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Abstract text

The work begins with an introductory part abouthti§mitting Diode (or LEDs) and how the
devices work. This report also shows an overviewditierent artificial light sources such

incandescent lamps, fluorescents tube and highsitie discharge (HID) lamps. The LE
lighting is more energy-efficient than other adidl lighting, since they require less energy
operate. The following part of the work reports LEBr General Lighting that describes so
basic concepts such as spectrum, wavelength, @Gdodering Index (CRI), and Correlat
Color Temperature (CCT); in order to establish aoguire the best possible lighting for peof

The rest of the document is referred to LED lightiar horticulture applications.

The Sun is an important energy source for humaaitg plants. Its energy is capable
originating the photosynthesis process in planesextheless, the Scandinavian countries (9
as Finland, Norway, Sweden, and Denmark) have gnablto see the sun in autumn and wif
season; therefore, they need to utilize artifighiting to generate a huge variety of vegetat
in greenhouses. LEDs are used in plant growthedimese devices supply good-quality lighti
Experimental measurements are also taken to combaepectrum of various colors and
acquire the best light source with these blendsguslicrosoft Office Excel 2018@oftware.
Finally, it is possible to learn how to mix colarsorder to achieve the best combination

plants and people.
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1

Introduction

1.1 Theoretical Foundations: Light Emitting Diode (LED)

1.1.1 Introduction to LED

LEDs, or light-emitting diodes, were discovered1®07 by the British inventor H.J.
Round. A LED can be compared with a diode becalsepresents a device or chip,

made with semiconducting materials that are dopédrin a p-n junction [1].

LEDs are very reliable technologies. Although, stgossible that their output lights
slowly degrade over time. At some phase the amotitight produced by the LED

becomes insufficient for the intended applicatitimerefore, it will be necessary to
replace it. The life of an LED should be basedt@amount of time that the device can

produce sufficient light for the planned applicatio

Currently, manufacturers can design LEDs in différeolors, shape and size. The size
and shape of LEDs is shown in Figure 1.1. LEDsumed as indicator lamps in some
devices; therefore, the interest in using LEDsdisplay and illumination applications
has been steadily growing over the past few y¢2ys.

typical 5 mm

LED

7/
177777/

typical high-power
LED T-point

Figure 1.1: Example of two different types of LEDY2]

1.1.2 LED Operation

A LED is a type of diode which operates as a sendoctor device. It is possible to
consider the evolution of the LED from a diode hesathe role of a LED is to emit
light through its p-n junction and other dopant enals to create the junction. The
dopant in the n-area provides negative charge krasrglectrons; whereas the dopant in
the p-area provides positive charges referred thadess. The light-emitting diode is
capable of converting electricity to light, whewaltage is applied to the p—n junction

from the p-area to the n-area. [3]
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When a light-emitting diode is on, electrons arkedb recombine with electron holes
within the device. An electron releases energy wiheinops from a higher orbital to a
lower one. This energy is freed in the form of @toin: a carrier of electromagnetic
radiation of all wavelengths. The color of LED dege on the band gap energy of
materials utilized to create p-n junction, sincatthand gap is dependent on the emitted

wavelength. [3]

The current of LEDs flows from the p-side of a semniductor to its n-side, but not in
the reverse direction. The p-side is referred tthasanode while the n-side is referred

to as the cathode as shown in Figure 1.2. [4]

Anodeo—{ p-type silicon I n-type silicon I—OCathode

(a) A silicon p—n junction with no applied voltage

p-type silicon I n-type silicon
Positive terminal

Negative terminal T
(b) Applying forward bias to a p—n junction

Negative terminal _L_{ p-type silicon n-type silicon
Positive terminal

(c) Applying reverse bias to a p—n Junction

Figure 1.2: The p-n semiconductor junction [4]

Figure 1.2 shows three different combinations fimdd operations. The first is when
there isno applied voltagewhich causes a depletion zone, as shown in FigieThe
depletion area is created because the electrichbyged carriers in the n-type silicon
(referred to as electrons) and p-type silicon (refitto as holes) are attracted and then
eliminated in a process called recombination [4pwidver, to remove the depletion
zone, electrons need to move from n-area to p-avede holes go in the opposite
direction. Thus, when the voltage difference ishhigetween the positive and negative
electrodes, electrons in the depletion zone arelkg from their holes so that they
begin to move. After this process, the depletionezdisappears and new current flows

across the p-n junction.
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Holes Electrons
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S

/»«5
4":’@ -

Depletion Zone

Figure 1.3: Formation of depletion zone

The second case is when the positive terminal mected to the anode, allowing a
forward bias This case reduces the width of the depletion zpuashing the holes in the
p-area and the electrons in the n-area toward uhetipn. Moreover, the negative
charge applied to the n-type silicon repels elextioom the p-side silicon; whereas, the
positive charge applied to the p-type silicon likesvrefuses the holes from the n-type
silicon [4]. Thus, an effect is created with thesjpge and negative terminal
connections to force electrons and hole towardptimejunction, reducing the width of
the depletion zone to cross this zone through adlucreated by increasing the forward

bias voltage.

The last case is callegverse-biasecause the polarity of terminal battery is inedrt
For this case, the p-zone is connected to the ivegarminal of a supply source, and
the n-zone is connected to the positive terminathef same supply source. These
actions generate an increase at the width of thpetien zone, since it produces a
growth of the potential for the electric currenttims zone. Therefore, it is necessary to
utilize a reverse-bias connection to minimize f¢ential in the p-n junction. This last
case is typically used in Zener diodes. [1] [4]

There are no large differences of operation betwiketes or LEDs, because they work
in the same way. However, it is possible to finchealissimilarity between the two: an
LED emits light in proportion to the forward curtdlowing through it while the diode
exists in different ways of operation. [4]

13



1.2 Lighting Technology overview

Conventional lighting consists of three differeppéds: fluorescent, incandescent, and
high-intensity discharge (HID). Using these art#ldightings, it is possible to produce
a huge variety of vegetation in the greenhousesveder, LEDs currently have more
importance than these kinds of devices. [5]

1.2.1 Fluorescent

A fluorescent lamp or fluorescent tube is a gashdisge lamp filled with partial
atmosphere of rare gas (normally argon) and smadiuat of mercury. This lamp uses
electricity to excite mercury vapor. The atoms aroury are excited to produce short-
wave ultraviolet light that causes a phosphor tiate, producing visible light. To
regulate this electrical current, a ballast is meglito provide control to electrical

impedance and to transform electric power intotliff] [6]

The flicker of fluorescent lamps is generated wthey operate with 60 Hz line voltage.
However, this problem can be solved by utilizingtifrequency electronic ballast

which eliminates this flicker. [5]

This kind of lamp uses approximately 50 to 80% lessrgy than incandescent bulbs
and their average lifespan is around 7,500-10,@00sh [7]

1.2.2 Incandescent

Incandescent lighting is capable of generatingtligi resistive heating of a thin
tungsten filament. The filament literally glows wéhhot and generates much more heat
than light. Incandescent lamps do not provide aceptable quality of light;
nevertheless, they are frequently utilized everyehfs]

A halogen lamp is a special type of incandescemplavhich contains a halogen
additive that drives a virtuous chemical cycle veltgr tungsten from the filament is
removed from the outer wall of the bulb and re-dgged on the hot filament [6]. A
transformer is usually used for conversion to lositage. This is necessary in some
applications to produce a more concentrated safrtight for optical coupling with a
reflector. These lamps produce only 10% of lightjlevthe rest (90%) is consumed as

heat. The average lifespan of an incandescentibliibtween 2,500-4,000 hours. [5] [7]

14



1.2.3 High-intensity discharge (HID)

High-intensity discharge (HID) lamps typically camt multiple atmospheres of

mercury pressure at operating conditions, whicldpees light by means of an electric
arc between tungsten electrodes housed insidenglucent or transparent fused quartz
or fused alumina arc tube. This tube contains medéts and gas. When the arc is
formed, then it heats and evaporates the metal ®alhing plasma, obtaining a notable
light [5]. This kind of lighting also needs to uaeballast, as occurs with fluorescent

lamps.

