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Chapter 5: Lighting technologies

Topics covered

I M T { o €] o IR (=T o o1 Vo] [ 1 =S 93
S0 R [ o1 £0To [ Tod 1 o] o PP 93
5.2 LIGNE SOUICES ...coeiiiiiiieie ettt ettt e e e e e e e e e e e s 94

5.2 1 OVEIVIBW...uiiiii ittt emmmm st e ettt ettt e e e e eeee e e e e e e e e e e eaaaas 94
5.2.2  LAmMPS N USE ...uiiiiiiiiiiiiiiiiieie e e eeeeeeiit ettt ettt e e e e e e e e e e e e e s s s s s nnnneeeaaeaaeeeas 96
A T I 1 01 o 1 U 98
INCaNdESCENT [AMP....coiiiiiiiiiiii e e 98
Tungsten halogen lampP .........eoiiiiiiiii e 99
FIUOIrESCENT IAMPS ...ttt ettt 100
Compact fluorescent 1amps (CFL) .......oouuuiicceeiiee e 101
High Intensity Discharge lamps (High Pressure)u. ......ccoccecvvvvviviineeeeee. 103
IMBICUNY LMD cetiieieii et e e et et s e e e e et e e e ab e e e e aa e e e eesaenaanns 103
Metal halide [amPS........coooiiiiiiii e 103
High pressure sodium [ampsS.........coovuuiicmcce e 04
Electrodeless lampPsS. .. ..o e et 105
INAUCTION TAMP ceeei e e 105
Compact fluorescent lamps (eleCtrodeless) ..o 105
5.2.4  AUXIHAIES.....coo it e 106
BallaStS . i e e e e e e e e et ———————————_ 106
Comparison of the electro-magnetic-ballasts andtedaic ballasts.............. 108
L2 LIS (0] 41T £ USSR 108
Y £2 L] £ PP 110
DIMIMING ettt e et e e e e e e e e e s eeeneeees 110
5.3  Solid-state ighting ......cccooieeiiiieeeeeee e 111
5.3.1 Light-emitting diodes (LEDS)........cccccemmmiiiiiiiiiiieeeeeeeeeeeee e 111
Operation principle and light generation .......cccc...ciiciiiiiieii e, 111
LED CharacCterization ...............eoeeeeee s s s e e e e e e e e e e eeeeeeeeeeenennnnnn s senes 113
5.3.2 OLEDs - Organic light-emitting diodes..............ccoeeeiiiiiiiiiiiiiicciee e 17
TR T T I B 2o | €1V = £ 118
5.3.4 LED dimming and CONtrol ...............ovuuuiiiiiiiiiiiie e 120
5.3.5 LED rO@dmM@aps .....cuuueummmeiiiiiiiiiiiieeeeeeiiiiiiee ettt e e e e e 122

91



92

5 LIGHTING TECHNOLOGIES

5.4  Trends in the future in light SOUICES....ccooo oo 123
Electroluminescent light SOUICES ..........uuieeeeeeeeeeeeeeeer e 312

DiSCharge lampPsS......coooiiii e e 124
5.5 LUIMIN@IIES. .. ittt e s ettt ettt e e e e e e e e e e e e e e e s s nnnnee e e e e e e e eeeaeeeennaanns 124
R0 R [ 0 oo [¥]ox i [0 o PRSP RURRRPPPP 124

5.5.2 Definition of @ luminNaire...........oooiiccer it 125

5.5.3  ENEIQY AQSPECES ...uuiiiiiiiiiiiie et eet et e e e et e e e e 126

5.5.4 LED LUMINGAIIES......ccciiiiiiiieeeiitiieemeeeeeteies s s e e e e e e e e e e eeaeeeeeessessssnnnnnsnnnnes 127
5.6 NEIWOIK ASPECIS .ouuuiiiiiiiiiii e emmmmme ettt e e e e e e e e e e e e 128

Description of PRENOMENA .......coviiiiiiiiii e 128

Risks and OpPOrtUNItIES..........oiiiiiiiiiiiee e 131
5.7  HybBrid HGOTING ..o e 132
5.7.1  INErOAUCTION ...cciiiiiiitiiiiee et e e e e e e e e e e e e e e e 132

5.7.2 Energy savings, lighting quality and COSIS............ccuuvuiiiiiiiiiiiiiiiieeeeeenn, 132

5.7.3  EXGMPIES ..t 133
Hybrid Solar LIighting (HSL) ...ceevvviiiiiiiiiiiieeeeeee e 33

Lightshelf SYStEMS ......ovvii e 133

LIGNEPIPES .ttt 133
5.7.4  SUMMAIY ...iiiiiiiiii et e e e e e e et e e et e e e aa e e e et naneaneaaeeeenan 134

] (] €= o = P 134



5 LIGHTING TECHNOLOGIES

5 Lighting technologies

5.1 Introduction

Artificial lighting is being used more and more ihe world. The usage is quite non-homogeneous.
In developing countries, we can still find a widesad use of fuel based lighting but nowadays the
situation is changing and the demand for electrasdd lighting is growing. Electric lighting
consumes about 19% of the world total electriciseuSo, we should remember and consider that
the improvement in energy efficient lighting willso be helpful for the progress in developing
countries. Every change in technologies, in cust@neonsumption behaviour, even in lifestyle,
has influences on global energy consumption andreéatly, on environment. Therefore, energy
saving in lighting, and the methods of achievingstoal should be considered at different levels
(state, region, town, enterprise) and by supramatiorganisations, too.

People stay in indoor environment for most of thayd Characteristics of light in indoor
environment are much different than that of natuaidoor environment. On the other hand people
do not stop activities after sunset. The artifidigihting has therefore impact on their well-being
(see also the visual and non-visual aspects ot ligfChapter 3). The needed artificial light has to
be provided in energy efficient and environmentalbnscious way. It is important to search for the
technological solutions which meet human needs withlowest impact on the environment during
operation, when most of the impacts take place. @taronmental impacts also include production
and disposal of lamps, and related materials.

Artificial lighting is based on systems: lamps, laaks, starters, luminaires and controls. Ballasts
are needed for discharge lamps to connect the larthe mains. Lamps, ballasts and starters are
mounted in the luminaire with the wiring and lampdes, reflectors distribute and redirect the light
emitted from the lamp and louvers shield the ugent glare. Control systems interact with the
building where they are installed. This means ttied spider net of interactions and impacts is
related with the architecture of the building (skapspace orientation etc. have influence for
daylight contribution), with the supply network amdth the different equipment installed, e.g. the
heating, ventilation, cooling or electronic devicéast, but not least, lighting systems are made fo
human beings who have individual needs and behasioUser habits can be supported by
automatic controls (for example, occupancy senstms) the user habits cannot be overridden, and
here education plays a major role. First of alk ferfect lighting system offering the best solatio
for every application does not exist. Every teclogy, including the more innovative and trendy
ones, has its own limitations and its full potehtsamainly related to specific application field.

Furthermore, the best lamp, if used with poor azxampatible luminaire or ballast, loses most of its
advantages. Combining good lamp, ballast and luimenia a wrong installation may not meet the
user needs or provide lighting service in an ingént way. Combination of a good lighting system
in a well designed installation takes strong adeget from control devices, to drive the lighting
system according to, for instance, on daylight &llity and occupancy. In the case of new
buildings the integration of daylight is importantorder to reduce the energy consumption.

93



5 LIGHTING TECHNOLOGIES

To summarize, energy savings / efficiency and ecoies are dependent on:

— Improvement of lighting technologies

— Making better use of available cost-effective amegy efficient lighting
technologies

— Lighting design (identify needs, avoid misuses, g@o interaction of
technologies, automatic controls, daylight integna}

— Building design (daylight integration and architet)

— Knowledge dissemination to final users

— Knowledge dissemination to operators (designerdlerse decision
makers)

— Reduction of resources by recycling and proper ossp, size reduction,
using less aluminium, mercury, etc.

— Life Cycle Cost Assessment LCCA

In this chapter an overview is given for the curréechnologies of light sources, luminaries, and
ballasts. Their potential is illustrated and thertds of the most promising ones are described.
Integral lighting systems utilizing daylight togethwith electrical lighting systems and its control
are also presented.

5.2 Light sources
5.2.1 Overview

Following characteristics are to be considered wtlemosing a lamp for an application.
a.Luminous efficacy
— Luminous flux
— Lamp power and ballast losses
b.Lamp life
— Lumen depreciation during burning hours
— Mortality
c. Quality of light
— Spectrum
— Correlated color temperature (CCT)
— Color rendering index (CRI)
d. Effect of ambient circumstances
— Voltage variations
— Ambient temperature
— Switching frequency
— Burning position
— Switch-on and restrike time
— Vibration
e.Luminaire
— Lamp size, weight and shape
— Luminance
— Aukxiliaries needed (ballast, starter, etc.)
— Total luminous flux
— Directionality of the light, size of the luminousesnent
f. Purchase and operation costs
— Lamp price
— Lamp life
— Luminous efficacy
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5 LIGHTING TECHNOLOGIES

— Lamp replacement (relamping) costs
— Electricity price and burning hours are not lampaddcteristics, but have
an effect on operation costs.

The diagram below shows the main lamp types forggahlighting:
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Figure 5-1. The development of luminous efficacies of lightrses(Krames 2007, DOE 2010)
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Table 5-1. compares the main lamp types and givesfirst indication of possible application
fields.

Table 5-1.Lamp types and their typical characteristics.

Characteristics
Luminous | Lamp | Dimming | Re- CRI Cost of Cost of Applications
Lamp type efficacy life control strike installation | operation
(Im/W) h time
GLS 5-15 1000 prompt | very | low very high | general
excellent good lighting
Tungsten 12-35 2000- prompt | very | low high general
halogen 4000 excellent good lighting
Mercury 40-60 12000 | not 2-5min | poor | moderate | moderate | outdoor
vapour possible to lighting
good
CFL 40-65 6000- with prompt | good | low low general
12000 | special lighting
lamps
Fluorescent | 50-100 10000- | good prompt | good |low low general
lamp 16000 lighting
Induction 60-80 60000- | not prompt | good | high low places where
lamp 100000 | possible access for
maintenance
is difficult
Metal halide | 50-100 6000- possible | 5-10 good | high low shopping
12000 | butnot min malls,
practical commercial
buildings
High 80-100 12000- | possible | 2-5min | fair high low Outdoor,
pressure 16000 | but not streets
sodium practical lighting,
(standard) warehouse
High 40-60 6000- possible | 2-6 min | good | high low outdoor,
pressure 10000 | but not commercial
sodium practical interior
(colour lighting
improved)
LEDs 20-120 20000- | excellent | prompt | good | high low all in near
100000 future

5.2.2 Lampsinuse

Van Tichelenet al. (2004) have given estimation of the total lampesain 2004 in European
member countries (EU-25). However, annual salesataive the total amount of light spots in use.
For example, the lamp life of T8 lamps is 12 00Qu®on the average and yearly burning hours in
office use can be 2500 hours. Thus, the amounaofds in use (light spots in Table 5-2) is almost
fivefold (12000/2500 = 4.8). Energy used by the fmncan be calculated using the calculated
amount of light spots, the annual burning hours] anerage power of the lamp. In Table 5-2, the
average lamp power including ballast losses has lestimated. The amount of light that lamps
produce annually can be calculated using the avehaginous efficacy. This, again, is not a known
figure since it also depends on the power of thpathe ballast (magnetic or electronic) and the
spectrum of the lamp.
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Table 5-2. Estimated total lamp sales in EU-25 on 2004 andcagated amount of light spots, energy consumptiod a

amount of light. NOTE: Figures are based on assuons on lamp power, efficacy, lamp life and burnimgurs.

