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Abstract

The first part of this work reports a growth tes@atized during the research project ‘Kasvien vadotu
LED-valaistusjarjestelmalld’. This research projeas carried out between the year of 2005 and
2006. The main objective of the project was to eeé light-emitting diodes (LEDs) as
photosynthetic light sources to supplement the ratdaylight in real greenhouse environment. The
research project was financed by the Finnish Fugdigency for Technology and Innovation
(Tekes), Elektro-Valo Oy, Oy Osram Ab, Helsinki Wersity of Technology (TKK) and the
Agrifood Research Finland (MTT). The objective dietgrowth test was to evaluate the effects of
spectral composition of the light provided by LEDg the development of lettuce plants. LEDs with
peak wavelength emissions of 630 nm and 460 nm wsed. Although the control-plants grown
under high-pressure sodium (HPS) lamps benefitechfthe higher total daily light integral due to
daylight, the plants grown under LEDs were sturdihilst the control-plants were delicate and
spindly. The higher dry weight content and the dgrkener color of the leaves of the LED-grown
lettuce plants, when compared with control-plamtgy be an indication of higher concentration of
chlorophylls. Moreover, these observations mightéhahown also higher light utilization efficiency
by the plant resulting in higher photosynthetic iaity and nutritional value. Although the results
obtained for each light treatment cannot be directmpared due to the differences in temperature
and daylight exposure verified, the growth test t&®wn the viability of usage of LEDs as
supplemental light to daylight.

The second part of this work is dedicated to thaleation and quantification of the photosynthetic
radiation of artificial light sources. A proposairfa new systematization of metrics for quantifioat
and partial characterization of the radiation ud®d plants in photosynthesis is presented. The
denominated phyllophotometric system is developednalogous manner as the photometric system
and is based on the average photosynthetic quanésponse curve of plants. A comparison of the
costs of photosynthetic radiation provided by hgfessure sodium (HPS) and LED Iluminaire
composed by red and blue LEDs is presented usiagthposed metrics. The results showed that one
of the aspects delaying the uptake of LED technglaghorticultural lighting is the high capital cbs
Although the quantification of radiation may beaghtforward, its characterization and qualificatio
has to be addressed carefully. Therefore the ppylbdometric system will be further developed and

practically tested in future research work.
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1 Overview

The light emitting diode (LED) has become an impmit device in many areas and applications
including horticultural lighting. Despite its earlyiscovery in 1897 (Round 1907), the development
work did not really start until the late 1960s ($dtert 2003). During the last two decades LEDs have
been systematically evaluated as a radiation sofmicplant growth applications, especially in space
(Massa 2005). Today they are a promising light seuvith large potential to become one of the main
light sources in the lighting field. Their high effency potential in converting electrical poweitan
optical radiant power, robustness, long life exp@cl, small size and directional light emission
properties are just few of the most attractive eweristics. The increase of electricity prices amel
need to reduce carbon dioxide (gJ@missions are additional reasons to make efficiese of energy.

In year-round crop production in greenhouses, tleetacity cost contribution to overhead costs may
reach approximately 30% share in some cultivarstéédsan 2001). The use of solid-state lighting is
expected to contribute to the reduction of globaéry consumption by 11% by 2020 and decrease
CO, emission between 261 to 348 million of tons ovee tsame period of time (Tsao 2004; OIDA
2001).

The latest technological developments of LEDs hallewed their use also in applications requiring
light sources with high emission of light such ashorticultural lighting. In the field of horticuliral
lighting the possibilities of usage are large, ¢daging in some cases the actual scientific knowy&d

in the field of plants’ photobiology. It is knowrhat even the most subtle change of the spectral
composition of the light, its quantity or periodigimay trigger important physiological responses in
plants. LEDs do offer the possibility of efficiegtcontrol and adjust the spectrum, the quantity and
the periodicity of the light provided to plants. &be possibilities give new perspectives to the food
industry from which consumers are expected to biefiefm. During winter in countries located at
northern latitudes the weather is harsh and daylayilability is low. Therefore, supplementaryhig
sources with improved electrical and photosynthetiaracteristics are beneficial for the year-round
crop production in greenhouse environment. Theafs&tificial light to substitute or compensate the
low availability of natural light or daylight is aommon practice in northern countries for produatio
of vegetable and ornamental crops in greenhouseagithe winter seasons (Dorais 2002). However,
there is still space to improve the production @#ncy, reduce costs and perhaps still be able to
improve the quality of the crops. The utilizatiori more versatile, efficient light sources for plant
growth can offer new and important possibilitiesachieve these goals. Solid-state lighting or LED-
based lighting solutions may offer this versatilapd efficiency required. However, there have been

several aspects hindering the use of solid-stafietiing in practice. Perhaps the most important one

5
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has been the relatively high price of LEDs in compan to conventional light sources. Other
relevant aspects are related to the unconventietedtrical, optical and thermal characteristics of
LEDs that require the definition and standardizatiof several aspects such as lifetime and
measurement procedures. For horticultural lightihg, situation may be even more complicated due
to the lack of a widely accepted measurement sydtemadiation used by plants in photosynthesis
(Salisbury 1991, Thimijan et al. 1983, Schurer 1986Imes 1985, da Costa & Cuello 2004, 20064,
2006b). Different metrics are frequently and indisunately used to quantify radiation for plant
growth. Radiometric, quantum, phytometric and pima¢tric units are used to quantify and express
photosynthetic radiation for plants. A future unisally accepted and coherent measurement system
should provide a systematic basis for units and eoctature. The new system should consider the
specificness of plant responses to the quantitaive qualitative parameters of radiation for sake o
clarity and coherence with existing measurementesys. The establishment of such a system is
expected to improve the accuracy of quantificateom evaluation of photosynthetic radiation and
allow better and more appropriate dimensioning aptimization of the lighting systems.

The uniformization of units use allow easier andrmoeliable comparison of performance between
different lighting conditions for plant growth. Fatly, the standardization, generalization, unanisiou
acceptance and use of a universal photosynthetiiatian metrics will avoid the unpractical,

outdated and not advisable use of conversion factor
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2 Greenhouse growth test

2.1 Introduction

The main goal of the growth test was the investigaof the effects spectrally tailored LED lighting
on plant growth in greenhouse environment. LED Inamies were designed and built to be used as
supplementary light sources of daylight during grewth test.

The growth test was conducted at MTT’s (Maa- jan&rviketalouden tutkimuskeskus / Agrifood
Research Finland) greenhouse facilities in soutlféntand between February'@&nd March 22 in
2006. The experiment site is located at ¥BIN/22°33E) in the Piikkit region.

The growth test was intended to be carried out miyinvinter when the daylight availability is the
lowest and when the utilization of supplementahtigg is economically viable in northern latitudes
(Dorais 2002; Heuvelink et al. 2006). The experitsewere conducted in one room of a twin-wall
acrylic greenhouse type with a glass roof. The gitovoom used for both experiments was equipped
with automatic control of the environmental condits in terms of humidity, temperature and £0
concentration and artificial light photoperiod.

During this growth test, lettuc@_actuca sativavar. crispa L., ‘Frillice’) plants were grown ingat
substrate with a photoperiod of 20 hours light ahtours dark with an average room temperature of
18°C/15°C (day/night). The average humidity levedaCQ, concentration were, on average, 60%
and 700 ppm, respectively. The referred ambienapeaters of the room were maintained throughout

the experiment duration.