Low pressure sodium lamps offer very high efficamyt with poor color rendering and
an unpleasant yellow color [5]. The average lifespé& an HID is between 20,000-
25,000 hours [7].

1.2.4 Solid-State Lighting (SSL) Technology

1.2.4.1 Introduction to SSL

Semiconductor light-emitting diodes (LEDs), orgalght-emitting diodes (OLED), or
polymer light-emitting diodes (PLED) are types whting within solid-state lighting
The term “solid state” is defined as light emittey solid-state electroluminescence,

without referring to incandescent bulbs or fluosrgdubes. [8]

It is important to address the argument for SSkaragnergy saving technology and to
examine the larger issue of environmental impa&L Somparison with existing

incandescent and discharge light sources shoulsidemtotal life cycle costs, not just
energy efficiency during product use. It is widegported that solid state lighting has
the potential to substantially reduce energy comion on a significant global scale.

The main challenges of SSL are [5]:

=  Minimum cost.
= Better quality of light.
= Improve efficiency of light generation and light exraction.

1.2.4.2 Inorganic LEDs (LEDs)

High-performance inorganic LEDs are now availaliiat tproduce light spanning the

visible spectrum. LEDs generate more efficient tlighan incandescent lamps and

15



enable feasible a wide variety of applications [8treover, light-emitting diodes have
considerable advantages, particularly for monoclataapplications. They are durable
and provide very long life [5]. This lifetime isughly of 50,000 hours, as shown in
Figure 1.4, which is at least 20 times more thetihfie of an incandescent bulb. [5]

60

50
40
30
20
o wem R | |
HID LED

x1000 hours

Incandescent Fluorescent

Figure 1.4: Lifetimes for existing lighting sourceq5]

LED devices are currently viable choices for a efgriof applications requiring

monochromatic light. LEDs produce better light gayalhan incandescent lamp, since
LEDs are durable, cool, mercury-free, and morecieffit. Thus, the progress in LED
efficiency over time, compared to conventional ligburce development, is shown in

Figure 1.5.

200

White LED

Lam [
150 P ]

100 -

HID -
LinearFluorescent

Low High
Wattage  Wattage

w
o

'
!
CompactFluorescent | ,

Luminous Efficacy (Lumens per Watt)

l White
OLED
7 Panel

Halogen

Incandescent

0

1940 1960 1980 2000 2020

Figure 1.5: Evolution of luminous efficacy performance of white light sources [9]
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1.24.3 Organic LEDs (OLEDSs)

Organic LEDs are semiconductor diodes which engihtli They consist of organic
materials instead of inorganic crystals [5]. OLE&e commonly categorized intro two
categories of “small molecules” and “polymers” [18mall molecule OLEDs are vapor
deposited onto either a glass or plastic substmatele polymer OLEDs are quite
efficient.

OLEDs have considerable characteristics in compariwith LEDs; the first, it is
possible to obtain more colors (even black); thmsd, they utilize less energy, but are
more expensive to manufacture. However, this kihgtchnology has not been used in
many applications yet. [11]
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2.1 Lighting Units and Quantities

2 LEDs for General Lighting

There are many units to measure light, but it isessary to introduce one more

fundamental unit, and the S| system uses@hedela This one and other units are

shown in Table 2.1. [1]

Table 2.1: The measurement of light [1]

Quantity Symbol Unit Definition
The luminous intensity of a 555,016 mm (or 540 x
LTS 10" Hz) source which has a radiant intensity in a
! I Candela (Cd) . L .
Intensity given direction of 1/683 W/sr, when measurement in
that direction.
The intensity of a source in a given direction
Candela per y 9
Luminance L square meter divided by its orthogonally projected area in that
2
(Cdim’) direction
Luminous An isotropic point source of intensity one Candela
F Lumen (Im) )
Flux produce a total luminous flux of@lumens
lluminance The concentration of luminous flux falling on a
S E Lux (Ix)
(Mlumination) surface
Radiant Watts per Radiant power emitted by a point source in a given
Intensity le steradian (W/sr) direction.
Watts per The radiant intensity of a source in a given
Radiance steradian per direction, divided by its orthogonally projectedar
square meter
(W/sr.m?) in that direction
Radiant Flux ¢, Watts (W) Radiant power of a source at all wavelengths
Irradiance E watts per square g qiant power incident on a surface

meter (W/m?)

It is possible to appreciate some effect of a Ignth as thérightness The brightness

is not an official term of the lighting trade ardst effect is defined by its luminance.
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Nevertheless, this concept is essential to undetstsual quality, especially in relation

to contrast and glare. [1]

2.2 Light Spectrum

Light is represented as a form of energy capablshoiving itself as electromagnetic
radiation and is visible to the human eye [12]. Hbectromagnetic spectruns all
possible frequencies of the electromagnetic razhathat are within a specific range.
The electromagnetic spectrum of an object is tharattteristic distribution of the
electromagnetic radiation emitted or absorbed by plarticular object. Using this
radiation, it is possible to interact with the wbrkadio waves provide TV and radio;
microwaves are used in radar communications; X-m@i®wv obtaining information

about internal organs; and other different usag@k [

A spectrum is obtained when the electromagnetia@tiad is distributed according to
its wavelength. The visible spectrum is only a $mpalt of the whole electromagnetic
spectrum, since this spectrum is roughly comprisetlveen 380 and 720 nanometers
[12]. The electromagnetic spectrum is divided iint@ major types of radiation. These
waves (including microwaves), light (including akrolet, visible, and infrared), heat

radiation, X-rays, and gamma rays are shown inreigul [14].

traviolet shortwave
gamma X-rays rays | infrared radar vV AM
rays rays
- ~
" 10 10X ~10° 100 o'~ 10* 1 10 10
~ __ Wavelength (meters)
S~

f—

Visible Light = o~

400 500 600 700
‘Wavelength (nanometers)

Figure 2.1: Visible spectrum for the human eye [15]

The visible spectrum is the portion of the electagmetic spectrum that is visible to the
human eye [12]. A light-adapted eye generally hasnaximum sensitivity at around

555 nm, between green and yellow regions of thealptpectrum.
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2.2.1 White light and color

The waves generated in the electromagnetic radiaie comparable with the waves
produced on the surface of water. The distance trenpeak of a wave to the next peak
is the wavelength of the electromagnetic radiateaanshown in Figure 2.2. [13]

SN P\t
|\

<«— wavelength ——>

Figure 2.2: The wavelength of electromagnetic radiion [14]

All electromagnetic waves can be also describethby frequency. This frequency is

defined as the number of whole waves (or cycles) plass by a point per unit time.