Lamp Sales Light spots | Energy Quantity Lamp | Burning | Luminous | Lamp
type S*(Th) LS*P*t LS*P*n*t | power | hours | efficacy life

Mpes| % [Mpcs| % | TWh| % | Glmh | % W t Im/w h

S LS W Q P h n T

GLS 1225| 68|1225| 37 74| 25 735 4 60 1000 10 1000
Halogen| 143 8| 143| 4 9 3 103 40 1500 12 1500
T12 14| 1 68 8| 3 510 3 50| 2500 60| 12000
T8 238 | 13|1144| 34| 126| 42| 9436| 58 44 2500 75| 12000
T5 12| 1 78| 2 6| 2 528| 3 32| 2500 85| 16 000
CFL 108| 6| 433| 13 10| 3 572| 3 11| 2000 60| 8000
OtherFL 33 2| 159 5 17 6| 1047 44 2500 60| 12000
Mercury 8 0 24 1 13 4 667 4 140| 4000 50| 12000
HPS 11 1 33 1 23 8| 1845| 11 175 4000 80| 12000
MH 1] 1 27| 1 13| 4 900| 6 120| 4000 70| 10000
All 1804 |100|3333|100| 299|100] 16 343|100

GLS = General lighting service lamp
Halogen = Tungsten halogen lamp
T12, T8, T5 = Long fluorescent lamps
Other FL = other fluorescent lamps
Mercury = mercury lamps
HPS = High pressure sodium lamps
MH = Metal halide lamps

Sales, S [Mpuodl]ion pieces]
Lamp power, P [W]

Burning hourg]

Luminous effigag [Im/W]
Lamp life, T [h]

Light spots, LSx(T/t) [Mpcs]
Energy, W = LSP x tu [TWh]

Quantity of light, Q = Wkn = LSx P xtuxn [GImh]

The data of Table 5-2 is depicted in Figure 5-2.dlthirds of the lamps sold are incandescent
lamps. Incandescent lamps cover about 37% of tijiet Ispots and they use about 25% of all the
electricity used for lighting in EU-25 area. Howeyéhey produce only 4% of the light. With T8

lamps the trend is opposite, their share 13% ofdales, 34% of the light spots, 42% of the energy
consumption, and they produce 58% of the light. éwling to Table 5-2, electricity can be saved
by replacing incandescent lamps with more enerdigieht lamps. Other inefficient light sources

are T12-lamps (3% of energy) and mercury lamps @f%nergy).

97



5 LIGHTING TECHNOLOGIES

Sales 1.8 billion pieces  Light spots 3.3 billion pieces
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Figure 5-2. EU-25 lamp sales on 2004. From the estimated laalpsthe amount of light spots in use, the energy
lamps are using and the amount of light they aregrcing has been calculated. Assumptions of thesmeelamp
power with ballast losses, annual burning hoursninous efficacy and lamp life has been made.

T12-lamps and mercury lamps can be replaced witHah®s and high pressure sodium lamps,
respectively. In lighting renovation T12 luminairebould be replaced with T5-luminaires. Also
new alternatives for the most energy consumingtlgurce, T8-lamp, has to be found. According
to Table 5-2, the average luminous efficacy of BBabs with ballast losses is 75 Im/W. At the
moment T5-lamp with electronic ballast is more eint. In the future LEDs will be the most

efficient light source with the potential luminoefficacy reaching 200 Im/W.

5.2.3 Lamps
Incandescent lamp

In incandescent lamp, which is also called Generghting Service Lamp (GLS), light is produced
by leading current through a tungsten wire. The kirng temperature of tungsten filaments in
incandescent lamps is about 2700 K. Therefore theramission occurs in the infrared region. The
typical luminous efficacy of different types of iandescent lamps is in the range between 5 and 15
Im/W.

Advantages of incandescent lamps:
— inexpensive
— easy to use, small and does not need auxiliarypgeant
— easy to dim by changing the voltage
— excellent color rendering properties
— directly work at power supplies with fixed voltage
— free of toxic components
— instant switching
Disadvantages of incandescent lamps:
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— short lamp life (1000 h)

— low luminous efficacy

— heat generation is high

— lamp life and other characteristics are stronglyeiedent on the supply
voltage

— the total costs are high due to high operation €ost

The traditional incandescent lamps will be progresly replaced with more efficient light sources.
For example, in Europe the Regulation 244/2009rigindg this process (EC 244/2009) (see also
Chapter 4).

Tungsten halogen lamp

Tungsten halogen lamps are derived from incandeédeenps. Inside the bulb, halogen gas limits
the evaporation of the filament, and redepositsai@porated tungsten back to the filament through
the so called halogen cycl€ompared to incandescent lamp the operating teatper is higher,
and consequently the color temperature is alsodrigivhich means that the light is whiter. Color
rendering index is close to 100 as with incandes¢amps. Also, lumen depreciation is negligible.
Their lifetime spans from 2000 to 4000 hours, aadhinous efficacy is 12-35 Im/W.

Halogen lamps are available in a wide range of niedshapes (from small capsules to linear
double ended lamps), with or without reflectors.efé are reflectors designed to redirect forward
only the visible light, allowing infrared radiatioto escape from the back of the lamp. There are
halogen lamps available for mains voltages or laltages (6-24V), the latter needing a step-down
transformer. Low voltage lamps have better luminetficacy and longer lamp life than the high
voltage lamps, but the transformer implicates epdogses in itself.

The latest progress in halogen lamps has been egklol introducing selective-IR-mirror-coatings
in the bulb. The infrared coating redirects infrdmadiations back to the filament. This increades t
luminous efficacy by 40—-60% compared to other designd lamp life is up to 4000 hours.

Advantages of tungsten halogen lamps:
— small size
— directional light with some models (narrow beams)
— low-voltage alternatives
— easytodim
— instant switching and full light output
— excellent color rendering properties

Disadvantages of tungsten halogen lamps
— low luminous efficacy
— surface temperature is high
— lamp life and other characteristics are stronglyeledent on the supply
voltage
Tips
Consider the choice of a halogen lamp if you need:
— instant switch on and instant full light
— excellent color rendering
— easy dimming
— frequent switching and, or short on-period
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— directional light
— compact size of the light source.

Fluorescent lamps

A fluorescent lamp is a low-pressure gas dischaligat source, in which light is produced
predominantly by fluorescent powders activated kyawiolet radiation generated by discharge in
mercury. The lamp, usually in the form of a longbtdar bulb with an electrode at each end,
contains mercury vapour at low pressure with a $rmalount of inert gas for starting. The majority
of the emission (95%) takes place in the ultravidldV) region and the wavelengths of the main
emission peaks are 254 nm and 185 nm. Hence, ther&él¥ation is converted into light by a
phosphor layer on the inside of the tube. Since tlV-photon generates only one visible photon,
65% of the initial photon energy is lost as disgipa heat. On the other hand, the final spectral
distribution of emitted light can be varied by difent combinations of phosphors. Correlated color
temperatures (CCT) vary from 2700 K (warm white)da®b00 K (daylight) up to 17 000 K and
color rendering indices (CRI) from 50 to 95 are #able. The luminous efficacy of the latest T5
fluorescent lamp is up to 100 Im/W (without balldagsses). Dimming is possible down to 1% of the
normal luminous flux, and with special high voltagelse circuits down to 0.01%.

light \\\\\\ ‘ ////// g\éiation

y
phosphor S
. . ' 79 ) - 5
Coatlng .\"’g‘ 5 o o— OO — %
¢/ © OQ 09—

Hg Electron electrode

Figure 5-3. Operation principle of a fluorescent lamp.

Fluorescent lamps display negative voltage-curaracteristics, requiring a device to limit the
lamp current. Otherwise the ever-increasing curreaiuld destroy the lamp. Pure magnetic
(inductive) ballast needs an additional startingneént such as a glow switch. Electronic control
gear incorporates all the equipment necessary fartisg and operating a fluorescent lamp.
Compared to conventional magnetic ballasts whickrafe lamps at a line frequency of 50 Hz (or
60 Hz), electronic ballasts generate high frequetiyents, most commonly in the range of 25-50
kHz. High frequency operation reduces the ballassés and also makes the discharge itself more
effective. Other advantages of the electronic Islare that the light is flicker-free and therghe
opportunity of using dimming devices.

Advantages of fluorescent lamps
— inexpensive
— good luminous efficacy
— long lamp life, 10 000 — 16 000 h
— large variety of CCT and CRI

Disadvantages of fluorescent lamps
— ambient temperature affects the switch-on and l@ltput
— need of auxiliary ballast and starter or electrdmatlast
— light output depreciates with age
— contain mercury
— short burning cycles shorten lamp life
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The linear fluorescent lamps have enhanced their
performance and efficacy with time. From the oldilky
T12, passing through T8, to the present T5 lampsamdy
the diameter is reduced. The T5 has a very goodronos
T12~38mm |q /\ .| efficacy (100 Im/W), the same lamp surface luminaraor
different lamp powers (some lamps), and optimal
operating point at higher ambient temperature. amps
are shorter than the correspondent T8 lamps, aeyltieed
electronic ballasts. Dedicated luminaries for Tz may
reach a better light output ratio (LOR), as the fam
diameter is smaller thus allowing the light to keirected
in a more effective way.

T8 ~ 26 mm
T5~16 mm

Figure 5-4. Comparison of tube diameter
of different fluorescent lamps.

The performance of a fluorescent lamp is sensitvéhe ambient temperature. TS5 lamps perform
best at the ambient temperature of 35°C, and T8kauat 25°C. A temperature of 35°C inside the
luminaire is more realistic for indoor installatien There are also amalgam lamps whose
performance varies less with the temperature.

Tips

— lIdeal for general lighting in most working placemdluding shops,
hospitals, open spaces, etc.), but also in somdeatal applications

— The choice of the lamp is always related to the lagpion. Always
consider the correlated color temperature and therecendering index.

— Halophosphate lamps have very poor light qualityd amill become
obsolete. (Fluorescent lamps without integratedasalshall have a color
rendering index of at least 80 (EC 245/2009)

— The five-phosphor lamps, with their excellent coloendering, are
particularly suitable in art galleries, shops, andseums but have lower
luminous efficacy than the corresponding triphosplamps.

— By using lamps of different CCT in the same lumimaiand proper
dimming, it is possible to have dynamic light, weehe color is selected
by the user by reproducing preset cycles (e.g.rduday)

— Caorrect disposal of these light sources, which aontmercury, is very
important

— As some T5 lamp types have the same luminance ifterént powers, it
Is very easy to build "continuous lines".

Compact fluorescent lamps (CFL)

The CFL is a compact variant of the fluorescent panthe overall length is shortened and the
tubular discharge tube is often folded into twosi® fingersor a spiral. For a direct replacement of

tungsten filament lamps, such compact lamps arappega with internal ballasts and screw or

bayonet caps. There are also pin base CFLs, whaeltlran external ballast and starter for operation.
The luminous efficacy of CFL is about four timesghier than that of incandescent lamps.

Therefore, it is possible to save energy and costighting by replacing incandescent lamps with

CFLs.

Today, CFLs are available with:

— different shapes, with bare tubes or with an exa¢envelope (look alike
for incandescent lamp)
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— different CCT (warm white, cool white)
— instant ignition (some)

— diminished sensitivity to rapid cycles
— dimmable (some)

Advantages of compact fluorescent lamps
— good luminous efficacy
— long lamp life (6000-12 000 h)
— the reduced cooling loads when replacing incaneieslamps

Disadvantages of compact fluorescent lamps
— expensive
— E-27 based are not dimmable (apart from special etg)d
— light output depreciates with age
— short burning cycles shorten lamp life
— the current waveform of CFLs with internal electroballast is distorted
— contain mercury

Figure 5-5. Different types of Compact fluorescent lamps.