2.2 The LED luminaires

The LED luminaires used in the growth test were posed by a combination of red-orange and blue
LEDs. The red-orange component was provided by @GR LEDs (DRAGONtapd', OS-DT6-Al,
Osram Opto Semiconductors GmbBermany) with peak wavelength emission at 630 file blue
component was delivered by InGaN LEDs (DRAGONt2he OS-DT6-B1, Osram Opto
Semiconductors GmhHsermany) with peak wavelength emission at 460 wth.LEDs used were

lambertian emitters. (Osram 2004a)

2.2.1 Optical and thermal dimensioning

The spectral composition of the light provided hetLED luminaires was intended to be composed

by approximately 15% of blue light and 85% of reglht. In order to determine the number of red and
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blue LEDs required per luminaire, the photon inigns$, [mol s* sr'] of one red and one blue LED
were determined. The determination of the photdensity took into account the driving conditions
and the real operation conditions in the greenhouse

Commonly the manufacturers of LEDs do not provigetheir technical datasheets radiometric or
photon quantities. Therefore in order to determine photon related quantities, usually conversions
or additional measurements have to be performee. gioton intensity was determined based on the
measurement of the radiant intensity[W sr']. The radiant intensity can be either measured or
derived from the manufacturer’s datasheet. Howendooth methods the junction temperature and

the operating driving current of the LEDs have ®thken into account.

Figure 1 - Measurement set-up used to determinedti@nt intensity of the LEDs under known
operational conditions using a monochromator-bagesttroradiometer (754-C, Optronics
Laboratories Inc., USA).

= = T

Figure 2 — Pin fin heat sink used in the thermalnagement of DRAGONtape LEDs during the
luminous and radiant intensity measurements in orl@naintain the case temperature beloWw@at
ambient temperature of 25.
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The measurement set-up for the radiant intensityhiswn in Figure 1. The LEDs were placed on a
pin fin heatsink from Aavid Thermalloy with a theahresistance value of 15 K/W as shown in
Figure 2. This was necessary to maintain the maxmease temperaturdy) below 40C, at ambient
temperature of 2%&. According to the recommendation of the LED’s méacturer the 4%C of case
temperature would maintain the life expectancy bé LEDs above 50 000 hours under normal
conditions (Osram 2004b). The cooling surface dmelambient temperature were equal for both red
and blue LEDs. However the thermal resistance betwenction to soldering point and the power
dissipation of blue and red LEDs were differentigmplied that the case temperature wa§Gand
36°C for red and blue LED, respectively. Under thesaditions the radiant intensityj for red and

blue LEDs was measured and converted to photomsity (1) using the following expression,

A
|, =———x1, (1)
N,xhxc

whereN, is the Avogadro’s number (6,022 10% mol™Y), h is the Planck’s constant (6,62610°* J
s), ¢ the speed of light in a vacuum (2,998.0° m s*) and Apeakis the peak wavelength of the LED in
meters. The measured values of the luminous anmadtensities are presented in Table 1 together

with converted photon intensity values of the red &lue LEDs.

Table 1 - Measured values of the luminous)(dnd radiant intensities (le) with the convertdtbpon
intensity (Ip) values of the red-orange and blue ATKONtape LEDs operating at case temperatures
below 40C with ambient temperature of 5.

LED I, [mcd] le [MW s I, [mol s™ sr™]
Red 3647 14,6 7,68x% 10°®
Blue 2098 33,7 :|.2,9><:|.0_8

The pn-junction temperaturd4) of the LEDs operating at case temperature arctBi€, depends on
driving conditions, namely on the operating forwautrent of the LEDs and on thermal management
of the luminaire. The junction temperature can ladated to the case temperature through the
simplified thermal model of the DRAGONtape LEDs sWo in Figure 3. Thus, the operation

temperature of the pn-junction can be determinadguthe following equation,

T,=Ts+ P, x Rth,JS 2)
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whereTs is the temperature at the soldering point of tHell, Riysis the thermal resistance from
junction to the soldering poirRnysandPp is the power dissipation of the LED. It was assuhtkeat

the case temperature was approximately the santemagerature at the soldering point (iRnis=
Rthac)-

mm——————— -'j_ Tpn- junction

’ 350 mA £ ; ' thvJS Component
(4 N .
5 N T { Tsolderpoint
al = (L . R sp Substrate
— o I ’ Technology
Te R { T
OSRAM D6 _ R plate ool
Colng
n.PA System
Fig. 4 Thermal resistance of an LED solution '!T
Tc ambient

Figure 3 - Physical structure of the DRAGONTtape L&E&nd equivalent simplified thermal circuit.

The power dissipation of the LEDs is determineddzhen operation driving conditions. Considering
that the power supplies provide constant and siaall direct currentlg) at 350mA, the equivalent
forward voltage Vr) was determined using the I-V characteristic cunfethe LED given in the
datasheets. With the obtained values of the forwaithge the power dissipation of the device can be

obtained through the following equation,
PD :VF x | = (3)

By knowing the photon intensities of the red-orarmge blue LEDs the red to blue photon (R/B) ratio
can be determined. Known the percentage of bluggi®need to be provided by the fixturgye, the
photon intensity per red-orange LEIR .4 and the photon intensity per blue LED pue the ratio
between the number of red-orange and blue LERg/£) per luminaire can be determined using the

following equation,

(1_ I:eblue) x| p_blue

(RIB) —
I:eblue X l p_red

N 4)

10
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For 15% of blue light emission thir/g, ratio obtained was 9,5. However, the dimensionrighe
LED cluster of the luminaires took into considematithe uniform distribution of blue and red LEDs
while maintaining their ratio as close as possitdethe value calculated. The final solution for the
LED cluster composition included 78 red and 8 bliieDs. The obtained ratio in this case would be
9,75, which would slightly reduce the percentagehaf blue photon flux below 15%.

The LEDs were fixed on one side of a 2-mm thicknessminum base plate with dimension of
approximately 37 cm by 22 cm as shown in Figur&Vith this LED cluster area the electrical power
density and installed LED component density per inaire was 884 W/ and 814 LEDs/m
respectively. In spite of the higher electrical pmwdensity installed in each luminaire the

implementation of passive cooling solution for tiermal management was still viable.

Figure 4 — Distribution of red and blue LEDs on thiinaire’s aluminum base plate.

The thermal management was realized consideringgilnelelines for determination of the life
expectancy of the LED modules given by the manufest. There is recommended that to maintain
the life expectancy of the LEDs above 50 000 hatescase temperatufig should not be higher than
40°C under normal operation conditions (Osram 2004hder normal operation conditions the
maximum ambient temperaturé.f expected in the growth room of the greenhouse wnatshigher
than 25C. The thermal design of the luminaire was conddatensidering the previous assumptions.
Based on the thermal model circuit shown in Fig@rehe thermal resistance of the luminaire’s heat

sink (Rn.sp was determined using the following equations,

Risa= Riusp+ Roin + Ripa (5)
Ts _Ta
R[h,SA = P—
b (6)

11
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The thermal resistance between the solder pointtardambientRy, sa required to maintain thés
point below 46C at a ambient temperatuifg of 25°C is,

40-25_ 0,2083C /W

Rth,SA =
(7)

The substrate’s thermal resistand&,p includes the thermal resistance due to the PSAhef
DRAGONtape modules substrat®{su) and the thermal resistance due to the thermadtga
interface (R, in) between the aluminium plate and the cooling syste heat sink surfaceR, ). For
sake of clarity and simplicityRn sup @nd R in are not represented in Figure 3. Usually thesestgp
resistances dependent on the thermal conductivityhe interface material and how well the
mechanical fasting during the assembling phasédefliminaire was done. The larger the surface of
the luminaire, higher will be its influence on thmal thermal performance of the luminaire. The
following equation was used to calculated the vadfi® supandRy in. Wherel is the thicknessg the

thermal conductivity and\ the total area of the material.