Lamps emit white light, namely, what appears to ¢lyes as “white” is actually a
combination of different wavelengths in the visilpertion of the electromagnetic

spectrum [13].
The white light can be achieved through LEDs witlh imain processes:

1) Phosphor conversion, in which a blue or near-ultraviolet (UV) chipdeated with
phosphor to emit white light. When blue LED is conga with a yellow
phosphor, the light will appear white to the hunege [15] [16].

2) Color-mixing, in which light from multiple monochromatic LEDse¢l, green and
blue) are mixed, obtaining white light [15].

The main role is to determine the potential of LEEbBhnology to generate high-quality

white light. A representation about how to obtdiis fight is shown in Figure 2.3:

21



PHOSPHOR CONVERSION

Phosphor

>

PEN -—
COLOR

Green LED -:> COLOR
T —

COLOR-MIXING

WHITE LIGHT

Figure 2.3: General methods to create white lightrtbm LEDs

Moreover, there is a third option to acquire wHight. This new approach is still
developing and consists in combining the phosphamversion and color mixed
approaches, obtainirtgybrid Method LEDas shown in Figure 2.4: [9]

PHOSPHQ
- + . .>

Figure 2.4: Hybrid Method LED to create white light

WHITE
LIGHT

Hybrid Method LED technology is capable of acquirigood-quality color and
efficacy, saving until 75% of energy.
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2.3 Chromaticity Coordinates

LEDs, or any other light source, can produce wiiiet. The white light must correctly
show all the color of illuminated objects. The col® represented by tHaternational
Commission on Illumination (CIEplorimetry systemXYZ color matching functions
used to weight the spectrum of a given light. Ftbe resultant three weighted integral
values thechromaticity coordinate x,i¢ calculated by the following expressions (1) and
(2). [17]

_ X

e ) .
_ Y

Y= X+v+2) 2)

Any color can be expressed by the chromaticity dmate (x,y) on theClE 1931 (X,y)

chromaticity diagramas shown in Figure 2.5.
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Figure 2.5: CIE chromaticity diagram [12]
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2.4 Correlated Color Temperature (CCT)

Correlated Color temperature (CCT9 the color on the Planckian locus, defined ke th
blackbody temperature in Kelvin degrees [17]. Colaround Planckian locus are from
2,500 to 20,000 K. However, the CCT of most tradisil lamps for general lighting is
basically included in the range from 2,850 K (wammte) to 6,500 K (cool white).

Color temperature is a quality of the white lightiah varies depending on the source.
The typical color of an incandescent lamp is lathes”llluminant A” and the typical

color of day is labeled &Hluminant 65” . All these labels are standardized by CIE.

Correlated Color Temperature is used instead afrcobordinate, because the color

temperature cannot be used for the color coordifxaye of the Plackian locus. [18]

2.5 Color Rendering Index (CRI)

The Color Rendering Indexor CRI, is the most important characteristics of light
sources for general lighting. CRI is a property efthallows checking whether object
colors are correct under the given illuminationthiére is a poor light source, so CRI
value will be very low; therefore, it would be nesary to utilize a better quality

lighting to supply a higher CRI value. [19]

The procedure for this method consists in seledongieen samples of different colors:
the first eight samples are medium saturated coltsle, the last six are highly
saturated, as shown in Figure 2.6. Thus, there @alculate the color differenae; of
these color samples when illuminated by a referélhominant and when illuminated
by a given illumination. This color difference (forim color space), now obsolete, is
shown in expression (3). [18] [19]

AE; = 1964 W « U *V (3)
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Figure 2.6: Color Rendering Index Test Colors [20]
Moreover, theSpecial Color Rendering Index Rr each color sample is calculated
using the expression (4).

R; = 100 — 4,6AE; ; =1,...,19 ()

This expression (4) shows tlie value as an indicator of the color rendering facke
particular color. When the average Rffor the first eight color samples is calculated,
then it is possible to obtain th@eneral Color Rendering Index,Ras shown in

expression (5). The maximum value Ryis 100.

Ry = ZS: R;/8 (5)

Table 2.2 illustrates examples of CRI. Clearly thet that different reference sources
can be used to determine CRI means that user nmast kvhich reference has been

utilized for each described application.

Table 2.2: The CIE Color Rendering Index [1]

CIE - CRI Typical Application

>90 Where accurate color matching is required; e.gtpnspection

£0.90 Where good color judgment is required, or whereeapgnce is important;
e.g. retall display

25



60-80 Where moderate color rendering is required; e.onroercial premises

40-60 Where color rendering is not important but whermarked distortion of
color is unacceptable; e.g. warehouses

20.40 Where color rendering is of no importance, and aketh distortion of
color is acceptable; e.g. some road lighting

2.5.1 CRIl and LEDs

Some scientific researches have shown that theewight produced by LEDs is
preferred over halogen and incandescent light ressu even those with higher CRI
value. [21]

The Color Rendering Index (CRI) has been previouskd to compare fluorescent and
HIP lamps for over 40 years. However, the Inteoral Commission on Illumination
does not recommend its usage with white light LBRssause these present a particular
wavelengths do not perform such as incandescetite@right sample CRI color. This
recommendation is based on a survey of numeroweata studies that consider both
phosphor-coated white light LEDs and red-green-liR@B) LEDs clusters. [22]

Nevertheless, there are some recommendations foraB& LEDs from CIE. These
advices should not be used to make product setectiothe absence of in-person and

on site-evaluations. [22]

1. Identification of visual tasks to be performed untlee light source. If color
fidelity under different light sources is criticalimportant, CRI values may be a
useful metric for rating LED products.

2. CRI could use CCT to compare light sources. Thi@iap to all light sources,
not only LEDs.

3. Color appearance more important than color fidelido not exclude white light
LEDs solely on the basis of relatively low CRI esu

4. Evaluation LED system in person.
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2.5.2 Quality of Light aspects

A light source does not only must supply high-gyalight, but there are other

important factors such as visual comfort and plajgc physiological aspects. [16]

A good lighting can be described according to thesl of well-being and performance
required for each application. Moreover, eyes nadgdpt the visual environment to
execute the activity at the workplace. [16]

Lighting quality is also a financial issue. For eyae, in an office environment, poor
lighting conditions can easily result in losseghe productivity of the employees and

the resulting high production costs of them.

25.2.1 Psychological aspects

Everybody perceives and receives the informatioerofironment through their eyes,
analyzing these data by means of their brains [{Y&tiation of luminance and colors

can transmit emotions, attractiveness and diffesensations in the human body.

Normally, a lighting installation that does not rhé®e expectation of the users can be
considered unacceptable. An insufficient lightingodquces impact and lack of

motivation for people.

2.5.2.2 Visual aspects

The most important visual aspects are to ensurguadie and acceptable light levels and
create a good-quality light and visual environmdinthis quality lighting is obtained,

the visual task will be correctly executed; thexéoi avoid visual discomfort.

The correlated color temperature (CCT) and the iggelor rendering index (CRI) are
used to describe the color characteristics of lightpace through the spectral power
distribution (SPD), indicating the power in thehigt each wavelength. [16]

Glare is caused by high or excessive luminancienvisual field. This effect produces
discomfort in human eyes. LEDs also produce glageabse they are small point

sources with high intensities that can form lunriesiwith diverse shapes and sizes.