Tips

— The advantage of pin base lamps is that it is gussio replace the burnt
lamp while keeping the ballast in place

— A physical limit of the CFLs is that a really insth ignition is
incompatible with long life

— CFLs are ideal for situations in which long burnitignes are expected

— Care should be taken in the choice of the propetihaire. It is very easy
to unscrew a traditional incandescent lamp andaegplit with a screw
based CFL, but the result may be unsatisfying. Tikibecause how the
light is distributed around the CFL is very differe compared to
traditional incandescent lamps.
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High Intensity Discharge lamps (High Pressure)

Without any temperature limitations (e.g. meltingimt of tungsten) it is possible to use gas
discharges (plasmas) to generate optical radiatigniike thermal solid sources with continuous
spectral emission, radiation from the gas discharggurs predominantly in form of single spectral
lines. These lines may be used directly or afteectal conversion by phosphors for emission of
light. Discharge lamps generate light of differematior quality, according to how the spectral lines
are distributed in the visible range. To preventaway current and ensure stable operation from a
constant voltage supply, the negative current-gsdtaharacteristics of gas discharge lamps must be
counterbalanced by a circuit element such as coimweal magnetic or electronic ballasts. In all
cases, higher voltages are needed for ignitingliseharge.

The power conversion per unit volume in high pressarc discharge lamps is 100 to 1000 times
higher than that of low pressure lamps, which leadsconsiderable thermal loadings on the
discharge tube walls. The wall temperatures maynbiie region of 1000°C. The discharge tubes
are typically made of quartz or PCA (polycrystadlisintered alumina: AD3). The arc discharge is
provided with electrical power via tungsten pin@®des. In most cases the main constituent of the
plasma is mercury. To reach operating pressures-td bars, the vaporization of filling materials
requires a warm-up time of up to 5 minutes aftamifgpn. For starting high pressure lamps (except
mercury lamps) superimposed pulses of some kVs fexternal ignition circuits or internal
ferroelectric capacitors are used. An immediatstagt after short power break demands voltages of
more than 20 kV. Many types of high pressure disgedamps can not be dimmed, others only in a
power range of 50% to 100%.

Mercury Lamps

In mercury lamp light is produced with electric cent passing through mercury vapour. An arc
discharge in mercury vapour at a pressure of al#obars emits five strong spectral lines in the
visible wavelengths at 404.7 nm, 435.8 nm, 546.], Bit¥ nm and 579 nm. The red-gap is filled up
by a phosphor-layer at the outer bulb. Typical wsdwf these lamps are luminous efficacy 40-60
Im/W, CRI between 40 and 60 and CCT 4000 K. Thedife is 12 000 h.

Mercury lamps will be banned from European markieza2015. (EC 245/2009)

Metal halide lamps

To increase the luminous efficacy and CRI of meychaigh pressure lamps, it is useful to add
mixtures of metal components to the filling of tkescharge tube. These additives emit their own
line spectra in the arc discharge, leading to anremus diversity of light color. For sufficient
vapour pressure, it is better to use metal hali(@snpounds with iodine or bromine) instead of
elemental metals. When the vapour enters the heghperature region of the discharge, molecules
dissociate, metal atoms are excited and radiasemitted.

The applications of metal halide lamps reach frolactic torches (10 W miniature variants) to

diverse purposes in indoor and outdoor lighting thages up to 20 kW). The lamps are available
with luminous efficacy typically from 50 to 100 I'w, CCT value from 3000 to 6000 K and CRI

from 70 to over 90. The lamp life is typically fro8000 h to 12 000 h.

Advantages of metal halide lamps
— Good luminous efficacy
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— Alternatives with good color rendering available
— Different color temperatures available.

Disadvantages of metal halide lamps
— Expensive
— Starting and re-starting time 2-5 min
— Differences in CCT between individual lamps and n@@s of CCT
during burning hours. These differences are muacuced with ceramic
metal halide lamps.

Figure 5-6. Metal halide lamps, nominal power from left 150 ¥00 W, 75 W and 70 W.

High pressure sodium lamps

In a high pressure sodium lamp light is producedsbgium vapour, the gas pressure being about 15
kPa. The golden-yellowish emission spectrum applewide parts of the visible area. The CRI is
low (= 20), but the luminous efficacy is high. The mostnemon application today is in street and
road lighting. Luminous efficacy of the lamps is-800 Im/W, and lamp life is 12 000 h (16 000 h).
The CCT is 2000 K.

An improvement of the CRI is possible by pulse a@n or elevated pressure but this reduces the
luminous efficacy. Color improved high pressure isod lamps have CRI of about 65 and white
high pressure sodium lamps of more than 80. Th&liT@s 2200 and 2700, respectively.

Advantages of high pressure sodium lamp
— very good luminous efficacy
— long lamp life (12 000 h or 16 000 h)
— high luminous flux from one unit for street and arigghting
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Disadvantages of high pressure sodium lamp
— low CCT, about 2200 K
— low CRI, about 20 (color improved 65, white 80)
— starting and re-starting time 2-5 min

Figure 5-7. High pressure sodium lamps, elliptical bulb 100 WHa250 W, tubular bulb 250 W and white high pressur
sodium 100 W.

Electrodeless lamps

The burning time of discharge lamps is normally ii@d by abrasion of electrodes. It is possible to
avoid this by feeding electrical power into the cliarge inductively or capacitively. Although the
principles of electrodeless lamp have been undedsfor over a hundred years, electrodeless lamps
were not introduced into the commercial market uthté past decades. The main reasons were the
lack of reliable and low cost electronics, and alamce of electromagnetic interferences. With the
great development in electronics and consequenthpduction of electronic ballasts, the electrode-
less lamp has become ready to be introduced to cermiad market for the general purpose lighting.

Induction lamp

The induction electrode-less fluorescent lamp isdamentally different from the traditional
discharge lamps, which employ electrodes as elactource. The operating frequency of induction
lamp is usually in the range of hundreds of kHztéms of MHz. A special generator or ballast is
needed to provide high frequency power. Without#ledes, energy coupling coils are needed for
the energy coupling into the plasma. A long lanfp lknd good lumen maintenance can be achieved
with these lamps because of the absence of eleesrothe filling of the discharge vessel consists of
mercury (amalgam) and low pressure krypton. Likdliorescent lamps, the primary emission (in
UV-region) is transformed with a phosphor coatimgoi visible radiation. Typical parameters are:
lamp wattages 55-165 W, luminous efficacy of sysse®®-80 Im/W, CCT 2700-4000 K, CRI 80.
The long lamp life of even 100 000 h is useful fapplications in inaccessible locations (road
tunnels, factory halls).

Compact fluorescent lamps (electrodeless)

Some models of CFLs are electrodeless lamps. Téwantages over common CFLs are instant
switching and good performance with switching cycle
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5.2.4  Auxiliaries

Energy efficiency of the lighting system depends paly to the luminous efficacy of lamps but
also on the efficiency of the auxiliary equipmemhis equipment include ballasts, starters, dimmers
and transformers.

Ballasts

Ballast providing a controlled current to the lamigsan essential component of any discharge
lighting system. The amount of energy lost in thalésts can be reduced considerably by using
efficient ballasts. European Directive 2000/55/E€idks ballasts into six categories shown in the
Table 5-3. Several types of ballasts are excludethfthe directive:

— ballasts integrated in lamps,

— ballasts designed specifically for luminaries to imeunted in furniture
and which form a non-replaceable part of the lumies and which
cannot be tested separately from the luminaries,

— ballasts to be exported from the Community, eitagma single component
or incorporated in luminaries.

Table 5-3.Ballast Categories(EC 55/2000)

Category Description

Ballast for linear lamp type

Ballast for compact 2 tubes lamp type
Ballast for compact 4 tubes flat lamp type
Ballast for compact 4 tubes lamp type
Ballast for compact 6 tubes lamp type
Ballast for compact 2 D lamp type

OO (WIN(F

The purpose of the directive is to achieve coseefifre energy savings in fluorescent lighting,

which would not otherwise be achieved with otherasres. Therefore, the maximum input powers
of ballast-lamp circuits are given in Annex Il ¢iie ballast Directive (EC 55/2000). Manufacturers
of ballasts are responsible for establishing thev@oconsumption of each ballasts according to the
procedures specified in the European Standard E2X0SQEN 1998).
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Table 5-4. Examples of the maximum input power of ballast-lasinpuits (phase two)(EC 55/2000)

Ballast Lamp power Maximum input power
category 50 Hz HF of ballast-lamp
1 15w 13,5W 23 W
70w 60 W 80w
2 18w 16w 26 W
36 W 32W 43 W
5 18w 16w 26 W
26 W 24 W 34w
6 now 9w 16w
38W 34W 45 W

The Directive 2000/55/EC aims at reducing the egecgnsumption of ballasts for fluorescent
lamps by moving gradually away from the less e#iti ballasts towards more efficient ones. The
ballast, however, is only one part of the energynsamption equation. The energy efficiency of
fluorescent lamps lighting systems depends on thrahkination of the ballast and the lamp. As a
consequence, the Federation of National ManufacsurAssociations for Luminaries and
Electrotechnical Components for Luminaries in theré&pean Union (CELMA) has found it
necessary to develop a ballast classification sgdiased on this combination (CELMA 2007)

The European Ballasts manufacturers, represente@€EbhMA, have adopted the scheme of
classification of ballasts defined by CELMA sinc®39. As a consequence, all ballasts falling
under the scope of the 2000/55/EC Directive arekmdmwith the pertinent Energy Efficiency Index
EEI (voluntary) printed in the label or stated metdata sheets.

There are seven classes of efficiency. Every clasgefined by a limiting value of the total input
power related to the corresponding ballast lumectdaBLF (1.00 for high frequency operated
ballasts and 0.95 for magnetic ballasts). The dasse listed bellow:
— Class D: magnetic ballasts with very high lossesddntinued since
2002)
— Class C: magnetic ballasts with moderate lossex(dtitinued since
2005)
— Class B2: magnetic ballasts with low losses
— Class B1: magnetic ballasts with very low losses
— Class A3: electronic ballasts
— Class A2: electronic ballasts with reduced losses
— Class Al: dimmable electronic ballasts

Dimmable ballasts are classified as Al if they iiutfie following requirements:
— At 100% light output setting the ballast fulfils dast the demands
belonging to A3
— At 25% light output the total input power is equal or less than 50% of
the power at the 100% light output
— The ballast must be able to reduce the light output0% or less of the
maximum light output

Electronic ballasts complying with CELMA energy eiency scheme classes Al and A2 are the
major power savers. They can even reduce the pa@arsumption of ballast-lamp circuits to less

than the rated power of the lamp at 50Hz. Thisasiged by the increased lamp efficiency at high
frequencies (>20 kHz), leading to about 10% redutif lamp power and a decrease of the ballast
losses.
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The European Standard EN 50294 (EN 1998) definesnieasuring methods for the total input
power of the ballast-lamp system. On the basishef standard CELMA has defined energy classes
and limit values for the ballast-lamp combinatiohtbe most common fluorescent lamps (details
are given in annexes to the CELMA guide (CELMA 2007 an example of class description in
Table 5-5. The EEI system comprises the followiamp types:

— Tubular fluorescent lamps T8

— Compact fluorescent lamps TC-L

— Compact fluorescent lamps TC-D

— Compact fluorescent lamps TC-T

— Compact fluorescent lamps TC-DD

Table 5-5. An example of the EEI class description system pd®&LMA 2007)

Lamp | Lamp power Class
type

50Hz HF A1" A2 A3 Bl B2 C D
T8 15W 135W 9w 16W 18 W 21W 23 W 25W >25W
70w 60 W 36 W 68 W 72W 77TW 80 W 83w >83 W

*at 25% light output

Comparison of the electro-magnetic-ballasts and@&t®nic ballasts

Electro-magnetic ballast produces a number of negaide-effects, such as:

— They operate at the 50 or 60Hz frequency of the vdltage. This means
that each lamp switches on and off 100 or 120 tipessecond, resulting
in a possibly perceptible flicker and a noticeablem,

— Operating at 50 or 60 Hz may cause a stroboscoffecewith rotating
machinery at speeds that are a multiples of thosguencies,

— They can give off excessive EMF (Electro-Magnetiel&s).