I
kx A (8)

R =

The 3M-Scoth 467MP PSA used on DRAGONtape LED medilias a thickness of 0,06mm with a
thermal conductivity of 0,17 WHK™ (3M-Scoth 2003). The area should be approximatie¢/same
as the LED cluster which is 569 émThus,Ri supvalue is given by,

6
010" _ 62.10°K /W
017x569x10 ©)

I:\)[h,sub =

Similarly the determination oRy,j» was done assuming that the thickness of the thepaste used
between the heat sink and the aluminum plate wasn@m with a typical thermal resistance of 0,7
Wm*K™,

6
0010 " _156.10°K /W
070x569x10 (10)

R[h,in =

12
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Substituting the known thermal resistance valuesEguation 5 the minimum required thermal

resistance value of the heatsink is obtained,

Ri.pa = 0,2083-(0,0062+ 0,0126) = 0,1895K /W

0S461

WIS#400934
Ti al Resista = = Surfa -
Pan o‘g__".u:;—:_“ 1;;'_8']":1':]::9 Width Height :'“:;e Wel_ght Part
I I I I I I I “ I Number I mm  mm kg/m Class
ength mm?2mm
0S461 0,744 100.00 | 40.00 9200 497 A
10.0 ..
0.395] Aluminium —
i
base plate
40.0
[1.575]
a Heat sinks— |
(I}
(= 100.0 9.0

[3.937]

~[0.354)

(11)

Figure 5 - Profile, physical dimensions and thermadperties of Aavid Thermalloy 0S461 extrusion
heat sink (left) and the arrangement of the he&tsion the back side of the LED luminaire’s
aluminium base plate (right).

o0 1 LED Golden DRAGON at Ta= 25°C
| I | 1
- [3luE, green, white
70
—tyellow, red
60
E w0
: T
E 40 —
- | ]
J "
20 ,/
10 /
0
0 10 20 30 40 50 60 70 80 90
Cooling surface area [cm2]

Figure 6 - Design values for the cooling surfaceGaflden DRAGON LEDs at ambient temperature
of 25°C (Osram 2004Db).

Based on the previous obtained value, four blagkized heatsinks with extraction profile from
Aavid Thermalloy were chosen. Each heatsink meas@B85x100x4 cm and had a thermal resistance

value of 0,744 K/W. The profile, physical, thernaioperties of the heat sink and its arrangement on

13
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the luminaire’s aluminium plate are shown in FigieThis solution would provide a total thermal
resistance close to the wanted value and would ipewa cooling surface of 79 cnper LED which is
approximately the same value suggested by the LERaufacturer as shown in Figure 6. However
an ideal value of the cooling surface would haveéigher than 90 ¢t This would increase the
luminaire’s profile, its weight and costs and woutet bring significant increase to the optical

performance of the fixture.

The LED clusters were supplied by electronicallgtstized constant current power supplies modules
(OT 9/200-240/3500ptotronic Germany) with rated power of 8,5W and currentpuitof 350 mA
(Optotronic 2004). According to the datasheet ofveo supplies, a serial connection of 9 red LEDs or
6 blue LEDs could be powered by each module. Thevgrosupply boxes containing the power
supply modules were placed remotely at approxinyatél cm above the LED luminaires. In each
LED growth block ten LED luminaries were installecequiring 780 AllnGaP red-orange and 80

InGaN blue LEDs. All luminaries were assembledEdgktro-valo Oy facilities in Laitila, Finland.

2.2.2 Optical and thermal performance

Blue PPF (%)

0 14-16
m12-14
o 10-12
m 8-10
06-8
04-6
m2-4
mo0-2

Figure 7 — Distribution of the blue PPF distributian percentage of the total PPF at the growth area
measured in dark-room conditions.

Based on photosynthetic photon flux (PPF) measurgsnperformed in dark-room conditions, the
ratio between the blue and red light component determined. Was verified that PPF R/B ratio was

almost constant along throughout the growth areasht@wn in the Figure 7. The average percentage

14
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of blue light was approximately 14% of the total PRnd the uniformity distribution on the growth

area was almost constant.

The surface representation of the PPF distributioeasurement at 30-cm distance from the LED
luminaries in dark room conditions is shown in Figu8. The light uniformity on the growth areas

represented in green was around 73%.

PPF (umol m-

0 150-200
0 100-150
| 50-100

@ 0-50

191

Figure 8 - Surface representation of the PPF distion measurement at 30-cm distance from the
LED luminaries in dark room conditions.

The thermal performance of LED luminaires may beidee in terms of optical performance and
reliability of the system. The lower the operatitemperature of the pn-junction, the higher will be
the life expectancy of the LEDs. Therefore remayihe heat away from the pn-junction through an
appropriated thermal management of the luminasetesirable.

The LEDs used on the luminaries had electrical aadfincies between 8 and 14% at junction
temperature of Z%. Considering that the luminaries in greenhousevirenment had case
temperatured, between 48 and 52C the correspondent electrical efficiencies of LE@sps to 5
and 12%. These efficiencies represent a signifi@anount of heat released by the luminaires in each
growth block, considering the total electrical pave®nsumption involved. Although most of the heat
was conducted way from the LEDs and released toatmbient through the heatsinks on the upper
part of the luminaires, some heat was also releasdle air from the LED cluster side. In dark room

measurements was verified that the ambient tempezaat 30-cm below the LED luminaires has

15
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increased around®6 due to the heat released by the luminaires inheblock. However in real
greenhouse operation this increase of the ambemperature at canopy level was insignificant due
to higher circulation of air.

Around 12% decrease on the average PPF was obsdnetb the increase of operation temperature
of the pn-junction since the switch-on moment (ceol operation) until the thermal equilibrium is
achieved two hours after switch on (i.e. warm opierg. The peak wavelength of red-orange LEDs
shifted around 2 nm towards longer wavelengths als@ result of the increase of temperature at the
junction. The decrease of the PPF and the shifthef peaks wavelength of the red-orange and blue

LEDs can be observed in Figure 9.

— Cool operation
—— Warm operation
1.8 A
=
)
o
E 124
°
S
=
LL
o
& 06 1
0 A T T T

400 450 500 550 600 650 700
Wavelength (nm)

Figure 9 — Spectral PPF distribution curves in day&m conditions measured immediately after
switch-on (cool operation) and 2 hours after swédkon (warm operation).

2.3  High-pressure sodium lamps

The lighting system used to grow the control-plawis composed by two 400-W tubular clear high-
pressure sodium lamps (MASTER SON-T PIA PlusHhjlips Lighting Netherlands) and respective
fixtures. This lamp has a total luminous output5&500 Im (i.e., approximately 762 umot)s with a
correlated colour temperature of 2000K. The lifetiraxpectancy is 20000 hours (Philips Lighting
2004).

The arrangement of the luminaries in the experimate is shown in Figure 10 together with the

spectral irradiance on the central point on thadiated area under the lighting system. The control

16
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plants grown under the HPS lighting system wereduss reference for evaluating the growth
performance of the LED-grown plants.

100
90 A
80 -
70 A
60 -
50 A
40 A
30 A
20 A
10 1

Irradiance [uW/cm”2]

300 400 500 600 700 800

Wavelength [nm]

Figure 10 — Lettuce plants growing under the HP@pasystem in greenhouse at MTT, Piikkio March
1% 2006 (left) and spectral irradiance distributiofitiee central point on irradiated area under the
lighting system (right).

2.4  Experiment set-up

The growth test was conducted in one the growthmamf the greenhouse equipped with automatic
control of room’s humidity, temperature and €@oncentration and lighting photoperiod. The
dimension of the growth room was approximately im3ong by 6,2 m width.