On the other hand, light also presents effectsahafully or partly separated from the

visual system. These are called tlen-visual effecof light. This effect of the light is
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the intrinsically photoreceptive retinal ganglion celipRGC) which is a factor very
important in non-visual aspects. The ipRGC has lmeticed for entraining humans to
the environmental light/dark cycle. Light is thougis of an external cue that entrains
the internal clock to work properly. Nevertheletbgs aspect is not in development yet,
because it still lacks quite researching to knovatwtheir effects are for the humans.
[23]

To obtain an acceptable light, it is necessary dooant for different aspects and

characteristics, as shown in Figure 2.7.

INDIVIDUAL
WELL-BEING:

« visibility
e activity
« social & communication
» mood, comfort

« health & safety

« aesthetic judgement

ECONOMICS:

« installation

ARCHITECTURE:

» maintenance o form
e operation « composition
 energy o style

» codes & standards

e environment

Figure 2.7: Some aspects to acquire quality lightin[24]

2.6 Advantages and disadvantages of LEDs

The mainadvantagesfor LEDs are: [25]

= Reduced Energy Consumption:.LED devices can offer a more energy efficient
by means of producing light, particularly when st gompared to incandescent
sources.

= Long Operation Life: Commercial and industrial specifies are generally
interested in using a light source that is reliaée lasts a long time. In this way,

there will be a huge saving in maintenance and i@ reafe system.
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= Good physical robustness and durability:Due to its structure and operation,
LED has got more resistant to shattering or impgaactage in these applications.

= Safety improvements:Led luminaries are made of multiple diodes, arellass
likely to fail simultaneously.

= Color maintenance: Monochromatic LED for colored light applicationBoavs
the elimination of filters and hence better colantrol and color life than
conventional technologies.

= Smaller package sizeDue to their compact size, LED device are an dewel
option, since size or weight will not be a problddew technologies also allow
these structures and sizes.

» Adjustable color: LEDs can easily modify the intensity and colortbé LED
light to augment particular colors in the products.

= Contain no mercury.

= Light pollutions reduction: The directional quality of street or road LEDs and

different areas, reducing light pollution.

These devices are developed very quickly and théyrmvide many advantages in the

near future.
On the other hand, they can present sdisadvantagesoo: [25]

= Lack of standardization.

= High price: Currently, LEDs are more expensive than conveatidighting
technologies.

= Spectrum: The spectrum of some white LEDs significantly eiff from a
blackbody radiator, such as the sun or an incaedédight. This problem can
cause the color of object to be differently perediwinder LED illumination than
sunlight or incandescent sources.

= Color Rendering Index: CRI can sometimes be low, and it does not accuire
correct measurement. If a LED has got a poor Cft$ light will not be very
useful and comfortable.

» Risk of glare: As result of small lamp size can produced thisaftinpleasant.

= Ambient operation: The ambient temperature is an important factoLEDs.
These may result overheating and a bad operatibis i§ important because

LEDs are used in many applications and are reqairgolod reliability.
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= No uniform illumination: After a long time in usage, LEDs can modify their

brightness and illumination.

2.7 Applications of LEDs for General Lighting

Currently, LEDs are almost irreplaceable as signstatus and importance in the field
electric and electronic equipment. LEDs are vemfuisin other areas, such as marker
and orientation lighting, or illumination of arcbdtural. Some main general

applications of LEDs are:

= Lighting for orientation: in huge buildings, garages, shopping center ...
= Safety signs for emergency routes.

» Illumination in general: in workplace housing, external lighting (outside)...

All these applications have benefited from LEDs thiferent reasons: with LEDs
surpassing traditional technologies in at least aspect for the application. For
example, small size, energy efficiency, and lovitligutput requirements have been a
great boon for LEDs in decorative lighting. Outd@oea and parking lot lighting with
LEDs is becoming more commonplace because LED$ande better light pollution
control, color rendering, and subjective preferethea traditional high pressure sodium
lighting [26]. Furthermore, it can be found moreplgations but for specific
applications: such as automotive industry, illunio@ of signal (traffic light),

advertising, and other applications.
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3 LEDs for Horticultural Lighting

3.1 Units for horticultural lighting

The Photosynthetic Photon Flux Density (PPFD) messthe number of photons in the
range of 400-700 nm falling at a surface per urgagper unit time [27]. PPFD is a
measure of Photosynthetically Available Radiatibbraviated as PAR [28]. Hence the
units of PPFD arenicromoles-m-s'. Thus, a PPFD of one micromole corresponds to
6,022 x 16" photons falling on a one meter square per secHogever, the term
photosynthetic photon flux (PPF) is also frequentgd in some occasion to refer to the

same quantity [27].

3.2 The importance of the light for plants

The light is necessary to produce food for treed alants by a process called
photosynthesisPhotosynthesis is the most important biologicalcpss on Earth
because it traps the energy of sunlight and stibr@s chemical energy [29]. Thus, all
the energy used by life on Earth is almost proddc&d sunlight by photosynthesis and
is passed through the food chain to organisms wtacimot photosynthesize.

The light is an important element for people angdeeslly for the organism. It is
difficult which a plant can grow without light; trefore, it is necessary to research in
different field and conditions to acquire a corréghting. Thus, LEDs are used to
procure this growing in plants, since these devipesmit to develop a correct

atmosphere in the greenhouses. [30] [31]

The amount of light entering the greenhouse depemdshe shape, structure, and
material of the house; while the amount light apson depends on the distribution and
orientation of plant leaves. Apart from naturahligartificial light is increasingly used
to supplement or substitute sunlight in greenhauses

The Scandinavian countries (such as Finland, NonZeynmark and Sweden) have a
cold climate and few hours of sun. For this reasbis necessary to utilize artificial
lighting. Finland is about 1,100 km long from sot@morth, and the climatic conditions
considerably vary. In southern the growing seasdtvD days, but in the north it is only
100 days. [32]
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3.2.1 Photosynthesis

Photosynthesis is the synthesis of sugar from Jligatbon dioxide and water, with
oxygen as a waste product or by-product. This m®cean extremely complex, since it
requires the coordination of many biochemical reast[29]. It occurs in higher plants,
algae, some bacteria, and some organisms collbctigierred to as photoautotrophs.
Photosynthesis requires light energy which is diwrby special pigments, most
notably chlorophyll. This pigment is the most imamit light-absorbing on the plants
[29]. Photoperiodism, phototropism, and photomogamesis are also different
processes which together with photosynthesis acegssaries [27]. The following

expression, (6), shows the simplified chemical #igndor photosynthesis.

6C02 + 6H20 + light energy — C6H1206 + 602 (6)

The carbohydrates, such as sugar glucoselfOs) and oxygen (&), are the main
products of the photosynthesis process. These lat@ned through carbon dioxide
(CO,), water (HO), and using the light energy. This process isis to execute it by
the activities of photosynthetic pigments, suchtlas chlorophyll that converts this
energy generated into chemical energy. Moreoveg, ¢hlorophyll has maximum
sensitivities in the blue and red regions, arour®-800 nm and 600-700 nm,

respectively. [31]

3.2.2 Photoperiod effects

Photoperiod, also called light periodicity or ligthtiration, is the amount of light and

darkness in a daily cycle of 24 hours. [33]

The photoperiod response is stimulated when soraegds are originated in a protein
called phytochrome, produced by the light receii@t]. This molecule is capable of
absorbing red light or far-red light. Normally, teeare more red lights during the
daytime and more far-red lights at dusk, dawn, @igtit period. In this way, the plant

can sense whether it is night or day.