Advantages of the electronic ballasts:

— They operate at about 25 kHz. High frequency openrateliminates
flicker and hum, removing any associated healthoeons.

— They are lightweight

— They generate very little heat

— They have better energy efficiency using 25-309% lesergy.

— They can be built dimmable, enabling users to adjight levels to
personal needs resulting in energy savings.

The positive features of electromagnetic ballasts tihat they are very robust and have long
lifetime. The material recovery from them in thedeof-life is relatively easy and valuable metals
can be recycled, while electronic ballasts are nabffecult to recycle.

Transformers

Halogen lamps are available with low voltage rating transformer is needed to provide voltage
supply from either 110 V AC or 230 V AC mains todltamps. Transformers are generally available
with power ratings from 50 to 300 W. The transfommused in a low voltage lighting system may
be either electronic or magnetic. Tké&ctronictransformer ET represents an alternative means of
power conversion to the more standard iron cordkypand heavy transformer operating at 50/60
Hz. The advantages of the electronic transformempgared with the classical solution are
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(Radiolocman 2007):
— The output power from the electronic transformerth@ lamp can be
varied, thus dimming control can be added.
— It is possible to include protection against shoitcuit of the lamp
filament.
— Weight can be reduced and the construction madesroompact.
— Acoustic noise (mains hum) is eliminated.

The topology of the transformer circuit is the das half-bridge. The control circuit could be
realised using an IC (fixing the operating frequgncbut there is a more economical solution
(Radiolocman 2007, Fichera and Scollo 1999) whiohsists of a self-oscillating circuit where the
two transistors are driven in opposing phase bylfeek from the output circuit. As the capacitor at
the input of the circuit is relatively small, therg little deformation of the input current wavefor
However, this type of circuit generates a certaimoaint of electro-magnetic interference, due to the
high frequency source that feeds the resonant m&twidhus, a suitable filter must be inserted in the
circuit before the rectifier bridge to prevent thigerference being fed back to the mains. Another
solution (Lianget al. 2006) might be piezoelectric ceramic transformeéhis is a new kind of
electronic transformer which has low electromagnatiterference, high power density, high
transfer efficiency. It is small in size and ligim weight and makes no noise.

The disadvantage of these transformers is that taeip currents are rectangular in shape, leading
to generation of high electromagnetic noise andréased transformer core losses. The new
constructions solve these problems. An exampleuchssolution is an electronic transformer using
class-D zero-voltage-switching (ZVS) inverter (3eaeeamornkulet al. 2003) giving near
sinusoidal lamp current. The experimental resultefa 50 W/12 V prototype show that efficiency
is greater than 92% with unity power factor. Moreoythe dimming possibility and controlled
starting current can be achieved by simply incregdhe switching frequency without increasing
the switching losses. The wattage rating (Farin@Qdf the electronic transformer or of the toroidal
magnetic transformer should always be equal to r@ater than the total wattage of the lighting
system, but if a conventional EI magnetic transfernftransformer with a magnetic core shaped
like the letters E and |) is used, then the maximwattage of the lighting system may be equal to
but not greater than 80% of the wattage ratinghaf tonventional EI magnetic transformer.

Transformers usually have a minimum wattage (F&98) which they must power before they
work. For example, it is not uncommon for a 60 Weeronic transformer to require there to be at
least 10 W of lighting load and if there is only\satts of lighting load connected, the lighting

system will not work. Low voltage lighting systemsquire thicker wires due to higher currents. For
example, a 300 W lighting system operating at 123és a 25 A current on the low-voltage side of
the transformer, whereas this same transformer beayowered by 230 V and 1.3 A current on the
line voltage side of the transformer.

An AC (alternating current) electronic transforms#rould not be placed further than 3 m (10 feet)
from the lighting system in order to avoid lower ltages (voltage drop) and consequently lower
luminous flux. Also, the longer the distance frommetAC electronic transformer to the lighting
system, the greater the chance that it might creatko frequency interference (RFI) with other
electronic components in the area. A DC (directrent) electronic transformer may be placed up to
about 16 m (50 feet) from the lighting system. TDE output significantly reduces radio frequency
interference (RFI) and virtually eliminates the pilslity of voltage drop (the drop in voltage ovar
long circuit).

109



5 LIGHTING TECHNOLOGIES

Starters

Starters are used in several types of fluorescamipls. When voltage is applied to the fluorescent
lamp, the starter (which is a timed switch) alloagrrent to flow through the filaments at the ends
of the tube. The current causes the starter's ctsta heat up and open, thus interrupting the flow
of current. The lamp is then switched on. Since #re discharge has low resistance (in fact
negative voltage-current characteristics), thedstlserves as a current limiter. Preheat fluorescen
lamps use a combination of filament/cathode at eaod of the lamp in conjunction with a
mechanical or automatic switch that initially comte the filaments in series with the ballast and
thereby preheat the filaments prior to striking thie. These systems are standard equipment in
countries with voltage level of 230 V (and in coues with voltage level 110 V with lamps up to
about 30 watts), and generally use a glow stafgégctronic starters are also sometimes used with
these electromagnetic ballasts.

The automatic glow starter consists of a small desharge tube, containing neon and/or argon and
fitted with a bi-metallic electrode. When startiige lamp, a glow discharge will appear over the
electrodes of the starter. This glow discharge adlat the gas in the starter and cause the bi-
metallic electrode to bend towards the other etsdgr When the electrodes touch, the two filaments
of the fluorescent lamp and the ballast will effieely be switched in series to the supply voltage.
This causes the filaments to glow and emit electrorio the gas column. In the starter's tube, the
touching electrodes have stopped the glow dischargesing the gas to cool down again. The
starter additionally has a capacitor wired in phaldio its gas-discharge tube, in order to proldhg
electrode life. While all starters are physicallyterchangeable, the wattage rating of the starter
should be matched to the wattage rating of theriisoent tubes for reliable operation and long life.
The tube strike is reliable in these systems, Hotwgstarters will often cycle a few times before
letting the tube stay lit, which causes undesirdlashing during starting.

If the tube fails to strike or strikes but then eguishes, the starting sequence is repeated. With
automated starters such as glow starters, a fatlilg will cycle endlessly, flashing as the lamp
quickly goes out because emission is insufficienkéep the lamp current high enough to keep the
glow starter open. This causes flickering, and rtimes ballast at above design temperature. Some
more advanced starters time out in this situatiod do not attempt repeated starts until power is
reset. In some cases, a high voltage is appliedctly. Instant start fluorescent tubes simply use a
high enough voltage to break down the gas and migrcalumn and thereby start arc conduction.
These tubes can be identified by a single pin atheand of the tube. Low-cost lamps with
integrated electronic ballast use this mode eveit ieduces lamps life. The rapid start ballast
designs provide filament power windings within thellast. They rapidly and continuously warm
the filaments/cathodes using low-voltage AC. Nountive voltage spike is produced for starting,
so the lamps must be mounted near a grounded @riteflector to allow the glow discharge to
propagate through the tube and initiate the arclthsge. In some lamps starting aid strip of
grounded metal is attached to the outside of thegalass.

Dimming
Dimmers are devices used to vary the luminous fidxncandescent lamps. By adjusting the root
mean square (RMS) voltage and hence the mean ptovéine lamp it is possible to vary the

intensity of the light output. Small domestic dimmeere generally manually controlled, although
remote control systems are available.

Modern dimmers are built from silicon-controlledctéiers (SCR) instead of potentiometers or
variable resistors because they have higher effyyeA variable resistor would dissipate power by

110



5 LIGHTING TECHNOLOGIES

heat (efficiency as low as 0.5). Theoretically hcsin-controlled rectifier dimmer does not heat up,
but by switching on and off 100/120 times a secahd; not 100% efficient. Dimming light output
to 25%, reduces electricity consumption only 20%gcéuse of the losses in the rectifier. Using
CFLs in dimmer circuit can cause problems for CFuich are not designed for this additional
turning on and off of a switch 100/120 times pecsed.

Fluorescent lamp luminaires cannot be connectatidssame dimmer switch used for incandescent
lamps. There are two reasons for this, the firsthat the waveform of the voltage of a standard
phase-control dimmer interacts badly with many tyjoé ballast, and the second is that it becomes
difficult to sustain an arc in the fluorescent tudielow power levels. Dimming installations require
4-pin fluorescent lamps and compatible dimming &sti. These systems keep the cathodes of the
fluorescent tube fully heated even though the ancent is reduced. There are CFLs available that
work also in a dimmer circuit. These CFLs have Agin the lamp base.

5.3 Solid-state lighting
5.3.1 Light-emitting diodes (LEDS)

Solid-state lighting (SSL) is commonly referring tmghting with light-emitting diodes (LED),
organic light-emitting diodes (OLED) and light-etmitg polymers (LEP). At the moment there is
still no official definition for solid-state lightig, the expression “solid-state” refers to the
semiconductor crystal where charge carriers (ebestiand holes) are flowing and originate photons
(i.e., light) after radiative recombinations.

Operation principle and light generation

An LED is ap-njunction semiconductor which emits light spontansly directly from an external
electric field (electroluminescence effect). LEDsnk similarly to a semiconductor diode, allowing
current flow in one direction only. The diode sttuce is formed by bringingp- and n-type
semiconductor materials together in order to formp-a junction. P-type material is obtained by
doping an intrinsic semiconductor material with eptor impurities resulting in an excess of
positive charges (holes). To produce an N-type senmductor, donor impurities are used to create
an excess of negative charges (electrons). glad n materials will naturally form a depletion
region at the junction, which is composed of iordza&cceptors in the-side and ionized donors in
the n-side forming a potential barrier at the junctiorhe applied external electric field across the
junction will allow electrons in the conduction b&ywhich are more mobile carriers than holes, to
gain enough energy to cross the gap and recombitie holes on the other side of the junction
emitting a photon as a result of the decrease iergy from the conduction to the valence band
(radiative recombination).

Although radiative transitions can also occur imlirect bandgap semiconductors, their probability
is significantly lower than in direct bandgap seonductors. Radiative recombinations are
characteristic for direct bandgap semiconductoiser&fore, direct bandgap semiconductor alloys
are commonly used in optoelectronic devices suchL&PDs, where the highest radiative
recombination rates are a desirable feature. Exampf direct bandgap semiconductors that have
bandgap energies within the visible spectrum areaty alloys composed of elements in the groups
Il and V of the periodic table (e.g., InP, GaA$N, GaN, and AIN). The present high-brightness
LED-industry is based on ternary and quaternargyalcontaining a mixture of aluminum (Al),
gallium (Ga), and/or indium (In) cations and eittware of arsenic (As), phosphorus (P), or nitrogen
(N) anions. The three main relevant material systefor LEDs are AlGaAs, AlGalnP, and
AllnGaN. For each of these systems bandgap engimgé& used during the epitaxial growth of the
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semiconductor wafers to create heterostructuresaiearequired for high levels of carrier injection
and efficient radiative recombination. (Zukausk3kur et al. 2002)

Theoretically, it is possible that all free eleatinjected into the active region of recombine to
create a photon. This suggests the high energgieffcy potential of LEDs. This energy efficiency
potential is referred to as radiant or wall-pludigency 7., and defined as the ratio between the
total emitted radiated power and the total poweavan from the power source. The radiant or wall-
plug efficiency of an LED depends on several inldrmechanisms regulating light generation and
emission processes in the semiconductor and LECkage These mechanisms are commonly
characterised by their efficiencies, commonly reddrto as feeding efficiency, external quantum
efficiency 77ex, injection efficiencyriy, radiative efficiency or internal quantum efficien/..q and
optical efficiency or light-extraction efficiencyop. (Zukauskas, Shur et al. 2002).