The experiment set-up of the growth test was coregdsy four growth blocks where two were used
to grow the control plants under HPS lamps and ttioer growth blocks to grown plants under LED

lighting. The HPS and the LED luminaires were irlgd approximately at 90 cm and 32 cm,

respectively, above the plants’ pots. In each gitotable one LED and one HPS lighting system were
aligned side by side and surrounded by white reifleccurtains as shown in Figure 11.

o ——— = — —— e 7%
Figure 11 — Panoramic view one of the LED (left)daHPS lighting systems composing the
experiment set-up in the greenhouse at MTT in Rikin March £ 2006, 7:29 am.

17
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The curtains were used intended to limit the amoafndaylight and other stray light interference on
the lit area. Additionally, the curtains were algseful to reduce the light waste and enhance thie PP
uniformity distribution on the lit area.

The arrangement of the four growth blocks inside tbom at the greenhouse is shown in more detail
in Figure 12. Two tables with 600 cm long by 140 emidth were used to place the lettuce plants
under the lighting systems. The size of the LED wtio blocks was 45 cm by 200 cm. Because of
technical reasons each growth block was dividethio growth areas represented by the green area in
the Figure 12. In total there were four growth asdar each lighting treatment. The growth areas are
referenced as LED1, LED2, LED3, LED4, HPS1, HPSZ 338 and HPS4 in Figure 12. The plants
used for statistic analysis were grown inside thassas. The average PPF used was 180 prifo$t

and equal in all growth areas, therefore the aiea was of each was of 40 cm x 70 cm.

Greenhouse’s exterior wall

LED3 LED4
i s { |
€SdH VSdH

I~ HPS
luminaire

- LED
luminaire

[N
N
o
=
‘—c
N
o
=

nm==Irrr -1
s ! 1

] E
‘ \ Surrounding curtains

Growth tables of the growth blocks

Figure 12 — Top-view of the arrangement of the expent setup arrangement inside the growth
room representing in green the growth areas LECHADR, LED3, LED4, HPS1, HPS2, HPS3 and
HPS4 composing two LED and two HPS growth blocks
The growth blocks were surrounded by the 175-cngheblack-white plastic curtains. The interior

and exterior part of the curtains was white untitrieter height. The highest part of the interior was
black with the purpose of absorbing the incomindfutie daylight. On the north-west wall of the

room was hang a white plastic to reduce the infeef natural daylight which at that time of the
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year was higher than was desirable. Therefore, #it@ shadowing curtains on the roof of the

greenhouse were shut during whole test.

The distribution of the PPF varied in each area.the beginning of the growth test the PPF
measurements were done in each 10 cm. Accordinthi® the location of the growth areas was
determined. The growth areas under the LEDs wergezed with the LED luminaires. The growth

areas under the HPS lighting were not exactly ia $ame place in relation to the HPS luminaires.
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Figure 13 - PPF measured at the center of LED41dR&4 growth areas on Marclf @006 between
11 amand 10 pm.

The lighting conditions were not the same duringoléhgrowth test. The natural daylight increased
towards the end of the test. Figure 13 shows th& Bfolution at a measuring point of the growth

area LED4 and HPS4 during a sunny day. The notaridecrease of the PPF level of the HPS4 after
4 pm, might have been caused by the shadow crdaydtie lettuce leaves on the meter head or by
unintentionally move of the growth table causing tbhange of the location of the meter head in
relation to the light sources or by the malfunciiog of the PAR meter. The leaves of lettuce plants
grown under LEDs were not so big that they couldidahanged the measurement results. During
sunny days the LED luminaires were causing moredekang effects than HPS luminaires. Even

though the day was sunny the PPF level has noes®ed due to the shadowing caused by the LED

luminaires as it can be seen also in Figure 13.

Because of the fixing work of one of the LED lumines their position was altered and as a result the
illumination was on permanently from 10.30 am onfgla1* to 1.00 pm on March '3 for both LED
growth blocks.
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The LED luminaires did not warm up during its usedathe light level did not decrease significantly
after turn on as shown in the Figure 14. After 9 a&tock the curtains of the blocks were raised

causing changes on PPF level.
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Figure 14 - Kuvio 10. Evolution of PPF at a poiutclted at plants’ pot level of LED3 and LED4
growth areas on March®2006 (week 3) between 4 am and 10 am.

2.5 Material and methods

Lettuce plants were grown in peat substrate (KekBRS, Finland). Three lettuce plant seeds were in
each pot. The shoots grew under black-white plastithe darkness at ambient temperature diCL6
The pots were placed 3 days after planting on theagh areas after most of the lettuces had been
shooting. Watering carpets were placed under ths.piche plants were watered by the top as long as
it was possible and then after from the bottom. this point the lighting was started using a
photoperiod of 20 hours light, between 4 am andph2 and 4 hours dark. The plants were fertilized

according to Kekkild's guidelines.

The shoots were placed in white pots with a mesbetiom and 12 cm of diameter two after lighting
as started. Every week the plants were removed fiteengrowth areas in order to give space for the

other plants to grow and to be measured.

The ambient temperature and the relative humidigrevfollowed in each growth block. The sensors
were localized under the luminaires, first on thegth tables and afterwards at pots’ upper part
between the plants. The psychrometer, which regstéhe environmental parameters of the room,

was located inside of one of the HPS blocks.
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Figure 15 shows the average ambient temperaturesi@.ED and HPS growth areas during the
whole test duration.
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Figure 15 - Average ambient temperatures and stahd@viations of the LED and HPS growth areas
during the whole test duration.

In the beginning, when the shoots were growing,g&nts were chosen uniformly from the growth
areas. The location of these plants changed shgafler each measurement, because they were
relocated uniformly across the growth areas. Apprately two weeks after planting the first
measurements of the hypocotyl elongation, leaf sr&&sh and dry weight of six plants were done.
The following day the rest of the plants were pldde pots. After one week on March'1the length

of the leaves, their number, fresh and dry weighiswneasured. From the third measurement forward
the number of the leaves, fresh and dry weight wesisured weekly.

The temperature of the leave surface was measwedtimes at week 2, 3, 4 and 5 using a non-
intrusive thermometer (Microscanner D50EXERGEN USA). From every growth area the

temperatures of the leaves of six plants were mesku

2.6 Results

At week 2, the plants grown under the LEDs showggdtotyl lengths with half of the size of the
control plants grown under the HPS lamps as shawRigure 16. The LED-grown plants were sturdy
whilst the control plants were delicate and spindiye leaf area of the control-plants was largearth
the LED-grown plants. The leaf area of the LED- anBS-grown plants was 248,1 cm? and the
39,1+7,9 cm?, respectively.
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Figure 16 - Hypocotyl height of LED- and HPS growtants at week 2 on February®2006.

Figure 17 - Lettuce plants grown under LEDs (ledt)d under HPS lamps (right) 3 days after
planting.

Table 2 - Average number of leaves per lettuce fdagrown under LED and HPS lamps between
March T (week 3) and March 2% (week 6) 2006.

Average leaf number per plant
Plant age (week) LED HPS
3 4,7 4,6
4 7,1 7,3
5 9,4 10,0
6 11,5 12,5
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Three days after planting the leaves were longgylamts grown under HPS lamps as shown in Figure
17. The length of the LED- and HPS-grown lettucaves was 840,4 cm and 10,20,4 cm. The
measurement of the leaves areas and length wafohotved after this. At this stage the number of
leaves was slightly higher for plants grown undéf@s. The following three measurements have

shown that control plants had more leaves thantglgrown under LEDs as shown in Table 2.

During week 2 and week 6 the fresh weight was algvéygher for the control plants than for the

LED-grown plants. The relative fresh weight diffees during these weeks did not suffer significant
changes as shown in Figure 18.
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Figure 18 - Evolution of the fresh weight for LEDvd HPS-grown plants between week 2 and week
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Figure 19 - Evolution of lettuce dry weight per sitaand standard deviation during the growth test
duration for plants grown under LEDs and under eohlighting (HPS).