The most of plants are very sensitive to small ameof red and far red light, as shown
in Figure 3.1; artificial manipulation of photopedi responses can be accomplished

using relatively small amounts of artificial liglstich as LEDSs.

32



Radiant Power
A

400 500 600 700 800
Wavelength (nm)

Figure 3.1: Photoperiod response [34]

Therefore, the photoperiod response can be dividtedhree types, as shown in Figure
3.2

= Short day plants: flowering in responds to long periods of night.

= Long day plants: flowering in responds to short periods of night.

= Neutral day plants: flowering without regard to the length of the nighotwever
if there is short period of night the floweringfaster.

Short-Day Plants Long-day Plants
(long-night plants) (short-night plants)

critical night length
vegetative flowering

flowering _ vegetative
vegetative _: - flowering

€—— 24 hours —mmm>

Figure 3.2: Photoperiod and flowering [35]

In Figure 3.2 the left side represestsort-dayplants flower with uninterrupted long

nights; while the right side showang-dayplants flower with short nights or interrupted
long nights.
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3.2.3 Phototropism

Phototropismis the movement executed by the plants towardh$ J&D]. Sunflowers are
also called because they turn their heads to fotlmevsun each day. Phototropism can
cause deformities in plant growth if the lightirguneven or unequal. Some plants are

SO sensitive that they are capable of respondmgugh phototropism, to moonlight.

3.3 Importance of LEDs in horticulture

3.3.1 Solid-state Lighting in horticultural lighting

Solid-state lighting (SSL) is a technology in whicbnventional incandescent and
fluorescent lamps for horticultural lighting haveen replaced by light-emitting diodes
[36]. LEDs are one of the biggest advancementserades. The first time that LEDs
were utilized as a light source for plants occuned 980s, as shown in Figure 3.3.
Nowadays, LEDs continue to move towards becomirgneaically feasible for even
large-scale horticultural lighting applications.

Large advances in LED
technology and
reduction in the price.
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the future lighting
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Figure 3.3: Timeline of developments impacting the@se of light-emitting diode lighting in
horticulture [36]

LED lighting systems have considerable advantages existing horticultural lighting;

since they can control spectral composition, predugh-quality light, and work during



a long time without failure. LED color combinatig@nerates important profit for the

plants, increasing their growths and productionthénhorticulture field [37].

3.3.2 Light quality

Light quality consists in finding that wavelengthletter to generate the photosynthesis

process and a correct plant growth. [38]

The ultraviolet wavelength (UV), visible light, amdfrared (IR) are very important in
photobiology field. Some scientific researches hdemonstrated wavelengths between
300 nm to 900 nm are capable of affecting plantvtino Nevertheless, the light quality
does not play a significant role for plants, beeat®re are other necessary properties

such as intensity, light duration, and climatictéec[39]

Humans perceive light in different way than plarftee human eye has the strongest
response to light in the green/yellow part of thectrum. Plants respond better to their
growth with blue and red light, as shown in FigGtd. Chlorophyll does not absorb
light in the green region of the spectrum, sincis iteflected [34]. For this reason, the

chlorophyll and plants are green.

Radiant Power Radiant Power
B Human Eye Sensitivity

Plant Sensitivity (Photosynthesis)

500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.4: Visible spectrum between humans vs. phés [34]

In Figure 3.4, the absorption of light by chlorophy at a maximum at two points on
the graph roughly in 430 and 660 nm. The rate daftgdynthesis at the different
wavelengths of visible light likewise shows two kgavhich roughly correspond to the
absorption peaks of chlorophyll [34]. Plants do depend only on chlorophyll, but also
have other pigments which absorb light of other elangths. The rest of the

wavelength values, to know how to affect plant gigvare shown in Table 3.1.
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Table 3.1: How the light spectrum affects plant gravth

Wavelength
(nm)

Description

UVC ultraviolet range which is extremely harmfulgiants because it is

200-280 highly toxic.

280-315 Includes harmful UVB ultraviolet light which causglsnts color to fade.

Range of UVA ultraviolet light which is neither mafiul nor beneficial to

315-380
plant.

380-400 Start of visible light spectrum. Process of chldrgpabsorption begins.

This range includes violet, blue, and green baRdak absorption by
400-520 chlorophyll occurs, and a strong influence on pepithesis (promote
vegetative growth).

520-610 This range includes green, yellow, and orange bandsas less absorption

by pigments.
610-720 This is the red band. Large amount of absorptiontdgrophyll occurs.
290-1000 There is little absorption by chlorophyll here. W&ring and germination is

influenced.

+ 1000 Totally infrared range. All energy absorbed at ghoint is converted to heat.

Analyzing spectrum, from shortest to longest wavglhs, the visible light corresponds
to the color violet, blue, green, yellow, oranged aied. These colors are used as
standards in describing rainbow and light quality.

The first color analyzed islue light The blue color is utilized to stimulate and regel
growth processes in plants, since it is essentfalliythe photosynthesis process. This
color promotes the formation of chlorophyll on leafrfaces to absorb energy and to
convert into chemical energy. Moreover, processgshsas stomata opening or
increasing the photomorphogenetic response ardapmceby blue light. [40]

The second ised light Red light is absorbed by vegetation; howevea)sb transmits

far-red light. Both red and far-red light can benwerted to the other. The red light
spectrum allows stimulating plant growth and alsontabutes to the plant
photosynthesis. [40]
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Previous studies have demonstrated that the mixtet@een blue and red light is the
most effective for the crop growth. This combinatitas been examined in many areas
of photobiological research, including photosyniheand chlorophyll synthesis,

obtaining good quality in the vegetables growth]|[41

The third color analyzed green light Normally, the role of green color consists in the
regulation of vegetative development, photoperiodiowering, stem growth
modulation, and stomatal opening [41]. This spécagion also affects chlorophyll and
carotenoid synthesis, improving the color of leap&y. Furthermore, effects produced
in plants by green light are completely oppositeetiects with red and blue lights.
However, blue and red lights are sometimes mixeth \green light to enrich the

development and plant growth.

The fourth spectral region 9V light If this light is utilized in large amounts, it is
dangerous for the flora. Nevertheless, the nearlight can be beneficial for plants
whether its usage is not abusive. The main roleéHigrwavelength is to provide tastes,

aromas, and plant colors [42].

The last one isnfrared radiation This radiation only participates in photosyntkesi
process and other plant reactions [43]. It is dsdtby plant cells; however, the energy
contained is quite low to excite electrons; therefthis energy is converted into heat.

3.3.3 Light quantity

Light quantity or light intensity is a differentrte from light quality because this refers

to the amount of light that plants receive, withaatounting for wavelength or color.

This term is usually measured by the unitduafandfootcandle Units footcandle and
lux are merely based on visual sensitivity and doprovide information about photon

contents in the light source.