/73: ”extxnf (5'1)
s = holqV (5-2)
Mext= Tinj * rad * Topt (5-3)

Luminous efficacyp, is obtained by multiplying the radiant efficiencwith the luminous
coefficientKp,.

My = 11> Km (5-4)

The best red AlinGaP LED and blue InGaN LEDs candaternal quantum efficiencies reaching
almost 100% and 50%, respectively (Steigerwald, tB¥taal. 2002). To achieve external quantum
efficiencies of such magnitudes, the light extranthas to be improved. One of the main challenges
faced by the industry to allow the more photonsescape from the LED chip without getting
absorbed by the surrounding structure (i.e., exiac efficiency) (Navigant Consulting Inc.,
Radcliffe Advisors et al. 2009).

The history of commercially available LEDs startiedthe early 1960°s with the first red LED with
peak emission at 650 nm (Holonyak, Bevacqua 1982e semiconductor material utilised was
GaAsP (Gallium Arsenide Phosphide). The typical powonsumption of these red LEDs would be
typically around 0.1 W, emitting 0.01 Im resulting 0.1 Im/W luminous efficacy (Humphreys
2008). The price was 260 $ and price per lumen ad@6000 $. Since then, the LEDs have
developed fast over the past four decades. Mod&D tomponents cover peak wavelength regions
from the ultraviolet to the infrared region. Alin®aare today the chosen semiconductor material
system to realise LEDs with spectral emission froed to yellow region of the visible spectrum.
AllnGaN materials usually cover the wavelength mgibetween green and ultraviolet. Colored
LEDs are characterised by narrow spectral emisgiaiiles. This characteristic is defined by the
full spectral bandwidth at half magnitude (FWHM)uadly around 15 nm to 60 nm (Zukauskas,
Shur et al. 2002).

White LEDs can be realised by mixing the emissidrdifferent colored LEDs or by the utilisation
of phosphors. Phosphor-converted white LEDs arallgibased on blue or ultraviolet LEDs. The
white light results from the combination of the prary blue or ultraviolet emission and the partially
downward-converted emission created by specific sphor layer or layers located over the
semiconductor chip. (Kim, Jeon et al. 2004, Nakaaptiasol 1997)

Depending on the properties of the phosphor layedayers utilised, white light of different
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gualities can be realised. The typical spectrumgleosphor-converted warm- and cool-white LEDs
at CCTs of 3000K and 7000K, respectively are shawthe Figure 5-8.
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Figure 5-8. Typical spectral power distribution curves for plpt®r-converted warm- and cool-white LEDs at 3000K
and 7000K CCT, respectively.

Color-mixing by combining the emission of differecwlored LEDs is another approach to provide
white light. Usually only two colored LEDs are nestlto produce white light. However, to achieve
high color rendering properties, at least threeooedl LEDs are usually required. Figure 5-9

represents the main approaches to create whité ligh
LED LED LED

Phosphor conversion Color-mixing

i)

o)
?)

Yellow

*

phosphor

o

Blue LED

Figure 5-9. Schematic representation of the two main approadbeseate white light using LEDs.

LED characterization

Optoelectronic devices such as LEDs are commonératterised by optical, electrical and thermal
parameters as schematically shown in Figure 5-10.
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Figure 5-10. Schematic representation of the main parametersiatatactions, which characterise the operationeof
LED.

Electrically, an LED is characterised by its forwacurrent (F) and forward voltage (M. Due to
their typical I-V curve, representing the forwardroent as a function of the forward voltage, LEDs
are called current-controlled devices. Along witketl-V curve, LED manufacturers provide the
nominal and maximum forward currents and voltagethe devices in their datasheets.

Several parameters are used to characterise LEDsatip. The main parameters depending on the
LED type (i.e., colored or white LED) are the spedtpower distribution (SPD), spatial light
distribution, viewing angle, color rendering indéXRI), correlated color temperature (CCT), peak
wavelength, dominant wavelength, luminous flux, laous intensity and luminous efficacy. The
electrical and optical performance of an LED isanelated with its thermal characteristics. Due to
the inefficiencies resulting from the imperfectiomsthe semiconductor and in the LED package
structure heat losses are generated. These lossestb be removed from the device in order to
keep thep-n junction operation temperature below the maximulfoveed value and avoid
premature or catastrophic failure of the devicee ieat losses are firstly conducted to the exterior
of the LED package throughout an included heat shNgxt, the heat is realised to the ambient
throughout convention and radiation. In some amgtlans the utilisation of an exterior cooling
system such as a heatsink is required to facilitatereleased of the heat to the ambient. Thus, the
main parameter characterising the thermal perfoceari an LED is the thermal resistance between
the p-n junction and the soldering-point. The variation @ junction temperature of the LED
influences the optical and electrical properties.

Other important parameters characterising LED oj@mnaare the temperature coefficient of the
forward voltage and the dominant wavelength tempeeacoefficient, given respectively by m\@
and nmfC. These coefficients show the interdependence éetwoptical, thermal and electrical
parameters. These parameters are responsible ficab@mnd spectral dissimilarities between
different LED types. AlinGaP LEDs (e.g., red, amlzerd yellow) are more sensitive to junction
temperature variations than InGaN-based LEDs (élgie, cyan, green and phosphor-converted
white). These thermal behaviour dissimilarities sepresented in Figure 5-11.
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Figure 5-11. Influence of the junction temperature;{Dn the light output and spectral power distriborni of AlinGaP
and InGaN-based LEDs.

The operation temperature of tpen junction influences the optical and electrical chaeristics of

an LED. Therefore thermal management is an impaérdapect to be taken into account at an early
design stage of LED engines. An LED is often mouht circuit board which is attached to a
heatsink. The simplified thermal model circuit atiee main equations are shown in Figure 5-12.,
where Rthya, Rthys Rthsp, Rthba represent the thermal resistances betwpenjunction and the
ambientp-njunction and soldering point, soldering point goldte, plate and ambient, respectively,
An LED luminaire will need, also, external opticecha driver.
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Figure 5-12. Simplified thermal model circuit of a LED placed arPCB.

The conversion efficiencies of incandescent andridscent lamps are limited by fundamental laws
of physics. A black body radiator with a temperawaf 2800 K radiates most of its energy in the
infrared part of the spectrum. Therefore, only ab®% of the radiation of an incandescent lamp is
emitted in the visible spectrum. Mercury dischafea fluorescent lamp occurs mainly at a UV-
wavelength of 254 nm. When UV-radiation is convdriato light with fluorescent powder, more
than a half of the energy is lost. A fluorescenniacan convert approximately 25% of the electrical
energy into radiant energy in the visible spectrum.

LED technology on the other hand does not haveigbtfthe fundamental laws of physics in a

similar fashion as the phosphor conversion in fesment lamps. Theoretically, it can achieve a
conversion efficiency of 100%. The luminous effigaaf a white light LED depends on the desired

wavelengths and color rendering index (CRI). Zukasset al. (2002) have calculated the optimal

boundaries for white light using two, three, fourdafive LEDs:

— 1,430 Im/W and CRI 3 using two LEDs
— 1, 366 Im/W and CRI 85 using three LEDs
— 1, 332 Im/W and CRI 98 using four LEDs
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— 12,324 Im/W and CRI 99 using five LEDs

Luminous efficacy of 400 Im/W is reachable with ¢ LEDs, but in that case the CRI will remain
under 50. Zukauskast al. (2008) have also shown that using phosphor-coedenthite LEDs good
color rendering can be attained at different cotemperatures, while maintaining luminous
efficacies relatively high (i.e., 250 to 280 Im/Wkuture lighting systems will require more
intelligent features. In this regard LED-based tigly systems have an important advantage due to
their easy controllability. Intelligent features mbined with the inherent high energy-saving
potential of LEDs will be an unbeatable combinatiora wide range of applications.

Advantages of LEDs:

— Small size (heat sink can be large)

— Physically robust

— Long lifetime expectancy (with proper thermal maaagent)

— Switching has no effect on life, very short rismg

— Contains no mercury

— Excellent low ambient temperature operation

— High luminous efficacy (LEDs are developing fastdatheir range of
luminous efficacies is wide)

— New luminaire design possibilities

— Possibility to change colors

— No optical heat on radiation

Disadvantages of LEDs:

— High price

— Low luminous flux / package

— CRI can be low

— Risk of glare due to high output with small lamgzsi
— Need for thermal management

— Lack of standardisation
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Figure 5-13.Examples of LEDs and LED modules.

5.3.2 OLEDs - Organic light-emitting diodes

Similarly to inorganic light-emitting diode, the ganic light-emitting diode (OLED) promises

highly efficient large area light sources.

Recent developments have reported luminous effésaof 90 Im/W at luminances of 1000 cd/m

with improved OLED structure combining a carefulljiosen emitter layer with high-refractive-
index substrates and outcoupling structure (Reinékedner et al. 2009). This efficacy level is

already very close to that of fluorescent lamps ethare the current benchmark for efficient and
high quality white light sources used in generghliing.

Hermetic encapsulation

Reflecting cathode

|
|
Transparent anode )'——l_

Transparent substrate

C] C] C]
Light
emission

Figure 5-14.Generic structure representation of an OLED.

‘ Organic emissive layer
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The basic materials of OLEDs are products of carbbamistry. Typically an OLED is composed
by one or several organic emissive materials sanded between two metal contacts (cathode and
anode) as shown in Figure 5-14. One of these caésithas to be transparent while the other has
reflective properties. Multi-layer-structures arepwsited onto transparent substrates like glass or
polycarbonate. Another essential difference is thatconduction properties of the materials do not
depend on doping as inorganic LEDs, but are instgdterent characteristics of the organic
molecule. White OLEDs have been made by piling ¢htkin layers, emitting the red, green and
blue light respectively. The special charactersti¢ OLEDs are:

— Light emission from large areas
— Simplicity of processing techniques
— Limited luminances (e.g. 1000 cdn

Applications range from lighting to flat-panel disys with high resolution. Transparent variants
(TOLEDs) may be integrated into car windshieldssimilar equipment to combine window and
display functions.

OLEDs are extremely thin with no restrictions oretsize or shape. The main advantages of OLED
technology are the simplicity of processing techugg, the availability of a wide range of organic
luminescent materials and emitted colors, and tlsspbility of producing large and flexible
surfaces. OLED technology has three specific chtaratics: transparency, flexibility and white-
light emission.

The energy efficiency potential of OLEDs is equdtligh as with inorganic LED technology. Both
technologies share similar problems such as thatively low external quantum efficiency.
Theoretically, internal quantum efficiencies close 100% are achievable by using phosphors.
However, to produce highly efficient devices, thdernal quantum efficiency has to be increased
by helping a larger fraction of the internally pnaced photons to escape to the exterior of the
device.

5.3.3 LED drivers

LEDs are making their entrance into the lightinglél using modern high-efficiency semiconductor
material compounds and structures. Solid-statetihgh (SSL), offers new possibilities and

advantages for the end-user. By using approprigtees, control strategy and LEDs, the qualitative
and guantitative aspects of the light can be fudbntrolled. Electronic drivers are indispensable
components for most LED systems and installatigks LED technology evolves, the possibilities
for new and more intelligent products increase dieenand for more specific features from the LED
drivers.

