
E

M
F
D

2
S
E

B
H
D
F
K
L
2

1

P
y
a
t
c
v
s
c
�
o
a
l
a
c

g
t
l
t
s
c

2

T
n
i
h
l
e

0

Optical Engineering 46�7�, 074002 �July 2007�

O

valuation of LED application in general lighting

uqing Liu
udan University
epartment of Light Sources and Illuminating

Engineering
20 Handan Road
hanghai 200433, China
-mail: mqliu@fudan.edu.cn

ifeng Rong
uub W. M. Salemink
elft University of Technology
aculty of Applied Science
avli Institute of Nanoscience
orentzweg 1

Abstract. This article analyzes the efficacy of the light sources and their
limitations in theory and in technology. The LED’s spectra were simu-
lated by a Gaussian model to calculate the efficacy. The conventional
light sources have been compared with LEDs; the results show that sig-
nificant increase of LEDs’ internal quantum efficiency and extraction ef-
ficiency is essential for LED application in general lighting. © 2007 Society of
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Introduction

ower consumption for illumination is increasing every
ear. However, the resources to produce electricity on earth
re facing shortage in the long term. Among light sources,
he light emitting diode �LED� is the most attractive be-
ause of its low power consumption and low operation
oltage. The LED has developed rapidly in available emis-
ion spectrum and applications. These improvements,
oupled with the inherent properties of solid-state devices
small package size, high reliability, low cost, and long
perating time�, have extended the LED into niche lighting
pplications, such as commercial advertising, automobile
ights, large truck and bus lights, exit signs, traffic signals,
nd holiday lights. In all these cases, LEDs are replacing
onventional lamps.

The most exciting and ambitious application for LEDs is
eneral illumination on a large scale. There are many posi-
ive reports on the advantages of LEDs for general
ighting.1–4 This article analyzes the efficacy of conven-
ional lighting sources and LEDs, and evaluates LEDs’ pro-
pective application to general lighting in comparison with
onventional light sources.

The Definition of Efficacy

he efficacy of light sources is the ratio of the total lumi-
ous flux emitted by the lamp and the total input power. It
s expressed in lumens per watt �lm/W�. For fluorescent and
igh-intensity discharge �HID� sources, the associated bal-
ast power should be included in determining the general
fficacy. The expression for the efficacy is
091-3286/2007/$25.00 © 2007 SPIE
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where Fv is the total photometric flux; Pl is the total power
consumed by the lamp and the ballast; P0 is the power
consumed by the lamp; P� is the spectral radiant flux; V���
is the photometric spectral luminous efficiency; Km is the

ratio of the radiometric to the photometric flux; 1−�b is the
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roportion of power consumed by the ballast, which does
ot contribute to the total photometric flux Fv; �r is the
atio of the radiant flux to the power consumed by the
amp; �v is the ratio of the visible radiation to the radiation
n full spectrum; and K is the luminous efficacy of the
adiation. The efficacy K reaches its theoretical maximum
hen �b�r�v=1. This means that the input power is com-
letely converted to visible light.

The value of �b is about 0.9 for the fluorescent and HID
ources, and 1 for the incandescent lamp. Thus, the ap-
roximate value 1.0 is used here. Therefore, Eq. �1� can be
implified to

= �r�vk . �6�

he quantities �, �v, and K can be measured; then �r can
e calculated by using Eq. �6�.

The Efficacy of the Conventional Light
Sources

urrently the main light sources used for general lighting
re the incandescent lamp, fluorescent lamp, high-pressure
odium lamp, and metal halide lamp. Several samples from
ifferent manufacturers with different color temperatures
Tc� for every kind of light source have been characterized.
he compact fluorescent lamp �the energy-saving lamp� has
een tested as the fluorescent lamp in our experiments. Fig-
re 1 shows typical spectral power distributions for each
ind of light sources.

We have measured the power consumed in the lamps,
he photometric flux, and the spectral power distribution
urve in the range of wavelength 380 to 1700 nm. Then K,
v, �, and �r can be extracted by the definition. The data
re listed in Table 1, where Ra is the color rendering index.

In the case of an incandescent lamp, the operation
echanism is thermal radiation. The temperature of its fila-
ent is higher than 2600 K. This results in a high heat loss

�r=47.5% � and about 80% infrared light ��v=20.8% �.
onsequently the proportion of visible radiation is small.
hus the efficacy of the incandescent lamp is low. There are
ome efforts to increase �v by reflecting the infrared light
ack from bulb to filament. However, it does not increase
he efficacy significantly. In the case of a fluorescent lamp,
2.7% of its radiation is the visible light, and high tempera-
ure is not required. The limitation on increasing its efficacy
s the phosphor conversion efficiency �PCE�. In the cases of

high-pressure sodium lamp or metal halide lamp, about
0% of their radiation is the visible light; however, further
ncrease in their efficacy is limited by the heat loss ��r�,
ecause high temperature is needed for their operation, and
hat means high heat loss.5 Therefore, no substantial
rogress in increasing efficacy is expected for the four con-
entional light sources.

The Efficacy of an LED

or an LED, �v is 1, since an LED designed for lighting
mits light entirely in the visible range. Here �r is the ex-
ernal quantum efficiency �EQE�. Therefore, the efficacy of

n LED can be expressed as

ptical Engineering 074002-
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The value of K can be calculated from the spectrum of the
LED. The EQE is the product of the internal quantum effi-
ciency �IQE� and the light extraction efficiency �LEE�.