The dry weight of plants grown under HPS lamps \aé&says higher than the LED-grown plants as
shown in Figure 19. However, the percentage of @eight was during the whole duration of the

growth test higher for lettuce plants grown undeées as shown in Table 3. At beginning of the
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growth test the dry weight percentage of LED-groplants was 11% higher than control-plants. One
week later the difference was of 5% and on thedwiing week of 9%. At the end of the growth test
the dry weight percentage was 6% to 7% higher fanps grown under LEDs in comparison to plants

grown under HPS lamps.

Table 3 - Evolution of the percentage of dry coritéar plants grown under LED and control lighting
(HPS) during whole test duration.

Plant’s dry weight content (%)
Plant age (week) LED HPS
2 6,24 5,62
3 6,35 6,03
4 6,17 5,68
5 5,38 5,08
6 6,37 5,93

There wasn't verified any significant differences the temperature of leaves between the two light
treatments. The temperature measurement of theeteanas done during sunny days and also during
cloudy days. During the first measurement on Feby21* the temperature of the leaves of plants
grown under HPS lamps was of 19°C whilst for thedgrown plants’ the temperature was 0,8°C
lower. In the next measurement performed on Felyr@al" the temperature of the LED-grown plant
leaves was of 17,9°C, whilst for the HPS-grown pfamhe temperature was 0,4°C lower. The
following measurement revealed the same leaf teatpee difference between the HPS and LED-
grown plants. In the second last measurement theele temperatures was higher for plants grown
under HPS lamps and on the last measurement fortplgrown under LEDs. The leaf temperatures
varied between 17,9°C and 19,4°C.

2.7 Discussion and conclusions

It is important to maintain the abiotic conditiosgmilar in comparative plant-growth experiments.
The ambient temperature and the total daily lightegral were among the relevant environmental
factors. Due to the different form factor, shap®HPand spatial pattern distribution characteristats

the luminaires, the daylight contribution to the DEblocks was less than to the HPS blocks. The

different optical, electrical and thermal charaies of LEDs result in different optical
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characteristics of LED luminaires compared to cami@nal HPS luminaries. The smaller form factor
of HPS luminaires resulted in lower shadowing effeon control plants than on LED-grown plants.
This has naturally increased the daily PPF integha¢ to daylight contribution under the high-
pressure sodium luminaires, which might have beadfthe growth of the control plants.

The realization of the growth test near to springe weakened its reliability. This was due to the
higher daylight availability and the consequentlueince on the final results, in spite of the use of
175-cm height curtains around the growth blocks #r@shadowing curtains on the roof were closed.
The quantity and quality of daylight contribution the total PPF varied according to the weather
conditions. It is known that the total daily PPFtegral is important for the increase of the
photosynthetic rate, leaf weight and thickness (&heaet al. 1979). Therefore, the higher shadowing
effect on LED-grown plants might have limited itagacity for biomass accumulation in relation to
control-plants. Therefore, the increase of daylightilability was more beneficial to the control
plants than to the LED-grown plants.

Additionally, the higher amount of heat emitted thye HPS lamps influenced the development of
control-plants. The ambient temperature differenoesveen the LED and HPS growth blocks had a
significant influence on different development bétlettuces in each block. Growing lettuce plarnts a
higher ambient temperatures is known to increase ldaf expansion rate, which improves the
radiation capture and yield (Frantz et al. 2001hu$, the higher fresh weight of control-plants abul
have been a direct consequence of the higher amhbésnmperature of the HPS blocks. The highest
average temperature difference was found betweeDI/EED2 and HPS3/HPS4 growth blocks,
with almost 2C. According to the initial plan of the growth teshe environment temperature should
have been the same in all growth blocks. Howesis wvas impossible to achieve when there was the
need of substitute the 70-W HPS luminaires by higpewer 400-W HPS luminaires. The use of
more powerful HPS luminaires resulted on the neddplacing the luminaires at higher height
reinforcing the influence of diffuse daylight onwHopment of control plants. The raising of the
blocks made it even more difficult for the air aidation. Moreover, the psychrometer, which
controlled the ambient temperature and the relabivmidity of the growth room, was located on the
HPS growth block. In this way all the settings reld with environmental conditions of the room
were regulated according to the conditions of thatcol blocks.

Because of the reasons mentioned above, the reatdtsi0t comparable and therefore no reliable
conclusions can be made based on these. Neverhéelesresults of the growth test clearly indicated
that the use of red-orange and blue LEDs can adtlaahieve similar growth performance in terms of
biomass production to that of HPS lamps in yearawlettuce cultivation. Additionally, it should be

remembered that this performance was achieved wsgapgoximately 30% less optical radiant power
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per unit area of growth than used to grow the cohplants using high-pressure sodium lamps. This
proves the energy-efficiency potential offered bigD-based systems in plant growth. Moreover, by
visual observation of the plants grown under LEDsre/slightly more darker green than the control
plants during the whole test (Figure 20), whichicates that the chlorophyll contents was highentha
of the control-plants. Therefore, greener coloutltd leaves grown under the LEDs might have been
a result of the higher photosynthetic activity athérefore higher energy utilization efficiency Hyet
plants.

Figure 20 - Lettuce plants grown under HPS lamp#)land under LEDs (right) six weeks after
planting on March 2%' 2006.
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3 Evaluation of the photosynthetic radiation
3.1 Introduction

The development of solid-state lighting has beeansavith increasing interest and expectations.
However its practical application has been hindebgdseveral aspects. Perhaps the most important
one has been the relatively high price of LEDs iangarison with conventional light sources.
Another important aspect is related with the uncemional electrical, optical and thermal
characteristics of LEDs which requires the defmitiand standardization of several aspects such as
lifetime and measurement procedures. In horticaltlighting the situation might be slightly more
complicated due to the lack of a widely acceptechmeement system for radiation used by plants in
photosynthesis (Salisbury 1991; Thimijan 1983; Sehid997; Holmes 1985; da Costa 2004, 2006a,
2006b).

Due to the photosynthetic potential, energy savpatential, fast technological evolution and
reduction of prices, solid-state is foreseen as aiethe preferred solutions for horticulture
applications in the future. Considering the exigtstenario and the urgent need for standardization
SSL field and in plant radiation measurements,sitperhaps the right time to work towards a
universally accepted and coherent measurementraystach can provide a systematic basis for units
and nomenclature. The new measurement system slkoukider the specificness of plant responses
to the quantitative and qualitative parametersatfiation for the sake of clarity and coherence with
existing photometric system. The existence of ssghtem would allow a fair evaluation of plant
productivity and the efficiency of growth facilitee and installations and consequently their
optimization. The possibility of more rational uséenergy and reduction of costs will be reinforced
by a more appropriate evaluation and selectionamidspectrum to be used. The uniformization of
units will allow easier and more reliable comparisof performance between different lighting
conditions for plant growth. Finally, the standazdiion, generalization, unanimous acceptance and
use of a universal photosynthetic radiation metnedl avoid the unpractical, outdated and not

advisable use of conversion factors.

3.2  Background

The existing metrics and methods for quantify andlify radiation used by plants in photosynthesis
are very confusing. Radiometric, quantum, phytometnd even the photometric metrics are

frequently and indiscriminately used to quantifgiaion for plant growth. As an example, Figure 21
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shows how various measurement systems spectraéytify the amount of sunlight following on a

horizontal surface.
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Figure 21 - Comparison of normalized spectral filensity distribution of sunlight evaluated by the
radiometric, quantum, phytometric and photometraigalent metrics.