If there is an increase in the light intensitywtl result to an increase in the rate of
photosynthesis and will likewise reduce the nundfdrours that the plant must receive
every day. On the other hand, deficient light istees tend to reduce plant growth due
to a low amount of solar energy restricts the mitegphotosynthesis. In this way,

excessive light intensity should be avoided bec#usan scorch the leaves and reduce

crop yields. [35]
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3.4 Greenhouses and phytotrons

Greenhouses and horticulture are terms very relattmtticulture is opposite of
agriculture. Horticulture is done on a much smadleale, since horticulture is used to
conduct research and study different plants, tp@iwth, their cultivation and breeding,
their crop yield, and how to improve their qualif$7]. However, agriculture is
something developed in the great outdoors; butesofmt is done indoors. When done
indoors (i.e. greenhouses), it is very importankmow the exact quantity of sunlight

necessary for plant growth.

A greenhouse is a man-made system to simulate pro@pate ecosystem in order to
grow crops. At the beginning, these kinds of “h@liseere property of rich people,

since they wanted to obtain out-of-season fruit\eegktables. [44]

Nowadays, greenhouses fulfill important functionghe horticulture world. The main
role is to save money and produce products. A du@ese has to meet economic and

environmental requirements, acquiring importantdfieim the crops. [45]

Controlling the climate in the greenhouse allowsteeting the vegetables from external
climate (such as raining, snowing or sudden chamgésmperature), in order to favor
the growth. Greenhouses are built by transparetrtaoslucent material structure. This
material usually is glass or polyethylene (PE), thet most used is usually the PE [44].
The polyethylene is a material capable of blockitigaviolet rays, but not the infrared
radiation. This material presents a short durabilitence, this must be frequently

changed.

On the other hand, a phytotron is an enclosed resegreenhouse used to study
interactions between plants and atmosphere. Pbywtcan regulate some growth
parameters such as humidity, temperature, carboxid#i (CQ) concentration, and
other environmental conditions. A phytotron is teky expensive; but this is very
useful in the evaluation of the crop quality, colling the necessary lighting at each

moment. [46]
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3.5 Horticultural applications

LEDs can develop important functions in horticudiulighting [36]. These can control
the production lighting in controlled environmengnd photoperiod lighting in
greenhouses. There are three general LED configosatthat can be applied to
horticultural lighting: point source, planar arrayd vertical array.

The first is to utilize LEDs as point sourcethat eliminates many of their inherent
advantages as horticultural lighting. Current “buipe” LED systems have been
marketed for house plants [36]. Nevertheless, tbeiput light at the canopy level is
generally too low for most commercial horticultuapplications [36]. For this reason,
the bulbs need to be moved away from the plantmatm procure broad enough area

coverage, resulting in a rapid decrease of ligiele

The second configuration islgmar arrays that are contiguous units of LEDs or
configured as rails or bars; whilgertical arrays are fabricated from similar

configurations but operated within the plant candfg]
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4 Measurements and Results

This chapter is divided into four parts: the ficsinsists in explaining main problems
with the LED technology to acquire the best liggtiior horticultural applications and
applications for people (such as lighting at therkptace). The second one is about
describing objectives and laboratory instrument tlave been used to execute these
measurements. Experimental measurements obtaireddicated in the third section.
Finally, the conclusions about these results angvahat the end of this fourth chapter.

4.1 Problems

LEDs are devices of monochromatic light (exceptvdnte light spectrum); namely,
they only provide a light color. These need to h&ech with other colors to supply
high-quality growth for plants. Nevertheless, ptargquire acceptable intensity light to
develop the photosynthesis process. One LED cagerarate this process; since plants
demand a considerable number of LEDs to absorb uadeqglight levels through

pigments, as the chlorophyll.

The horticultural lighting is quite difficult to &htify the best combination for plants,
since there are different valid mixtures. Accordinghe vegetable or plant used will be
better to utilize one kind of color combinationamother one. Thus, this combination is
capable of providing the best growth and develogrf@mmnthem. This blend consists of
merging blue and red color, and some other color lna also added to enrich and

accelerate the plant growth.

On the other hand, LEDs also present problems vanerutilized for general lighting.

People need to sense well-being in their work emwirent or in any other situation.
This light quality is mainly measured through cotendering index (CRI). This factor
will be used in the next sections to measure agdisza correct light for people and to

avoid an uncomfortable lighting.

4.2 Objectives

The main role of LEDs, when they are used in holtiire and other applications for
people, is to obtain the best lighting to acquiresatisfactory plant growth and a

comfortable environment.
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Several laboratory instruments are utilized to meashe quality light: various color

LEDs; a spectrometefOcean Optics HR40Q0Gand an optic fiber to transmit the color
spectrum; a special black box to execute the aolature and acquire its spectrum; a
laptop; and software to represent the spectrumraatahrough spectrometer and optic

fiber. Some of these instruments used are showigure 4.1.

Figure 4.1: Some instruments used for experimentaheasurements

Colors, such as amber, blue, cool white, cyan,ig(824 nm), green (532 nm), infrared,
red (630 nm), red (670 nm), warm white, and yell@ane acquired in the lab-room.
Microsoft Office Excel 201&oftware and a special application developed toeEare
used to combine these colors, acquiring the besdiple CRI value to provide a notable
lighting for people. This application allows plagirwith colors and knowing what
percentages used are for each combination.

4.3 Results

This section shows measures and results obtainedifferent combinations of color
LEDs. There are various kinds of combinations foeed percentage and variable
percentage. Firstly, when the best possible conibiméor plants is acquired, this same
mixture is utilized to procure the most comfortabighting for people (white light),

adding new colors to this blend.
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4.3.1 Combination of color LEDs for horticultural lighting and for general
lighting (fixed percentage)

In this section, the percentages for plants aredfito provide the best lighting for
people. Namely, a new color mixture will be prodilider applications in general

lighting, keeping the same basic percentage ugdabfticultural lighting.

4.3.1.1 Blue and Red (670 nm) LEDs

Blue and red colors are the best blend for plant$ egetables. This composition

allows acquiring an excellent plant growth in hautture field.

According to the most recent researches, the caatibm roughly of 23% blue color
and 77% red color provide good results for an optmplant growth. The spectrum
obtained presents two peaks around 450 nm (blue)zamd 670 nm (red zone), as

shown in Figure 4.2.

23%Blue77%Red

1,00E+00
9,00E-01

3 8,00E-01

& 7,00E-01

B 6,00E-01 l

S

£ 5,00E-01

£ 4,00e-01 |

® 3,00E-01 |

& 2,00E-01 IA\ /I
1,00E-01 —/ —7 \
0,00E+00 ~—

300 400 500 600 700 800 900

Wavelength (nanometer)

Figure 4.2: Spectrum obtained through blue and reatolor combination

These peaks correspond to the visible spectruntams If this figure is compared with
Figure 3.4, it will check that their waveforms drasically the same in both cases. For

this reason, this color combination is the bestfon@lants.