The LED chip has a maximum current density thatigtlonot be exceeded to avoid premature
failure. The cheapest and most basic way to drit#Ek is to use a constant voltage power supply
and a resistor in series with the LED to limit tbarrent flowing through it. The selected resistance
depends on the magnitude of the voltage sourgg)(\n the value of the LED’s forward voltage
and the forward current of the LED. However, thesusf limiting resistors is not desirable in
applications where reliability, accurate controldaalectrical efficiency are desired features. In
applications presenting small variations in the BQGpply voltage, the LED current will vary
considerably resulting in some cases in premataitare of the device.

Linear power supply (LPS) is an economical, simatel reliable way of driving LEDs. LPSs are
based on either integrated circuit (IC) linear rkegar or on bipolar junction or field effect
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transistors operating in the linear region. The rapien in the linear region is comparable to the
voltage-current characteristic of a resistor. The@est linear voltage regulator can be made from a
Zener diode operating in its breakdown region. TgbiDC/DC circuit stages of linear voltage and
current regulators are based on a commerciallylaibs 3-terminal adjustable ICs. LPSs are known
for their very low electromagnetic interference (BMTherefore, they do not require additional
filters. The low output ripple, excellent line ardad regulation and fast response times are also
important features. The main drawback is the heatImainly due to the operation of the linear
regulator and the resistors used in the voltagadeiv network. Off-line AC/DC linear power
supplies generally use transformers at the inpagetfollowed by the rectification and filtering
stages. The final stage includes a linear regulatoich is the key component in this type of power
supplies. Typical efficiency values range from 4@8055%, resulting in low power density and
bulky structure in most of the cases.

Switched-mode power supplies (SMPS) lack the maawthacks of linear power supplies and are
therefore the main solution to drive LEDs. Becal$eDs are DC components, just DC/DC and
AC/DC SMPS types are considered here. Efficiencypigally between 60 and 95%),
controllability, small size and low weight are th@nain advantages over the linear power supplies.
An SMPS can provide, if necessary, high currentg.(enore than 30A) at very low voltages (e.g.,
3V). Equivalent LPSs would be bulkier and heavigne main component of an SMPS is the power
switch. The power switch is basically a transistbat is used as an on/off switch. Typically, a
power switch should have low internal resistanceirmy the conduction time (i.e., on-time) and
high switching speed capability. The main lossesdue to switching and internal switch resistance
during the on-time.

In applications where the load voltage is higheartithe supply voltage, Boost DC/DC converters
offer a simple and effective solution. Boost LED\ars are often required when a string of several
series-connected LEDs are driven. In general, tbesb configuration provides greater efficiency
because of smaller duty cycle for a given outpuitage. Also, the conduction losses in the inductor
and other components are smaller. Buck, Buck-Bo@stk and Boost, are probably the most
common topologies found in SMTP LED drivers. Othepologies that allow isolated operation

such as Flyback and SEPIC (Single-Ended Primarydtahce Converter) are also used.

DC/DC Buck converters can provide simplicity, lowst and easy control. However, Buck-Boost
can be a more versatile solution when the inputage range overlaps the required output voltage.
SEPIC and Flyback topologies are useful in appiara where the output voltage falls between the
minimum and maximum input voltage. Additionally,eth provide full isolation between the input
and output stages. Though SEPIC topology outpersommequivalent Flyback topology in terms of
efficiency and EMI, Flyback topology continues te the most commonly used. One of the reasons
for this is the larger coupled-inductor size reguirby the SEPIC topology for operation in
continuous-current mode (CCM) at light loads.

The selection of the most appropriate topology tovel LEDs depends on the application
requirements (e.g., operation environment condgj@ystem input voltage, LEDs’ forward voltage,
number of LEDs and circuit array), standards andc#jcations. LED drivers intended for use in
commercial aircrafts or cars will have to be designaccording to specific standards and
requirements. To respond to the demanding apptioafieatures and requirements, practical
implementations make use of ICs or Application-Sfiedntegrated Circuits (ASIC) as switch
regulators or controllers.
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5.3.4 LED dimming and control

LEDs allow spectral, spatial and temporal contrbltlee light emitted. These features have been
unobtainable with conventional light sources. Cangntly, the emerging applications are bringing
important benefits to the lighting field. A majoyitof these applications require special control
features just achievable with intelligent batteradrivers. Intelligent drivers are usually basaual
ASICs switching microcontrollers which include praghmable flash memory (EEPROMS), several
on-chip Pulse-Width Modulation (PWM) controllers,DEs (analogue-to-digital converter) and
DACs (digital-to-analogue converter) channels.

Microcontroller-based LED drivers bring additiondlenefits such as operational flexibility,
efficiency, reliability, controllability and inteljence to the system. Microcontroller ICs provide a
long list of useful features such as built-in sefart, multi-channel from 8- to 64-bit DAC/ADC,
programmable input startup voltage, programmablgwcurrent range, shutdown mode, wide-
input-voltage range and short-circuit protectiomelfeatures also include thermal shutdown, multi-
PWM channels, possibility of synchronization witkternal clock, built-in switches, RAM, ROM,
and programmable flash memory (EEPROM) throughoatiad USART (Universal Serial
Asynchronous Receiver-Transmitter). In programmaivlierocontroller-based LED drivers the
processing speed is probably one of the most ingmirtaspects to be considered. The
microcontroller speed can limit the maximum switohpispeed and data acquisition in applications
processing information in real-time. The reasomekted to the full-cycle analyses of instructions
and the reading of variables. The reading speediven by Million of Instructions per Second
(MIPS) is a value provided in the datasheet.

In many LED applications, accurate and versatilenting of the light output is required. In
applications such as LCD backlighting, dimming paes brightness and contrast adjustment.
Dimming ratio or resolution is of paramount imparta, especially at low brightness levels where
the human eye perceives very small variations i@ light output. The LED is a current-driven
device whose light output and brightness are propoal to its forward current. Therefore, the two
most common ways of dimming LEDs utlize DC-curremontrol. One of the easiest
implementations makes use of a variable resistocdatrol the LED’s forward current. This
technique is commonly known as analogue dimmingwieer, voltage variations, power waste on
the variable resistor and color shift, make the lagae dimming method not suitable for more
demanding applications.

An alternative solution to analogue dimming is dégidimming which uses PWM of the forward
current. Dimming a LED digitally reduces signifidiythe color shift associated with analogue
dimming. Moreover, a LED achieves its best effiagmwhen driven at typical forward current level
specified by the manufacturer. Another advantage\WiM dimming over analogue dimming is that
a wider dimming range is possible. Ideally, with RAAdimming the LED current always stays at
nominal value during the on-time defined by theydaicle. By changing the duty cycle of the
PWM signal, the average LED current changes propoally. The selected PWM frequency should
be high enough to reduce or completely remove #rakg. Switching frequencies below 20 kHz
might result in acoustic noise, and below 100 He #ikely to cause visible flicker. Therefore,
special care has to be taken during the selectidheoperational switching frequency. However, a
trade-off has to be established between the outpple, the PWM resolution, the switching
frequency and the size of the inductor in ordeppiimize the overall operational performance of a
LED driver. High switching frequency will require small inductor size but the PWM resolution
will stay low. Low PWM resolution results in low erol accuracy and high output ripple.

In general, SMPS for LEDs operate in continuousdimtion mode (CCM) avoiding discontinuous

120



5 LIGHTING TECHNOLOGIES

conduction mode (DCM). The transition between th® tmodes defines the minimum duty cycle
value. The minimum duty cycle is a critical aspétterms of dimming resolution. Lighting control
protocols such as Digital Addressable Lighting hiee (DALI) and DMX512 use 256-step
dimming resolution. Such dimming resolution can dehieved with an 8-bit microcontroller. In
applications requiring high-dimming resolution sua$ in Digital Lighting Processing (DLP) and
Liquid Crystal Display (LCD) -based televisions, G dimming steps or more are required. In
RGB LED displays sophisticated LED drivers are negd to provide a high number of brightness
levels. The number of reproducible colors in thepday is proportional to the number of brightness
levels available for each of the RGB LEDs that malpea single pixel in the overall display.

For instance, in a 12-bit microcontroller-driven B&ED, one pixel is capable of reproducing 68.7
billion colors. High-dimming resolution is requirezspecially at low brightness levels where the
driver’s output current is low. In order to avoiddM a lower switching frequency has to be used.
That way the output ripple, the electrical stresstloe switch and the low efficiency associated with
DCM can be avoided. Ideally the PWM frequency slibloé chosen low enough to ensure that the
current regulation circuit has enough time to sliabi during the PWM on-time. The maximum
PWM frequency depends on the power-supply startogh r@sponse times. Last but not least, the
current linearity with duty cycle variation shoute taken into account when selecting the switching
frequency.

The manufacturers of LED systems want to make tigke of the great potential and characteristics
offered by LEDs. Thus, the optimization of the oakrsystem performance is always an aspect to
be considered. Electronic drivers are importantnponents in a majority of LED-based systems.
Relatively small improvements on the driver efficey often result in big improvements in the
system level efficiency. In order not to misuse avfethe great advantages of LEDs, their high
potential efficiency, the drivers should perforncaodingly. In applications involving power LEDSs,
the best efficiency performance is normally achgvaéth SMPS. SMPS are an ideal solution when
small size, light weight and efficient drivers arequired. The most appropriate topologies are
selected based on the type of LED clusters to beedrand on their operational requirements. IC
switching regulators, microcontrollers or progranii@amicrocontrollers are often being used in
LED drivers. Microcontroller-based LED drivers atemmonly used in applications where optical
or thermal control feedback loops are needed. Irstntases, this also requires a high level of
integration by combining optoelectronics with casiker and driver circuitry. This can result in cost
savings and reduction of the size of the produntsbme cases this might also result in a more
complex design affecting other properties such las product lifetime. With adequate thermal
management of LEDs, it is possible to reach lifeziexpectancies close to 100000 hours equivalent
to 11 years of continuous operation. Ideally, oraftbor integrated drivers should be able to match
the lifetime performance of LEDs. Digitally contiel SMPS are and will be indispensable
components of intelligent LED systems. However, thidisation of digitally managed SMPS for
LED driving have some limitations that need to beaft with. Among them are the processing
speed, inductor size, dimming resolution, commutica capability with other lighting industry
standards and driving capability for multiple outp@and/or LED strings. The power rating is also a
limiting factor when ICs with internal switch aresed.

