Grow Horticulture Canada Lt8eba Beach, ABuration of
each experimental round as three weeks. Bean seeds were not inoculatét
rhizobiad @ W2 KKy & Qa { St SOGSR { SSRaofthiFsttiyA yat 245>

Watering wasperformed once every two days amtide amountsrecorded.

Watering amounts were determined by visual observation and lifting of containers.

was hypothesized that plants in the CONTROL chamber would need more water and our
individualized, although subjective, watering method would be further strengthened by
the soil moisture sensordlo fertilizer was used throughout the study.
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After each experiment, plants were visually evaluated and rated for quality.
Quiality criteria includd general structure, leaf color, and plant development. The rating
scale used ranged from 1 to 4, with 1 = Poor Quality, 2 = Acceptable Quality, 3 = Good
Quality (only minor deciencies noted in quality criteria), and 4 = Excellent Qualiy (n
deficiences noted).

Photographs of each plant type and group were taken before harvest. Plant
material processing included the cutting off of all plant material above the soil line for
beans and rye grass. For radishes the entire plant was harvested. All plantaihates
RNASR Ay | tl0 20Sy 2¢0SNJ 6KNBS RFeéa a4 02
systems were visually inspected for any structural, color variances.

Data collection includedeeklyoffloadingof the HOBQJ30 Data logger using
HOBOware Pro saffare.Sentinel loggersrere offloaded weekly using Sentinel SL2
software and DataView was used to process some of this §&taiosoft Excel v.2007
was also used to process some of the d&iant quality and dry weight data were
analyzed using 2 way ANOW#h replication (Excel 2004 for Mac, version 11.6.2,
Microsoft Corp.).
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3.2 Equalizing Lighting Outputs

To equalize PAR outputetween theLEDchamberand the CONTR@hamber
PAR measurementsere peformed usinga spectroradiometemanufactured by
StellerNetinc, Tampa, Fand the PARensorinstalled ineach chamberUsing two PAR
meters helped verify measurements and further ensure accurate light equalization
between chambersThe LED fixtures were programmexdt00% power output and the
CONTROthamber lighting was calibrated to match. Througbvingthe lighting
carriage within the chambePAR values were matched as best posshRAR values of
the LED chambe©One PAR sensor was part of the installed noimg equipment in
each chamber,

Some difficulty was experienced when acquiiRvalues from the control
chamber, mainly due to the nature of fluorescent tube technology. Electric starters
positioned at each end of a fluorescent tube emiermittent electric pulseswhich
charge and illuminate gases within the tube. These pulses cause PAR values to flux
roughly40 PARINn 15 seconds at times. (It is this flux which can cause some working
under fluorescent lighting for long hours to experience sore eyesteeadaches). The
average of these fluxes was used to equalize PAR output with the LED fixtures.

3.3Growth Chamber Failures

This research requireplant material anchumerous technologies working in
harmony to attain viable data. Growth chambers ar@redictableas they can
randomly change program settings, experience mechanical failures, and are affected by
outside electricabuppliesand, in this setupghilledwater supply fluxesThese
alterations or disruptions in mechanical processes cause d&tgu of the internal
environment.Plants are sensitive to these changes whdahresultin skewed results.
While some of alterations only cause minor or temporary changes in growth habits,
other, more extreme alterations can wipe out an entire experitiearess than an hour.
Challenges like these were experienced, but not unexpected. To reduce these variables
an HVAGQ@echnicianwas brought in to aid in calibrating the chambers so internal
conditions were mor@lependableand provide more reliable data.

The growth chambers used in this study are somewhat unusual in their design
and installationThis model of growth chambers is watewoled.Further, the cooled
water supplyof each chamberdB -faMYS ¢ g A 0 K | Ydiding BoNsing ¢ KS ¢ @ 3
the growthchambers uses chilled water lines to run many systems in the building, and
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one of these systems is the growth chambers. All the chambers in the room are
connected in series and dependant on chilled water flow and temperature. During
normal operation, flowand temperature remains near constant, but sometimes other
building systems maintenance disrupts chilled water supply to the chambers. Commonly
when chilled water is disrupted the chamber cannot transfer out enough heat which
results in the chamber quicktwerheating causing an automatic safety shutdown.
Although disruptive, these incidents provided unintended useful data and interesting
topics in the Discussion chaptef this thesis

DNRgGK OKIFIYOSNE INBE Y2NBE O2YYagnsé RSaA3
units meaning their cooling and heating requirements are handled solely by onboard
components. In these installations electrical demands are greater than those involved
RAdZNAY3I (GKAA NBASINOK® . SOIFdzaS GKA&thed\BaSlk NO
OKIF Yo SNBR O2YLINX&aaz2zNaB NBYFAY hb Fd4G Fft GAYS
regulate heating and cooling processes simudtausly. This research only can
effectively measure increased electrical demands commanded by the lighting elements.