The radiometric system, which is the basis of th®f@metric system, uses radiance power as the
basic quantity and watt (W) as the basic unit. Tépsntity represents the flow rate of radiant energ
in joule (J) per unit time or second (s). Howevadiant energy does not properly correlate with the
photosynthetic rate (McCree 1972; CIE 1993a). Tlgs mainly due to the photochemical

characteristics of the photosynthesis process.

The photometric system and its quantities and reSpe units was developed to measure radiation
for vision (i.e., light). The photometric system lmsed on the Sl (International System of Units /
System International d’Unités) basic unit, cand@d), which is a measure of the luminous intensity
(Iv). Along with candela the other six Sl basic urdie metre (m), kilogram (kg), second (s), ampere
(A), Kelvin (K) and mole (mol). Candela has beerfided by the Coférence des Poids et Measures
(CGPM) in 1979, as the luminous intensity, in a @iv direction, of a source that emits
monochromatic radiation of frequency 540 x*1@ertz (Hz) and that has a radiant intensity inttha
direction of 1/683 watt (W) per steradian (sr) (CED04). Until now, the photometric system has
been the only system formally defined for the measuoent of photobiological quantities in the Si
(BIPM 2006). This can still be one of the main reas why the photometric, radiometric and
guantum systems are indiscriminately used in qu@ation of optical radiation for plant growth. The

use of the photometric system as a metrologicatesysfor quantification of radiation for plants
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should be avoided because its quantities and wamésbased on the spectral luminous efficiency
functions for the human eyé(1) and V’(A1), for photopic and scotopic vision, respectivelyerefore
it does not correlate with photosynthetic rates doethe different spectral response curves to

radiation.

The quantum system uses the unit of amount of sulzs, mole (mol), to quantity the amount of
photons or quanta. The quantum system responséyideaights all photons equally and is based on
the Stark-Einstein law which directly relates the@unt of photosynthetic photons incident on a plant
leaf with the amount of chemical change in molesulelart 1988). The quantum system is one which
best correlates with photosynthetic rates becausth® photochemical nature of photosynthesis.
However it does not take into account the photobgtit spectral sensitivity of plants. Moreover the
sensors used are based on photodiodes, which Iha#espectral responsivity response measured in
amperes (A) of photocurrent generated per wattrmmident radiant power. Typically the spectral
response of silicon photodiodes matches well wisldiation emitted from ultraviolet to the near
infrared region (APT 2008). However, this resportsa be altered by tailored made windows or
filters. Therefore, it is possible to find quantwsansors with different spectral responses includireg
ones where photons are weighted equally due toflkhiespectral response of the sensors used.
McCree, in 1965, was calling for attention to thect that there wasn't any evidence at the time that
plants have a linear response to radiation (McCA&65). During early seventies, several
measurements have been performed and a comprekessivof data has been gathered (McCree
1972a, 1972b). For that, the action spectrum, dimoce and spectral quantum yield of Captake
was measured for leaves of 22 species of crop plawvér the wavelength range between 350 nm and
750 nm. The spectral quantum yield curve, whichresents the rate of photosynthesis per unit rate of
absorption quanta has been replicated by Inaddatedrefined and renamed by Sager as the relative
guantum efficiency (RQE) curve (Inada 1976; Sagé®82, 1988). This data was the basis in
establishing the CIE recommendations which defingde wavelength bandwidth for
photosynthetically active radiation (PAR) measuretsebetween 400 nm and 700 nm (CIE 1993b).

PAR is often used to quantify and characterizerddiant energy absorbed by plants.

The phytometric system has been the latest propasahded to be used as universal basis for plant
photometry (Costa 2004, 2006a, 2006b). The phytomeystem has been claimed to be developed
in analogy with the photometric system using thelR&s photosynthetic spectral response. However,

this system and its main unit ‘phytoW’ is derivedd®ed on spectral power distribution (SPD) of the
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light source and the RQE curve which representg#te of photosynthesis per unit rate of absorption
of quanta. In addition, it is known that the phogothetic rates correlates better with the quanta
measurements than with energy due to the photodatanuharacteristics of photosynthesis (i.e.,
photon and molecule interaction) (McCree 1972a, Q¥0O3b). Thus it seems not reasonable to
substitute one measurement system which does hat itdo account the photosynthetic response
curve of the plants by another which does not clateewell with photosynthetic rates and is based on
radiant energy measurements. Therefore, the ugegihytometric system it seems not an acceptable

metrological system to be used for plant growth.

3.3  The phyllophotometric system

It is widely accepted that,units and quantities describing biological effeetse often difficult to
relate to units of the S| because they typicallyalve weighting factors that may not be precisely
known or defined, and which may be both energy fraquency dependeh{BIPM 2006) However,
taken into consideration the intensive work carrgad to establish the mean photosynthetic response
curve of plants, an attempt is here made to devedooherent and systematic metrics for
photosynthetic radiation.

Phyllophotometric is the denomination for the neygtem and comes from the from the Greek words
‘fyllo’, *fotos and ‘metrikos which means leaf, ‘light’ and ‘metric, respectively. The proposed
system is based on the relative photosyntheticdyaglantum spectral response curve RQE, which
was established based on the photosynthetic rassurement results of 25-nirplants’ leaf sections.
Although not the most important issue, the denoriora of a system and its units and the
terminology should give an indication, whenever gibke, of its origin and nature. Misnomers may
be misleading and create wrong conception in retatio the origin of the system, unit or quantity
been measured.

The phyllophotometric system is based on the gquandu photon system, taken into consideration the
dependence of photosynthetic rates on the numbghotfons falling on the leaf area per unit time.
Photosynthesis is mainly driven by the number obfums. Photons with different energies induce
different metabolic responses and photosynthetes.a

The development and presentation of the phyllophetric system is done in analogous manner as
the CIE system of physical photometry (CIE 2004heTmain quantity, the phyllophotometric flux
(#ps), can be derived from its quantum equivalent utiite photon flux @), measured in photon
quanta per second (mof)sor from the radiometric fundamental physical gtign the radiant power

(¢e), measured in watts (W). In both cas@s is derived by evaluating the radiation emitted &y

30



Light Emitting Diodes in Plant Growth Report 48

source according to its action upon the relativetoisynthetic RQE curve. The phyllophotometric

flux can be derived using the following expressiand the unit proposed for its quantification is
phyton (pt).

A=800nm

bos = K, I¢M P, (4)d4 (12)

A=300nm

wherePy(4) represents RQE curvey, , is the spectral photon flux distribution akg is an arbitrary.
The arbitrary constank, was chosen to be 100 10" and can be related to a monochromatic
radiation with a frequency of 492 10" Hz corresponding to the wavelength of 610,575 nithva
photon intensity in that direction of (1/208)10° mol s* sr*. This yield,

K _10dpt-s-mol |
’ P,(610575nm)

=100pt-s-mol™ (13)
In case the spectral photon flux distributiog ) of the radiation source is not known, the speictra

radiant power distributiong ;) should be used instead, applying the followingieglent expression,

/=800nm
A

b=K, | 4P (D)d2 (14)
’ yﬂ3£0nmNAhC n

whereN, is the Avogadro’s number (6,022 10” mol™), h is the Planck’s constant (6,62610°* J
s), ¢ the speed of light in vacuum (2,99810° m s%) and 4 the photon’s wavelength in meters (m).
For numerical calculations, the maximum peak wangta value ofPy(1) function located at around

611 nm should be used.

The phyllophotometric efficiencips{(1) for monochromatic radiation uses phyton secondrpel (pt

s mol*) as unit and can be calculated using the followéngression,

K,(A) =K, -P,(2) = Z”S

(15)

p
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where the maximum values &4 1) is given by the arbitrary constakt,. This value is equivalent to

light energy utilization efficiency as defined bya&er (Sager 1982).