In conclusion, the inconveniences associated wih wtilization of electronic drivers are mainly
related to the reduction of system reliability, irase in EMI, introduction of inefficiencies and
increase of size. The utilization of AC LEDs maydaédss the previous limitations at system level
and ease the adoption of SSL. Besides reducingykstem driving complexity, AC LEDs may also
minimize the complexities associated with DC cutreontrol. Additionally, system cost reductions
are also likely. The current and future demand ayh-end LED drivers has been fuelled by the
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competition between LED OEM and systems manufacturéhe current and future trend is to

include power conversion, control and intelligemreperties within a small number of chips using
the lowest number of external components. Conseatyethe required PCB size is reduced,

resulting in better reliability and allowing moreompact, efficient and low-cost power supplies.
Compact designs are usually possible with high slwitg frequencies due to smaller physical size
of inductors and capacitors required. Because thmradvantages of LEDs over conventional light
sources should not be misused, digitally managedepaupplies may be the best solution to drive a
broad range of LED systems both now and in thefeitu

5.3.5 LED roadmaps

The high energy-efficiency potential has been ohehe main drivers for the fast technological
development of LEDs during the last three decadasrently, the main R&D trends in the LED
technology have been the improvement of the efficie and increase of light output. The
acceptance of solid-state lighting in niche appimas such as horticultural lighting depends on
future improvements in conversion efficiency anghli output per package. The trend in LED light
output and light cost is continuing to follow theakiz’s law, according to which the evolution of red
LEDs in terms of light output increase by a factafr20 per decade, while the costs decrease by a
factor of 10 (Haitz, Kish et al. 1999).
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Figure 5-15. Evolution of the light output per LED package, cpst lumen (left); and white light LED package
efficacy targets (right). (DOE 2010, Haitz, Kishat 1999)

The luminous efficacy projections shown above fookwhite LEDs assume CRI between 70 and
80 at CCT located between 4746K and 7040K. The mmaxn expected efficacy for phosphor
converted cool-white LEDs with these characterssi& expected to clear surpass 200Im/W by the
year 2015. The luminous efficacy projections forrmawhite LEDs white expect values above
180Im/W. (DOE 2010)
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Figure 5-16. Targeted luminaire efficiencies at steady-stateragien of LED luminaires composed of phosphor-
converted white LED (left) and color LEDs (righfNavigant Consulting Inc., Radcliffe Advisors et 2009)

The main future developments at LED luminaire leeeé expected to be on external quantum
efficiency of the LED device followed by improvemisnof luminaire and optics efficiency.
Producing white light using color-mixing gives tigghest energy-efficiency potential at a system
level in comparison to luminaires using phosphomgerted white LEDs. An RGB LED luminaire
will be able to convert 55% of its input power intadiant power while a luminaire using white
LEDs will only convert 41% (Navigant Consulting IndRadcliffe Advisors et al. 2009).

5.4 Trends in the future in light sources

Currently there is a global trend to phase out fieednt light sources from the market through
legislation and voluntary measures. Commission Ragns (EC) No 244/2009 and No 245/2009
of 18 March 2009 implementing Directive 2005/32/Exodesign of Energy-using Products) of the
European Parliament and of the Council have satireqents for non-directional household lamps
and for fluorescent lamps without integrated balldsr high intensity discharge lamps, and for
ballasts and luminaires able to operate such lanfjp®se regulations will effectively remove
incandescent lamps, mercury lamps and certain imefit fluorescent and HID lamps from the
European market (Commission Regulation (EC) n. 2aa9, Commission Regulation (EC) n.
245/2009, Council Directive 2005/32/EC). Similagisiative actions are carried out around the
world: Australia has banned the import of incandegdamps from February 2009, and USA has
enacted the Energy Independence and Security ARDO# that phases out incandescent lamps in
2012-2014. Also other countries and regions havened, are on their way to ban, or are
considering banning inefficient light sources.

Electroluminescent light sources

Further technological developments on electrolumoeat light sources are forecasted. These
developments involve improvements in the devicecafhcy, light output and cost of lumens per
package. The referred developments will enlarge plssibilities of electroluminescent light
sources being utilized in applications dominatedilumow by conventional lighting technologies
such as high-intensity discharge lamps. Improvenoargxternal quantum of inorganic LEDs is one
of the main technological development goals of @bdotronic and lighting industry. Additionally,
semiconductor material structures have to be imedoin order to address the effects known as
“droop’ and “green holé These limitations are related with the decreadight output at high
currents and the low efficiency of LEDs emitting the green region. Nowadays the applications
involving LEDs are innumerable and the applicati@rieties impose a clear demand on design of
controllable LED drivers. At luminaire level, coolters and drivers are becoming indispensable
components. As the LED technology continues to eeplthe possibilities for new and more
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intelligent products or systems based on intelligeontrollers and drivers is expected to grow.

OLEDSs bring new and different illumination possib#s than inorganic LEDs to the lighting field

due to the large emitting surface and slim profilae to the fact that OLEDs are relatively more
recent technology than inorganic LEDs, their etfiocy performance still lags behind. Similarly to
inorganic LEDs, improvements on internal quanturficegncy and light extraction are required in
the future. Especially efforts have to be placedio® improvement of the efficiency of blue OLED
emitter. Before a significant market penetratiom ¢ake place, the lifetime of OLEDs is another
important aspect to be improved.

Future developments in the solid-state lightinddiare difficult to predict. However, the trend is
towards the increasing and gradual adoption of tieshnology to replace conventional light
sources, like the transistor replaced the valvthapast.

Discharge lamps

A special concern of all discharge lamps workingttwphosphors (fluorescent lamps, barrier
discharge lamps etc.) is the conversion from shatelength to long-wavelength radiation. One
UV-photon generates at most one visible photonil tmdlay. For example, the photon energy in the
middle range of the visible spectrum accounts &8sl than 50% of the photon energy of the main
Hg-resonant-line (254 nm) and only 30% of the Xe@naer radiation. It is expectable in the future

that luminescent materials will be able to converte short-wavelength photon into two long-

wavelength photons inside the visible spectrumaagi

Another problem of most discharge lamps, with tixeeption of low pressure sodium and barrier
lamps, is the use of mercury. From the point ofwief plasma physics, Hg is the ideal buffer gas,
but on the other hand, a perfidious environmentatin. Practicable countermeasures are the
systematic disposal of discarded lamps or a suligiit of Hg. There exist few potential mercury
free alternatives to current HID including metallida lamps using zinc iodide as a substitute for
mercury, and mercury-free high-pressure sodium BRigNEP 2008). OSRAM has recently
introduced mercury free HID-headlamp system withrf@enance comparable to xenon lamps
containing mercury (OSRAM 2009).

A disadvantage of high pressure discharge lampgse@ally for indoor applications, is the long
warming-up period. By special electronic ballasigwva boosted power starting phase and modified
lamp fillings, it is possible to considerably shemt this time. Such systems have already been
realized for 35 W gas-discharge car headlamps. WNeECE regulation No. 99 (UN-ECE 2009)
demands these lamps to reach 80% of the final l@usflux in 4 s after ignition.

5.5 Luminaires
551 Introduction

The discussions on phasing out the incandescenttgh&lamps and new findings on the effects of
light on human well-being and health have increaged public awareness of lighting. Beside the
lamps, luminaires are important elements in liggtimstallations, and their quality defines the
visual and ecological quality of the whole lightimg large part. During the last two decades, the
development of lighting engineering has been dribagrcomputerization of research and design of
both luminaires and lighting systems, by wide ugeslectronics in products and control systems,
and by application of new structural and lightingtarials.

Nowadays, one of the main future trends in lightinglustry is to offer products which are
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adaptable to the changing needs of the users, dndware energy efficient and ecological at the
same time. These luminaires have to be integratettheé building management systems (or other
control systems). Undoubtedly, the strongest trandluminaire industry is towards LED-
luminaires. New manufacturing and material techgas like high-reflectived > 98%) reflectors
and complex surface techniques allow completely heminaire concepts. Additionally, LED is
revolutionizing the whole lighting industry by chging it from a sheet metal forming industry to a
high tech electronic industry.

552 Definition of a luminaire

A luminaire is a device forming a complete lightingpit, which comprises of a light source and
electric operating devices (transformer, ballaginitor, etc.). It also includes the parts for
positioning and protecting the lamp/s (casing, feoJdwviring), and connecting the lamp/s to the
power supply, and the parts for distributing thghli (optics). The function of luminaire (if not a
pure decorative fitment) is to direct light to desi locations, creating the required visual
environment without causing glare or discomfort. c@king luminaires that efficiently provide
appropriate luminance patterns for the applicai®@an important part of energy efficient lighting
design.

Different lamp technologies require different luraire construction principles and features. For
example, a metal halide lamp HCI 150 W (extremehhgpwer density, very small, luminance 20
Mcd/n?, bulb temperature ca. 600°C) compared to a T8rBgoent lamp HO35W (diameter 16mm,
1.5m length, surface temperature 35°C, luminanc8020cd/nf) require completely different
luminaire types.

Figure 5-17.Example of a technical luminaire (circular fluoremtt, secondary radiation technique, high quality
shielding).

Luminaires can be classified by their differenttigr@s such as:

— Lamp type (incandescent, tungsten halogen, FL, GHD,etc.)

— Application (general lighting, downlight, wallwasheaccent light,
spotlight,etc.)

— Function (technical, decorative or effect luminaiye

— Protection class (e.g. ingress protection IP-code)

— Installation (suspended, recessed or surface-mdufiiee standing, wall
mounted, etc.)

— Type of construction (open, closed, with reflectarsl/or refractors,
high-specular louvers, secondary optics, projectets).
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: il
Figure 5-18. Technical luminaire — louver grid. Figure 5-19. Decorative luminaire.

Technical luminaires are optimized for a certaimdtion (e.g. a special luminous intensity
distribution according to the task, prevention darg, etc.), whereas decorative luminaires are
designed with the focus on aesthetical aspects.

5.5.3 Energy aspects

The luminaire is an important part of the electiyeluminance — chain (lamp including ballast,
luminaire, room). It is decisive for the energy ieféncy of the lighting installation. The energy
efficiency of a luminaire fLuminaire IS Characterized by the light output ratio (LOR)hich is given
by the ratio between the total luminous flux of tlenp when installed on the luminaire, (minire)
and the lamps alone&p(amp).

¢"Lu minaire

NLuminaire = Tmp =LOR

.

+ ~+ 2

High specular Electronic balast T5 lamp 16mm daylight dependant
louvers EVG dimming

T8 lamp 26mm

Figure 5-20.Historical development of linear fluorescent lanymiinaires regarding energy consumption.
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The efficiency of a luminaire depends mainly on thamp type, control gear and optical

components (defining the optical efficiency). Thewngeneration of linear fluorescent lamps, the
T5 (diameter 16mm), together with high frequencyldms, allows us to increase energy efficiency
and decrease the costs at the same time, compartdetold magnetic ballasts and T12 and T8
technologies. New generations of lamp of CFL, hmglessure sodium, metal halide and IRC
incandescent lamp types, have been introduced.theg&ith the appropriate luminaire technology
and lighting controls they can reduce energy constion of lighting significantly.

The development of high reflective surfaces (higieaular or diffuse reflectance) for lighting
purposes, of complex surface calculation method$ ehnew manufacturing technologies (e.g.
injection molded plastics with Al-coating) has ingwed the efficiency (light output ratio) of
luminaires reaching 80% or more. The developing L&EDBhnology will also continue this trend.
Thus, the technical potential for energy savindntigg solutions is already available. Adoptingst i
only a matter of time and application. 80% - 90%tlé current lighting installations are older than
20 years. The replacement of these inefficient tilgl installations with energy efficient
components (lamps, control gears and luminairesyipes a huge energy saving potential. With
this strategy, in parallel, the lighting qualityad be improved.

554 LED Luminaires

LEDs will revolutionise the lumininaire practicesé market in the near future. The long lifetime,
color mixing possibility (flexible color temperatairTy), spectrum (no infrared), design flexibility
and small size, easy control and dimming are theelies of LEDs. These features allow luminire
manufacturers to develop new type of luminires aesigners to adopt totally new lighting
practices. Further benefits include safety due dw-loltage operation, ruggedness, and a high
efficacy (Im/W) compared to incandescent lamps. Daiehe low prices and high lumen output,
fluorescent lamps are the most economic and widslgd lamps. Today, more than 60% of the
artificial light is generated by this lamp type @£2006) Compared to fluorescent lamps, LEDs are
expensive (costs/lumen output) and offers todayuatmower light output per one unit.