If this result is represented @IE 1931 x,y Chromaticity Diagranit will checked that
CRI is very poor value, as shown in Figure 4.3 dose of this color combination is not
usually used as lighting for people. Moreover, CREthod does not provide

information for horticultural lighting, just for geral lighting.
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CIE1931 Xy Chromaticity Diagram

08
o m mixture
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07 - . —
- < sss & llluminant A Ra -295,7 General CRI
\« 850 R1 -310.4 Light greyish red
08 No = a D65 R2 -391,5 Dark greyish yellow
e 570 R3 -401,8 Strong yellow green
X 500 & < 575 R4 412 Moderate yellowish green
05 ‘ N 50 RS -409,9 Light bluish green
. \\ 55 R6 4772 Light blue
- \ 890 R7 253 Light violet
04 *‘95 AT NS RS 308,5 Light reddish purple
; oo 2000% 500 R9 -897,7 Strong red
7 \ 5000 K '\-ﬂsﬁo’ R10 -967.8 Strong yellow
03 tae0 ra N -5550 640 R11 -81, Strong green
\ & 10000 K ‘/\ 700 R12 -1037.2 Strong blue
\ T 20000k A RI3 -404,7 Human complexion
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\ /// R15 -473,1 Japanese skin
» \-\Am - /// Rall -420,5 Avarage from all
% 475
8 450
. 00 0.1 02 0.3 04 05 08 07 08 0.9

X

Figure 4.3: CIE 1931 x, y Chromaticity Diagram forcombination blue and red LEDs

The main role consists of situating the black sguasove the red line, or technically
called Planckian locus, to reach correct valugdit. CCT also is checked, but this has
less importance than CRI value because CCT onigates whether the light is nearer
cool white or warm white.

Various colors are tested to change the positiothaf square. Some colors such as
yellow, amber or green are used. The amber col@jésted because CRI value is quite
poor when this color is utilized. Therefore, yellomnd green colors are selected,
resulting in an exceptional color rendering (aro@¥ and CCT near cool white, as
shown in Figure 4.4. The color percentage for toimbination is 65% Blue-Red + 15%

Green + 20% Yellow.
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CIE 1931 x,y Chromaticity Diagram

CCT: 4998 K
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Figure 4.4: Result of combining blue-red, green, ahyellow color

Moreover, other combinations are also possiblecguise a good-quality light with
other different colors. In this case, colors usesdlldue and red color, green color, and
cool white color. Thus, CRI slightly decrease itdue because the blend contains a
large amount of red color, as shown in Figure #Héwever, CRI is still high value
(88,8). The percentage for each color is 70% Bled-R 20% Cool White + 10%

Green.

CIE 1931 x,y Chromaticity Diagram CCT: 4852 K

09 | Ra 88,8 (bnur;\lCR]'
. T IO T TYBN red
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20 R2 90,4 Dark greyish yellow
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Figure 4.5: Result of combining blue-red, green, @ white, and yellow color
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4.3.1.2 Blue, Red (670 nm), and Infrared LEDs

Infrared (IR) light effects are experienced in eiffnt ways. IR light positively affects
plant bloom, excessive infrared light damage isagh and scientists utilize infrared in

scanning techniques to monitor its development. [43

Infrared color must combine in small amounts betwes and blue color to obtain a
right combination and to develop a notable plamwgh. A good percentage is 22%
Blue + 75% Red + 3% Infrared. The spectrum obtafioedhis percentage is shown in

Figure 4.6.

—22%Blue75%Red3%IR
8,00E-01
7,00E-01
=1
€ 6,00E-01
)
E 5,00E-01
=  4,00E-01
2 |
e 3,00E-01 l
- _ A
@ 2,00E-01 I\ I
1,00E-01 J ¥ J m
0,00E+00
300 400 500 600 700 800 900
Wavelength (nanometer)

Figure 4.6: Spectrum obtained through blue, red andnfrared color combination

Similarly to the previous case, this percentagerepresented in CIE 1931 x,y

Chromaticity chart, as shown in Figure 4.7.

CIE 1931 x,y Chromaticity Diagram

| mixture

——Spectrum Locus

~+~Planckian Locus
07
41 Numinant A Ra__ -2936  GenenlCRI
RI 3092 Light greyish red
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RS -3950  Strong yellow green
R4 438 Moderate yellowish green
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R6  -4722  Lightblue
R7 <230 Light violet
RS 3104 Light reddish purple
RO 981  Stongred
R10 -958,8 ello?
RI1 89 Strong green
RI2  -10252  Strong blue
0 RI3 4020  Human complexion
RI4  -1295  Leafgreen
RIS 470 Japanese skin
Rall 4176 Avamage fromall

Figure 4.7: Spectrum obtained through blue, red, ad infrared LEDs
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Knowing the black square position, colors suchragmg and yellow can be deployed to
check whether the lighting obtained is close totevlight. Thus, the mixture is started
with these colors and the fixed percentage of bted, and IR. This blend is altered
until obtaining the best possible white light. T¢wrect combination is 66%Blue-Red-

IR + 20% Yellow + 14% Green, as shown in Figure 4.8

CIE 1931 x,y Chromaticity Diagram ‘ CCT: 4834 K |

82 | Ra 93,2 General CRI |
520 m mixture RT 973 Tight greysh red
R2 95,1 Dark greyish yellow
o2 ——Spectrum Locus R3 90,6 Strong yellow green
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—e—Planckian Locus RS 97.4 Light bluish green
07 R6 89,7 Light blue
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R8 883 Light reddish purple
06 a D865 RY 704 Strong red
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) RI3 98,2 Human complexion
= R14 95,0 Leaf green
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04 Rall 88,5 Avarage fromall
1,2000
te VAR L) 1,0000
10000K 700 ‘n\
T 20000K 0,8000
/
0,6000
0,4000 / \
A AN
oo \ L\ A
00 360 410 460 510 560 610 660 710 760
00 01 02 03 04 05 06 07 08 09
X ’ Light source V(A)-curve Reference

Figure 4.8: Result of combining blue, red, IR, yetiw, and green color

Figure 4.8 shows a fine CRI (93,2) value. MoreouwsrCCT is nearby cool white. For
this reason, this lighting can be considered ontktey for its usage in many

applications.

4.3.1.3 Red (670 nm) and Cool White LEDs

Some studies have demonstrated that the combindgtmeen red and cool white
generate a satisfactory growth for plants. Nevées this combination is not better
than the combination of red and blue color. Blud ead colors in plants are capable of

providing notable properties to augment and impiitssgrowth and development.

The percentage to acquire a correct lighting irtibaiture field is 84% Red + 16% Cool

White. This combination is shown in Figure 4.9:
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Figure 4.9: Spectrum obtained through red and coalvhite combination

Figure 4.9 illustrates the importance of this camaltion for plant growths, since this
presents peaks around 450 nm and 660-670 nm. Bhherehis percentage provides a

acceptable light for horticulture.

On the other hand, this same percentage is repegs@ém chromaticity diagram, as

shown in Figure 4.10:

CIE 1931 x,y Chromaticity Diagram

09

W mixture

ae ——Spectrum Locus

—e—Planckian Locus [ CCT:  3029K

07

4 lluminant A
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R2 96,7 Dark greyish yellow
R3 81,8 Strong yellow green
R4 94,8 Moderate yellowish green
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R6 857 Light blue
R7 84,1 Light violet
R8 67,7 Light reddish purple
R9 31,7 Strong red

R10 883 Strong yellow

RI1 91,6 Strong green

RI2 70,7 Strong blue

RI13 97,9 Human complexion

RI14 88,5 Leafgreen

RI15 82,5 Japanese skin

Rall 83,9 Avarage fromall

Figure 4.10: Result of combining red and cool white
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This mixture generates a fine light in horticultdighting, and the same blend also
creates an fair lighting for people. The CRI valsealmost ideal (near 90); for this
reason, this lighting can be utilized in horticudtulighting and general lighting, at the

same time.