The phyllophotometric efficacyK( ps) is simply given by the ratio between the phyllagbmetric
flux and in phytons and power in watts and the usipphyton per watt (pt W),

ke = o (16)

ps
?e

The quantity for phyllophotometric energ®@(s) is given by the integral of,s over a given time

duration ¢t) and unit is phyton second (pt s).

Qps = [ st (17)

The phyllophotometric intensityl{s) of a source in a given direction is given by thaotient of the
photosynthetic photon fluxd@s) leaving the source and propagating in the sohdlad<2. Its unit is
phyton per steradian (ptSr.

_ dg,,
P dQ

(17)

The phyllophotometric radiancd ;) in a given direction, at a given point of a real imaginary

surface is defined by the following expression,

dg,
Ls=——"—
dAcosadQ

(18)

where dgps is the phyllophotometric flux transmitted by arneglentary beam passing through the
given point and propagating in the solid andk in the given directiondA is the area of a section of
that beam including the given poingél is the angle between the normal to that sectiod #me

direction of the beam. The unit &fsis phyton per steradian per square meter (Prsr).
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Phyllophotometric irradiance at a point of a suddEps) is given by the phyllophotometric fludgps
incident on an element of the surface containing pint, by the aredA of that element. The unit of

Epsis phyton per square meter (ptn

_dg,

E -
S dA

(19)

The phyllophotometric exitanceMps) at a point of a surface is given by the quotienit the
phyllophotometric fluxdgys leaving an element of the surface containing tbénp by the areaA of

that element. The unit d¥l,sis phyton per square meter (ptn

d¢
M _ = ps 20
ps dA ( )
34 Results

An important aspect in horticultural lighting isgtenergy performance of the light sources used. The
efficacy values give an indication to a certainenttabout the energy performance of such radiation
source. Figure 22 compares the relative radiometjiantum, phytometric, phyllophotometric and
photometric efficacy potentials of different liglsburces. It can be verified that there is no direct
correlation between the efficacy potential valuegeg by the different measurement systems for the
light sources under evaluation. An important obs¢ion is however, that the spectrally tailored LED
light source composed of red and blue LEDs (RB-S&ith peak wavelengths at 640 nm and 460
nm, respectively, has the highest energy saving@midl according to all measurement systems, with
the exception of the photometric system. If the enatl physics limitations of the light sources are
taken into account this would further benefit thBSL light source in relation to conventional ligh
sources such HPS lamps. Although most of the comrally available high-power LEDs have
nowadays an electrical efficiency of above 20%,irthmotential efficiency is far better. Internal
guantum efficiency measures the percentage of pisogenerated by each electron injected into the
active region. In fact, the best AllnGaP red andn@aN green and blue LEDs can have internal

guantum efficiencies of almost 100% and 50%, retipely (Steigerwald et al. 2002).
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Figure 22 - Comparison of relative efficacy potehbf cool-white phosphor converted LED (CW-

LED), warm-white LED (WW-LED), induction lamp (IND)sulfur lamp (SL), incandescent lamp

(INC), fluorescent lamp (FL), high-pressure sodilamp (HPS) and red and blue LED (RB-SSL)
light sources defined by different radiation measuent systems.

Also using the efficacy values obtained accordinghe different measurement systems, it is possible
to evaluate the spectral energy saving potenti&$B) of one light source relative to another. The
SESP represents in this case the minimum attainghle in electrical efficiency due only to the

spectral composition of the light source.
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Figure 23 - Spectral energy saving potential (SE&Rhe RB-SSL relatively to HPS radiation
evaluated by different measurement systems.

Figure 23 shows the results obtained for the SEBR®RB-SSL relative to HPS radiation, evaluated

by the quantum, phytometric, phyllophotometric gpitbtometric systems. It can be seen that the
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SESP given by the photometric system is negatigpresenting a negative gain in terms of energy
saving. This result comes in agreement with the that the light source composed by a mixture of
red and blue light is not optimal for vision. Thé@tometric system favors light sources which have
their spectrum within th& (1) response curve, such as that of HPS lamps. Anatiteresting fact is
that the phyllophotometric SESP for the RB-SSL tigburce is two times higher than the ones given
by the quantum and phytometric units.

However the SESP only indicates the contributioriha light source spectrum to the overall energy
savings potential of a real luminaire system. Taleate the overall energy saving potential of a
luminaire the losses on optics, drivers and lampssinbe considered. A wider evaluation takes also
into account the economic aspects of utilizatiodurhinaires. In order to evaluate and quantify thes
aspects, considering simultaneously the photosyetihesponse curve of the plants, a comparative
study is here made between a conventional 400-W HSnaire and an equivalent (i.e., same
phyllophotometric flux) RB-SSL LED Iluminaire comped of red and blue LEDs with peak
wavelength emissions at 640 nm and 460 nm, respagti The normalized spectral photon
distributions of these sources are shown in FigBde with the relative photosynthetic quantum

efficiency curve of the plants (RQE).
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Figure 24 - Normalized spectral photon flux distrilon of conventional high-pressure sodium lamp
(HPS) and a LED luminaire composed by red and E®s (RB-SSL) and the mean photosynthetic
relative quantum efficiency curve (RQE).

Table 4 estimates the light costs of high-presssodium and LED lamp composed of red and blue
LEDs with equal phyllophotometric flux output. Thestimation is based on typical electro-optical

parameters of the lamps in real operation cond#ioA depreciation of 40% in the light output

35



Light Emitting Diodes in Plant Growth Report 48

relative to the initial value given by the manufactr was used for the LEDs, considering their tgpic
thermal performance. This level of depreciationuealis typical in LED-based luminaires using
common and low-cost passive cooling solutions. Titetime of power LEDs is commonly defined at
70% or 50% lumen maintenance. However, for plamvgh applications, it is economically
preferable and recommended by lamp manufacturesthigareplacement of high-pressure sodium
lamps should occur between 85% and 90% of theahitimen output. For high-pressure sodium
lamps this is equivalent to approximately 10000 iisoaf operation, while, for high-brightness red
and blue LEDs, 30000 hours or higher can be reachee total phyllophotometric flux of the high-
pressure sodium luminaire was obtained conside@id® luminaire efficiency due to losses in the
optical elements. For the LED luminaire, 90% wasdisBesides the losses on the optical elements of
the luminaires, the phyllophotometric efficacy valalso takes into account the overall system losses

including the light sources and drivers.

Table 4 - Comparison of photosynthetic radiatiorstsobetween HPS and RB-SSL light sources
considering real plant growth operation conditions.

HPS RB-SSL

Phyllophotometric efficacy [pupt/W] 91,7 87,3

Lifetime [h] 10000 30000
Phyllophotometric flux [mpt/luminaire] 38 38

Input power [W/luminaire] 414 435
Lamp cost [€/mpt] 685 23711

Lamp cost [€/lamp] 26 900
Capital cost [€/pt-h] 0,070 0,791
Operating cost [€/pt-h] 0,872 0,917
Ownership cost [€/pt-h] 0,942 1,708

The ownership cost results from the sum of operatiasts and capital investment costs (Rea 2000).
The results show that one of the aspects delayirgg uptake of LED technology in horticultural

lighting is the high capital cost, which is moreatin 10 times higher for LEDs than for high-pressure
sodium lamps. This is mainly due to the high inlitinavestment costs, especially in purchasing of
LEDs. The operating costs of the red and blue LEimihaire are almost the same as those of the

high-pressure sodium luminaire, due to the simééfciency or phyllophotometric efficacy values.
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Due to the high capital cost the resultant owngrstost for the LED lamp is almost 2 times higher
than for the HPS lamp. Operating the LEDs at junictiemperatures of 26 under normal conditions
would reduce the ownership cost of the RB LED ir2@n relation to the previous valué spite of
the higher phyllophotometric efficacy of approxirat 140upt W, obtained at operating at this low
junction temperature the lamp would continue to davhigher ownership cost in comparison to the
HPS lamp. However, due to the fast technologicalaligpoment of LED technology, the light output
per device is increasing and the costs are deargagiccording to the Haitz’'s law, the evolution of
performance of red LEDs in terms of radiation outpas been increasing by a factor of 20 per
decade, while the cost is decreasing by a factdt@{Bergh et al. 2001). At this pace, it is expsatt
that the ownership costs of a similar type of readalue LED luminaire will be similar to the

ownership costs of conventional high-pressure sodiwminaries by the year of 2010.