The gap between conventional light sources and LED¥ecreasing but still exists at the moment.
In residential lighting incandescent and tungstafogen lamps are the most widely used lamps in
spite of their very low luminous efficacy and shdifetime (<4000h). LEDs are an economic
alternative to incandescent and tungsten halogemp$a Up to now, the LED general lighting
market has been mainly focused architectural lighting

|
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Figure 5-21.LED Downlight.

Other barriers for mainstream applications of LE&e the missing industrial standards (holders,
controls and ballasts, platines, etc.), the requispecial electronic equipment (drivers, controls),
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short innovation cycles of LEDs, and required speopptics different from the conventional metal
fabrication. The spectral distribution and integsitf the LED radiation depends strongly on its
temperature, LEDs being much more sensitive to leeaditions than conventional lamps. It is
therefore essential to care for an optimal heatgpmrt to keep the LED’p-n junction temperature
as low as possible.

LEDs of nominally the same type may have a wideesgpr in their radiation features (production
tolerances). They are therefore grouped in so dabienings, i.e. they are graded in different
classes regarding luminous flux, dominated wavelerand voltage. For applications with high
demands on color stability, it is necessary to cemgate and control these production and operating
tolerances by micro controllers to reach predeficetbr features (spectra). All these features and
requirements make the development of an LED lunmaai highly demanding task. Following the
actual LED performance forecast, white LED lightimgl soon outperform some traditional lamps
with superior lifetime, decreasing prices, and gasing luminous efficacy, which opens the way for
LEDs in a broad field of applications. Due to thentinuous spectrum of white LEDs, it is the
perfect lamp for replacing incandescent and haldgewps. LEDs need to be equipped with special
electronics and optics and this will create a wholw industry for LED luminaires. One of the
challenges will be the maintenance of LED luminaire

New findings regarding biological effects (e.g. m@enin suppression) of light and the influence of
light on health (e.g. shift working) generate agrn@asing demand for innovative lighting that gives
better control over the spectrum, distribution, anténsity of light. This creates demands for LED
applications in general lighting and for luminaimenufacturers.

5.6 Network aspects
Description of phenomena

Contemporary electric lighting systems are soumfeseveral electro-magnetic phenomena, which
exert influence on the supplying network as wellather electric energy users and cannot thus be
neglected. The most important are: harmonics amdgower factor. The sources of harmonics are
(Armstrong 2006, Henderson 1999):
— Lighting systems due to the discharge plasma.
— Saturation of transformers in low voltage systems.
— Electronic dimmers and voltage reduction circuits.
— Ballasts inhigh-frequencyfluorescent lamps (actually single-phase ac-dc
switch mode power converters).
— Low voltage halogen lighting powered by so-calledeatronic
transformers (Armstrong 2006).

The current waveform of a compact fluorescent lar@@BL) and its spectrum (Figure 5-22), the
current waveform of an AC supplied LED lamp witts ispectrum (Figure 5-23) and the current
waveform of anelectronic transformersupplying a halogen lamp (Figure 5-24) are present

below.
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Figure 5-22.Current of a 20W CFL FLE20TBX/827 (GE) lamp anddfsectrum.
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Figure 5-23. Current waveform of a 0,9 W AC driven LED lamp @®0des) and its spectrum.
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Figure 5-24. Primary current waveform of an electronic transfanmsupplying a 50W halogen lamp.

In Figure 5-25, for comparison, the current wavefasf an incandescent lamp is presented.
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Figure 5-25.Current waveform of the 20W incandescent (standkmatp.

From the figures presented above, it can be seanttie currents supplying lamps with electronic
elements (ballasts, suppliers, and controllers)natesinusoidal and that their spectrum includds al
odd harmonics. The power factor (PF) of these langpkw. For the compact fluorescent lamp
(Figure 5-22) PF is equal to 0.64 and for the A@plied LED lamp (Figure 5-23) it is 0.26.

Single phase converters emit significant levelgtofd harmonics, which are a particular nuisance
because they are added linearly in neutral condacamd in zero-phase transformer flux causing
additional heating of cables. Total neutral curréntmodern offices) can be as much as 1.7 times
greater then the highest phase current, while thilellmg neutrals are not fused (Armstrong 2006).

In the domestic sector, most houses do not havgeldéinree phase lighting circuits, so the above
mentioned problems do not occur. However, the tytiinust be designed for such circumstances, if
the estimated load in a given district is predonmittya discharge lamps lighting. The design of the
utility in an electric domestic reticulation systesmould reflect this when calculating the After

Diversity Maximum Demand (ADMD) value for each haus

When electric water heaters and stoves are instatkxjuiring high currents, the lighting loads will
be relatively low and the effect of harmonics ore treticulation system will be small (Henderson
1999). Harmonic currents may contribute to failures power system equipment. The most
common failures are (Henderson 1999):
— Overheating of the power capacitor due to higherrents flowing at
higher frequencies.
— Power converters failure induced by incorrect shihg and causing the
malfunction of the unit.
— Failure of transformers and motors caused by owarhg the windings
due to harmonic currents and higher eddy curramtié iron core.
— Higher voltage drops because of additional lossas the supply
conductors due to the skin effect of the high hanms.
— In communication systems, the cross-talk effecthia audible range and
in the data link systems.
— Effects on metering if the harmonics are extremd aray cause relays to
malfunction.
— Malfunction of the remote control system in the keu(e.g. harmonics
have been known to cause the television set to gharhannels or the
garage door to open).
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In the houses that run on non electric energy sesifor cooking, heating water and for central
heating, the lighting load will be a high propomicof the maximum power demand. With the
introduction of CFLs in those situations the harrnwocontent of the network will be high. Therefore
the effect of the harmonic currents on the transfers must be calculated using the formula for de-
rating where the harmonic distortion levels areh@gthan 5%. For a typical installation with a
large number of CFLs on a small transformer, tremgformer would have to be de-rated to 88% of
its full load current or its rated kVA. The currem¢duction using CFLs instead of incandescent
lamps is a 80% reduction of load (e.g. from 100 W.S5to a 20 W CFL), which now must be
adjusted back by 12%. The saving on the transforwauld be 0.88 x 0.8 = 0.72 per unit, or 72%
reduction in load. The transformer would be ablesigpply 3.5 times more CFLs lamps than
incandescent lamps, which must translate into eukgtion cost saving to the utility (Henderson
1999).

Stroboscopic effect occurs when the view of a mgvobject is represented by a series of short
samples, and the moving object is in rotationabtrer cyclic motion at a rate close to the sampling
rate. This effect is observed when fluorescent lamyith magnetic ballasts are installed. The
stroboscopic effect can be eliminated by using lamyith electronic ballasts which usually change
the frequency of the power from the standard méiagquency to 20,000 Hz or higher. Electric and
electronic equipment in buildings generates elenagnetic fields. The health aspects related to
electro-magnetic fields are discussed in ChaptémBd standards and recommendations connected
with electric and electromagnetic aspects are diesdrin chapter 4.3.7.

Risks and opportunities

The harmonics of different manufacturers of CFLg afightly out of phase, and then the total
network harmonics can be smaller if a variety of LGFare installed in the community. The

cancelling effect is small and it is difficult faa utility to control (Henderson 1999, IAEEL 1995).

Henderson has given the measurements of harmongnituales and phase angle of some CFLs.
(Henderson 1999)

Modern appliances have good designs or filterstop $he harmonics going back into the network.
Filters are usually network of inductors and capars that resonant at the harmonic current
frequency and, accordingly, reduce the magnitudeth® harmonic currents. The filters are
effective, however when they are connected to teevork, a harmonic generated elsewhere on the
system will find the filter. The result will be thahe correcting filters of another user may filter
harmonics generated by a different user. The CHiessaall users of energy and the filters would
naturally be small. When these are connected tarty dystem (system with harmonic currents),
they will try to filter the harmonics from other ass and, consequently overheat, causing the failure
And therefore, CFL failures have to be monitoredtbg utility to determine if the supply to an area
is the cause of failure (Henderson 1999).

The total harmonics distortion (THD) of CFLs is higbut similar to that of other domestic
appliances. The use of filters in the CFLs may @escessive lamp failures because the filters
would attempt to reduce the harmonics created lheoequipment. The LEDs must be supplied
with appropriate current. This can involve shurgistors or regulated power supplies. Some LEDs
can be operated with an AC voltage, but they willielight only with positive voltage, causing the
LED to flicker at the frequency of the AC supplyhik causes different solutions of LED drivers
and diodes configurations which provide to self-©aling harmonics within the single LED lamp
(Freepatentsonline 2004)

The best way to reduce electromagnetic fields mugding all lighting equipment. The profitability
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of the special networks for lamps, computers antieotappliances should be individually
considered for buildings. For example, applicatmmDC networks might simplify suppliers (one

main transformer instead of the individual transfers for every device). This would ease the
power factor compensation and harmonics reductamd, increase efficiency of the whole electric
installation and its appliances.

5.7 Hybrid lighting

571 Introduction

An integrated lighting system utilizing both daytigand electrical lighting is called here a hybrid
lighting system.

DEIEIIT Electrical lighting system el
system system
H

ybrid luminaire

Figure 5-26.Hybrid (integral) lighting system overview.
A hybrid (integral) lighting system usually conssif the following major elements (Figure 5-26 ):

— A daylighting system (provides natural light to thHeybrid lighting
system)

— An electrical lighting system (provides artificiggiht, if it is required)

— A lighting control system (enhance the energetidgenance)

— A hybrid luminaire (integrated lighting delivery siem for both daylight
and electrical lighting)

— Transportation modules (in special cases)

5.7.2  Energy savings, lighting quality and costs

Daylight is a free and sustainable source of lightl the supply of daylight is typically at its higt
during the hours with peak electrical energy loadsually, there is enough daylight to meet the
demand for lighting of a building during most ofe¢hworking hours. Daylight is, however, also
associated with negative factors such as glare ianckased cooling loads. The challenge is to
control daylight in a way that the light is utilidewithout glare, and the heat is kept out. Studies
have shown that benefits of daylighting are notyomhergy savings but also improved satisfaction,
motivation of the occupants and productivity of twerkers (Hartleb and Leslie 1991, Figueiro et
al. 2002).

Costs can be reduced by integrating the componamdsutilizing the same materials for capturing,

transportation and delivery of daylight and elewdti lighting. Costs can also be reduced by
combining the control systems for daylighting aniéatric lighting. In order to achieve cost-
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effectiveness over its lifecycle, a functional higbrsystem needs to be combined with an
inexpensive actuation system. Its design has to cbhenpatible with standard construction
techniques.

5.7.3 Examples

Hybrid Solar Lighting (HSL)

Daylight is collected by a heliostat (sun trackifight collector). A transportation system (here:
optical fibers) is used to distribute the collectdhlight throughout the building interiors.

N

Figure 5-27.Hybrid Solar Lighting. lllustrations from Oak Ridd¢ational Laboratry.

Lightshelf systems

Daylight is collected and distributed to the cegiby a reflector (lightshelf) positioned in the wgp
part of the window, completed by an integrated #&iedighting.

Figure 5-28.A prototype of the Daylight Luminaire. Upward refted sunlight as well as electrical light can beege
on the wall to the left of the luminaire.

Lightpipes

Sunlight is collected by fixed mirrors or by suratking mirrors (heliostats) and transported inte th
building through lightpipes which can also trandpand distribute the electrical lighting from a
centrally located electrical light source.
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Figure 5-29.Pictures from an Arthelio project installation ind8lin. The heliostat on the roof supplies the ligfipe
with concentrated sunlight (left). An electricaglit source supplies the light pipes with electritght when needed

(right).
5.7.4  Summary

Hybrid (integral) lighting systems (not to be cos@d with daylight systems) are niche applications,
their market penetration is too small to play aer@h lighting and energy, but they attract attentio
thus they are important signs increasing the awassmf energy and daylighting.
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