The chiled water return (the exiting direction from chambers) was outfitted with a
temperature sensor to monitor fluxe$he chambers sharcechilled water so even
though the temperatire readings wera culmination of both chambers, though chilled
water disruptiors it was possible to distinguish between chamber heat transfers.
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4.1 Plant Dry Weighsnd Photographs

Radish

Bean

Grass

Chapterd: RESULTS

Germination Finishing
Plant Type:Chamber

Average Mass

Chamber Runl Run 2 perPlant
LED LED 2.8 2.2 0.313
CONTROL |LED 2.7 2 0.294
CONTROL |CONTROL 2.9 1.8 0.294
LED CONTROL 2.5 1.8 0.269
LED* LED 3.3 3 1.050
CONTROL* |LED 3.7 4 1.283
CONTROL |CONTROL 3.7 3.4 0.888
LED CONTROL 3.2 3.4 0.825
LED LED 5 3.1 4.050
CONTROL |LED 4.7 0** 4.70G
CONTROL |CONTROL 4.4 2.8 3.600
LED CONTROL 4.9 4.2 4.550

* Only 3 of the 4 seeds germinated.

** Disease occurred early and sample was discarded.
Table 4.1.1 Dry Weights (@ Run 1 and Runid the same growth chamber.

The gray shaded cells indicate significaniffedent weights at the .05 level.

Analysis shows no significant effects for radish or rye grass, as expected.
Surprisingly though,dan dry weights were higher fthe plants that were germinated
in the CONTROL chamber than those germinated in the L&tDben. There were no
differences in weights associated with the finishing chamber lighting regisiehown
in Fig. 4.2.4soil temperatures remained higher in the CONTROL chamber which may
explainwhy bean seeds started in the CONTROL would germinaterettearlier.
Other data provides no explanations other than soil temperatures.
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Overall Plant Health Ratings

Fig. 4.1.2./C Beans Under CONTROL Lighting.
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Fig. 4.1.Radish Whole Plant/L (left), C/Gright). Both exhibit healthy growth in the
final crop at 21 days.

Germination Finishing Average
Plant Type:Chamber Chamber Run1l Run 2 Rating

Radish LED LED 4 3.5 3.75
CONTROL |LED 3.5 3.5 3.50
CONTROL |CONTROL 4 3 3.50
LED CONTROL 3 3.5 3.25

Bean LED LED 4 4 4.00
CONTROL |LED 4 3.5 3.75
CONTROL |CONTROL 3 3 3.00
LED CONTROL 3 4 3.50

Table 4.1.2 Plant Quality Ratings of Bean and Radish.

No significant dferences were observed betweeadishor beancropsin rated
plant quality Overall plant qualities were indiseceble between lighting regimes.
Ratings for rye grass samples were not performed due to the low sample rate.
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4.2 Watering and SoifEnvironment

Water consumptionwasan important aspect of this studyatering was
performed every two days. Water amounapplied were determined by visual
inspection and lifting of plant containerd/atering data duringrun 1closely resembled

Run 2 and raw data sheets for both expeients are located in APPENDIX H and
APPENDIX |

Average Water Quantities Applied per Two Days Ove
Experimental Run 1 and 2.
600 567
g
2
<
§» m Control
I3 mLED
©
=
Beans Radish Rye Grass
Fig 4.2.1Average Water Quantities (m®)pplied per Wo Days Over
Experimental Rud and 2.
Beans Radish Rye Grass
Avg. of Run 1
and Run 2 562 383 339 265 419 291
Standard
Deviation 203 119 130 71 164 97

Table 4.21 Average Quantities (ml) and Standard Deviations of
Water Applied peifwo Days Over Experimental Ruant 2.
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Average waterings overach two day period were less for plants under th® LE
lighting treatment. Under LEDs, beans were watered wio3ess, radishes with 22%
less and grass with 31% less water than what was applied in the CONTROL chamber.

Fig.4.2.2Run 1Soil Moisture Content (fm?). Sample over 18ays.
LED chamber (sdliine) and CONTROL chamber (dashed line).

The soil moisture awtent rapidly decreased as the plargze increasedlhe
|l h. h &a2Af Y2Aa40Gdz2NBE aSyaz2N) gl a AYASNISR Ay
circular container of rye grass§hesoil rapidly dereased in moisture in the last few days
of the experimental run. This sharp decline could be attributed to a plesaccelerated
stage of growth where the plant was consuming higher rates of water, or a possible
decrease in the functioning of a humidifi@ihe CONTROL chambercreasingly
struggled tomaintain internal humidity and temperaturesearer the end of the
experimental run most likelycausing more evaporation and plant transpiration. This
Fig in conjunction with Fig. 4.2.1llustrates that eva with roughly 30% less water
applied, the plants under LED treatment maintained higher soil moisture levels.
Moisture levels may have fluctuated differently in the bean and radish containers due to
varying cell anccontainer proportions.
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