35 Discussion and conclusions

The establishment of a measurement system to dyamatliation in plant growth will allow a more
appropriate design, characterization and optimaratf future lighting installations for plant grotat
Also, with respect to the economics of this, it @xpected that a coherent metrology will better
forecast and correlate investments in lighting vtk expected and desirable benefits.

If the photosynthetic capability of a light source to be quantified, then the nature of its actinic
response should also be considered. By weightiegsgiectral power distribution of the light source
with the relative quantum efficiency curve, the pbwetric system overestimates the influence of the
red photons contribution to photosynthesis, whitlelerestimates the contribution of blue photons.
This aspect is corrected in the phyllophotometrnistem, which uses the spectral photon flux
distribution of the light source and the relativeiagptum efficiency curve as the basis for its
development. The development of CCD-based highlugism portable spectroradiometers will make
the implementations of phyllophotometer devicestraightforward process and a useful tool for
growers in the horticulture crop industry. Additally, it brings accuracy and flexibility to

photosynthetic radiation measurements in plant ginow

Although the quantification of radiation may beatghtforward, its characterization and qualificatio
has to be addressed carefully. The utilizationusttjone parameter to characterize the photosymtheti
performance of a light source for plant growth mtigiot be sufficient. Similarly in photometry, the
luminous efficacy does not characterize the quadifya light source for vision. In photometry,

additional parameters, such as colour renderingxndnd correlated colour temperature are used.
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Perhaps additional quantities may be developedvauate the characteristics of a light source
regarding its overall plant-growth performance. As the case with the physiological and
morphological effects of different wavelengths olarmis, the values of photosynthetic efficacies or
efficiencies are not necessarily addictive. Perhagdsitional parameters such photomorgenesis,
phototropic or flowering index could also be usedcharacterize the appetence of a light source for
plant growth. Just as with luminous efficacy, pleyhotometric efficacy values do not fully
characterize the overall electrical energy effiagmf the light source. However, it can be usedas
indicator in combination with photomorgenesis artropic indexes to have an overall indicator

value that can effectively and more clearly chaeaize the radiation quality for a specific cultivar

The development of a coherent metric system isordy important for the photobiological aspects
ruling the year-round horticultural crop productjdsut also for the economic aspects. Reducing the
capital cost is the key issue to successful ecooomplementation of LED luminaires as
supplemental light sources in year-round horticedtul he fast developments of LED technology and
cost reductions are indispensable factors for theake of solid-state lighting by the horticultural
industry. This will allow the development of solgtate lighting systems without sophisticated and
complicated technical solutions reinforcing thehteical and economical viability. It is worth keepjin

in mind that the final output in year-round hortltwral crop production is not measureable in terms
of watts, lumens, phytowatts, photons or phytonsefEfore, a more complete financial analysis to
address the benefits of retrofitting existing convenal lighting systems by LED-based systems
should also involve the final benefits in crop pumtivity, production cycle, efficiency gains andhél
sale value resultant from the radiation used. Nthadess, the economics of future solid-state lighti
installations for year-round crop production ardradtive and promising as long as the LED
technology continues to mature and costs contiouwgetrease.

The best way to measure radiation in plant-growgpleations is to improve the measurement
accuracy, address the interoperability betweerettisting measurement systems and thereby serve as
a useful tool in comparing light sources for plagrbwth applications. In spite of the fact that the
photopic spectral response curve of the human\&yi¢ was proposed in 1924 and later used as the
basis of all photometric measurements, its standatidn only occurred almost 80 years later in 2004
(CIE 2004). It is hoped that the evaluation procedland standardization of the metrics for
photosynthetic radiation will be completed in a matraightforward manner and within a shorter

time.
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4 Discussion and conclusions

During the reported growth test in greenhouse coows AlinGaN and AlinGaP LED-based
luminaries have been developed and its effectsettu¢e growth were evaluated. In comparative
growth tests the influence of spectral compositafrthe light treatments should be evaluated under
the same abiotic conditions. Therefore, growth chars, growth rooms or phytotrons are commonly
employed in order to properly control the growthnditions and avoid other external interferences.
However the goal of the reported growth test wasrid out the effects of the spectral composition o
the light emitted by the LEDs when they are usedsapplemental light to daylight. However, in
greenhouse conditions the accomplishment of suphl bf experiments is more complex. In order to
effectively compare the results obtained in regdleach light treatment a few conditions have to be
assured. One of the conditions is to maintain thme daylight contribution to the total PPF provided
in each supplemental light treatment equal. Thi guarantee that the daily light integral remains
similar for the light treatments under investigatithroughout the whole test duration. However such
experiment would require experimental set-ups Wit sources with the same dimension, form,
light spatial distribution and light output.

The ambient temperature is another important abiparameter, which was difficult to maintain
equal in all growth areas during the growth testhAugh the power dissipation of the LED and HPS
systems were approximately the same and in spith®fLEDs luminaires were installed three time
closer to the plants than HPS lamps, the tempeeatdfithe growth areas lit by LEDs were the lowest.
The higher temperature verified at HPS growth areas due to the high infra-red emission of the
HPS lamps in comparison with the LED luminaires alhdo not emitted in this spectral region.

The possibility of using LED luminaires close toetlplants without hinder its development may be
another advantage of solid-state lighting in reatto conventional lighting such as HPS lighting.
The appropriated thermal management of the LED hames has shown to be indispensable to
guaranty the reliability and the optical performanaf the system. Lowering the operation junction
temperature of the LEDs enhance the optical andntié performance of the luminaries by
maintaining the optical emission and life expectaas high as possible. However, the heat losses
generated due to lighting in greenhouses mighteatotally misused. In countries located at nonther
latitudes such as Finland, greenhouses need t@atet during the winter period when coincidentally
also supplemental artificial lighting is requiredihe 70% to 80% of heat losses resulted from the
normal operation of LEDs can be used to heat-uggheuse during the winter, although there are

other forms of heating which are more costly effeetthan electrical heating.
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Another aspect involved in comparative growth tasteelated to proper evaluation, comparison and
guantification of the radiation used in the ligheatments. A few attempts have been carried out to
establish a universally accepted and used metoiggbtosynthetic radiation. The PAR metrics is the
most commonly used, however it does not take intgoaint the relative photosynthetic spectral
response curve of the averaging plant. To propaluate the effects on plant growth resulted from
the use of different light treatments, is indispeble to quantify the photosynthetic radiation as
exactly and as coherently as possible. Therefoeeptiyllophotometric system here presented intends
to contribute towards this final goal by trying tpropose a systematic basis for units and
nomenclature for quantification of photosynthetadiation. However, photosynthesis is just of the
process related with the interaction of plants wlight. Photosynthesis is the main and perhaps the
most important process related with the interactadrplants with light. However there are others
light-dependent processes such as photomorphogeardiphototropism. Future work will be used

to further develop, test and evaluate the presesystem.
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