4.3.2 Combinations of color LEDs for general lighting (independent

percentages)

For this new case, percentages are completely @mtlgmt for each color. Namely, the
combination is directly executed with different dam colors to acquire the best white
light.

4.3.2.1 Blue, Red, Yellow, and Green LEDs

The main role is to reach a high CRI value to aegai notable-quality light (white
light). Colors such as blue, red, yellow, and graenmixed to provide white light. The
percentage obtained with this color mixture is: 1Bfe + 47% Red + 21% Yellow +

15% Green. This percentage is shown in Figure 4.11.:

CIE 1931 x,y Chromaticity Diagram [ CCT: 5285K |
r 1
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Figure 4.11: Result of combining blue, red, yellowand green color
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According to the Figure 4.11, this combination digspa fine lighting for people. The
CRI value is very high (around 94). Moreover, tioc temperature is near cool white;

therefore, this lighting would be notable choicegome applications.

4.3.2.2 Red, Cool White, and Blue LEDs

These colors have been combined to obtain an addepighting for general lighting.
The percentage of this mixture is 35% Red + 50%I| @dloite + 15% Blue. Adding a
large amount of cool white is a good choice, beeaassatisfactory light can be
acquired. Nevertheless, colors such as blue orarednecessaries to procure this

adequate lighting, as shown in Figure 4.12:

CIE 1931 x,y Chromaticity Diagram | CCT: 3858 K
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Figure 4.12: Result of combining red, cool white,rad blue color

The CRI is relatively high while CCT is close tommawhite. This lighting obtained is
acceptable for general lighting, since its colandering is near 90; therefore, this is

considered as a correct light for people.

4.3.2.3 Amber, Green, and Blue LEDs

For this last combination to analyze, colors sushamber, green and blue can also
provide an acceptable light quality, as shown guFe 4.13:
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CIE 1931 X,y Chromaticity Diagram | CCT:__6023K |
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Figure 4.13: Result of combining amber, green, andlue color

Figure 4.13 shows the combination of 40% Amber %3Breen + 30% Blue. The result
obtained is quite acceptable, because its CRbis yalue (close to 86). Furthermore, its
color temperature is very near cool white. In they, this lighting would be accepted

for general lighting.

4.4 Conclusions

Analyzed all cases, it is possible to obtain soorarments about them. Firstly, all these
measurements are simulations; therefore, thesdtgeme nearby reality. The results
simulated are not exact, because there are alveays srrors that are obviated in these

simulations.

Attending to results obtained, there is no diffeerdetween if the combination has
been acquired through fixed percentage or varipbleentage. Namely, good-quality

lighting is obtained in both cases for horticultdighting and general lighting.

The best mixture for plants is blue and red cosonce, this blend generates a rapid
growth and provides appropriate properties for thnt development and

photosynthetic aspects. All these plant charadiesiscan be improved when some
different colors are mixed with red and blue coldccording to the colors added for

plants, their attributes can enhance their quédit\some aspects or other.
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All results show notable color rendering index ealusince these values are comprised
from 85 to 94, supplying fine light for generallighg. However, CCT values are very
variable because cool white and warm white are ieedjdor different combinations.
Warm white or cool white can be indistinctively liz&gd in many applications, but
depending on planned application will be more edgéng to use cool white or warm
white.

Finally, it is possible to procure a notable ligigtifor people through horticultural
lighting. These light sources are very simple ttaobin simulations; nevertheless, it is
sometimes possible to find little problems whensthdights or combinations are
executed for real cases.
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5 Conclusions and Future Works

Lighting is a large growing source of energy demaard it is necessary to seek new
lighting alternatives. Most traditional lighting wmes (incandescent, fluorescent, high
pressure sodium) produce quite wasted energy. Mmless, LED lights are a fast
developing technology, with a high potential fovel®pment in future years and to

save energy. [47]

The main purposes of an optimum lighting desigio iachieve certain appearances and,
at the same time to fulfill the fundamental physgtal aspects and psychological
visual requirements. Nowadays, LEDs are designeth wiumerous shape and
architectures for different lighting solutions. Hewver, these devices still present some
problems to control them: glare assessment, celutaring, and light distribution.

Light is the key element that stimulates the preagfsphotosynthesis. By using LEDs,
it is possible to tailor the growth to the specBmectrum necessary of plants. They are
the green alternative to standard horticulturahtilgg. By utilizing state-of-the art of
this technology, there is a significant opportunity stimulate plant growth while
drastically reducing energy consumption throughuse of targeted lighting at 660 and

450 nanometers.

The utilization of artificial lighting in controlé or closed growth environments offer
great opportunities for the cultivation of diffetecrops or plants [31]. This artificial

lighting can be controlled with control devices.u8hit is possible to control light and
color, adjusting to the necessities of the pla®.[4his means that the plants do not
need the same light composition all the time; thueee these color combinations must

be changed according to the necessities that dtpyre.

LED lamps can control the amount of light, accogdito the daylight entering a
greenhouse. It is likely to use some control systeapable of controlling LEDs or
other factors in the greenhouses. Nowadays, thexevarious control systems for
general lighting or horticultural lighting. Someagmples of control systems are: RGB
dynamic color system, color temperature controlesys, dimming control systems, and
Dynamic Lighting Control (DLC) [49].
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RGB dynamic control system is used for archited¢tdighting. However, color
temperature control systems and dimming controtesys are mainly deployed for

lighting studios, minimizing energy usage. [49]

A Dynamic Lighting Control (DLC) can create seveeffiects and moods with various
color lights [50]. Some companies, such as PhibpsOsram, supply this kind of

control.

Computer or 5 Liethi N Controlling
touch screen C ynalm:;iclg ng LED Lighting in
(Interface) (_Contro (DLC) system Greenhouses

Figure 5.1: Diagram how to work a Dynamic-Lighting Control (DLC) system in greenhouses

A control device or DLC can control with large pseon some aspects such as light
qguantity, quality, photoperiod, and combinationsween LEDs. This control device
may be adjusted throughout the life of a plantdteptially optimize traits of interesting
such as synchronization of flowering, maintenanegetative growth programs, control

of plant stature, or acceleration of its growth][51

Dynamic Lighting Control can also regulate the ggyeconsumption whether the

control system is connected to a daylight sendothd greenhouse does not receive
plenty of sunlight for the plants, then it is nexsay to use energy to turn on LEDs.
However, if the greenhouse has got enough natigtal, there is no reason to consume

excessive amount of energy, since this energy woelldasted.

There are some forecasts where it is possible tioigate that LEDs will revolutionize
the lighting practices and market in the near ®itl6]. It is important to know that
LED technology is constantly developing to obtaibedter technology. According to
the US Department of Energy 2011 solid-state lightingnofacturing roadmajpthe

prices of LED lamps and LEDs packages will dropuab30% from 2010 to 2015 and
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10%-15% from 2015 to 2020 [49]. Therefore, LED wsagll be cheaper and will

increase its expansion in the horticulture field.

Nowadays, this LED technology is very useful andoamant for lighting world.

However, there is another technology in developmenth as OLEDs. They are
capable of providing better lighting and color diyalhan LEDs; however they are still
a very expensive technology. OLEDs will probable us few years, contributing to

high-efficiency.
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