Fig. 1 Typical spectral power distributions of conventional light
sources.
Thus, the efficacy of the LED is expressed as
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= IQE � LEE � K . �8�

.1 The Simulated and Measured LED Spectra
oshi Ohno has reported a mathematical model �Gaussian
odel� for LED spectra with a relative expanded uncer-

ainty of less than 5% compared with the spectral power
istribution of a typical real blue LED.6 We have measured
umerous LEDs and used the same model to simulate their
pectra. Figure 2 shows the measured spectra and simulated
pectra for four color LEDs. By comparing the measured
nd the simulated spectrum, we calculated each LED’s ef-
cacy and chromaticity coordinates. Results are shown in
able 2. The subscript “real” denotes the value extracted
rom measurement spectra, while the subscript “simul” de-
otes the value extracted from the simulation spectra. From
ig. 2, it can be seen that the simulated spectra fit the mea-
ured spectra well. We have compared K values and color
oordinates extracted from the simulated and the measured
pectra �shown in Table 2�. The difference is so small that
e use the simulation spectra for the further analysis

nstead.

.2 The Efficacy of the Color LEDs
he state-of-the-art external quantum efficiency of high-
ower LEDs is shown in Fig. 3, which combines results
rom Nichia Chemical Co., CREE, and Lumileds Lighting.3

he LEE is dependent on the packaging technology. If we
ssume the LEE to be 50%, which is the highest value
chieved today, then we obtain internal quantum efficien-
ies of 69%, 10%, and 85% for blue, green, and red LEDs,
espectively. The efficacies of the color LEDs have been
alculated and are listed in Table 3. They are comparable to
he available data on the commercial products.7,8

.3 The Efficacy of the White LEDs
ost of the lamps for artificial lighting are white or near
hite, similar to natural sunlight. Thus, we make the fol-

owing assumption for white LEDs: The chromaticity coor-
inates x, y, z are all 0.33, and the average color rendering
ndex is 80 or higher. Such light is called GLW �general
ighting white� below. There are three main ways to manu-
acture a white-light LED:

1. Mix red LED, green LED, and blue LED light by
packaging three color LEDs in one package, adjust-
ing each LED power to produce white light. We call

Table 1 The efficacy o

Light source
Power

�W�
Flux
�lm�

Incandescent 99.5 1532

Energy-saving lamp 22.5 1305

High-pressure sodium 101.5 12383

Metal halide 103.5 9915.3
f conventional light sources.

�
�lm/W�

K
�lm/W�

�v
�%�

�r
�%� Ra

Tc
�K�

15.4 156 20.8 47.5 100 2805

58 289 82.7 24.3 80.3 2418

122 338 76.3 47.3 20.2 1482

95.8 288 69.8 47.7 72.8 3766
such a lamp an RGB-LED.
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Fig. 2 The spectral power distribution of LEDs.
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able 2 Comparison between the simulated and the measured
pectra.

Color coordinates

ED
nominal
avelength�

Kreal Ksimu Xreal Xsimu Yreal Ysimu

ed �640 nm� 147 128 0.70 0.71 0.30 0.29

reen �570 nm� 593 628 0.47 0.45 0.52 0.55

lue �460 nm� 69 52 0.14 0.14 0.06 0.04

hite 275 280 0.29 0.28 0.27 0.27
Table 3 The efficacy of color LEDs.

LED �nominal wavelength�
K

�lm/W�
IQE
�%�

LEE
�%�

EQE=IQE�LEE
�%� General efficacy �lm/W�

Red �640 nm� 128 85 50 42.5 54

Green �570 nm� 628 10 50 5 31

Blue �460 nm� 52 69 50 34.5 18
Table 4 The efficacy of a white RGB-LED.

LED

Wavelength
�spectral width�

�nm�
K

�lm/W�
IQE
�%�

LEE
�%�

EQE
�%�

Needed
input power

�W�
Flux
�lm�

General
efficacy
�lm/W�

Red 614 �20� 312 85 50 42.5 2.4 312 39

Green 546 �30� 641 10 50 5.0 24.0 769

Blue 465 �20� 55 69 50 34.5 2.9 55
Table 5 The efficacy of a white RGB-LED with the assumption of improved LEE and IQE.

LED
Wavelength

�nm�
K

�lm/W�
IQE
�%�

LEE
�%�

EQE
�%�

P
�W�

Flux
�lm�

General
efficacy
�m/W�

Red 614 312 85 70 59.5 1.7 312 146

Green 546 641 40 70 28.0 4.3 769

Blue 465 54.5 80 70 56.0 1.8 54.5
ptical Engineering 074002-
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Fig. 3 External quantum efficiency versus peak wavelength.
July 2007/Vol. 46�7�4

to 131.180.130.114. Terms of Use:  http://spiedl.org/terms



4
W
p
p
r
1
L
g
h
c
g
f
a
R
t
g
e
t

4
T
t
b
w
T
l
c
p
d
p
b

Liu, Rong, and Salemink: Evaluation of LED application…

O

2. Coat a yellow phosphor on a blue LED. This is de-
signed to leak some of the blue light beyond the
phosphor to generate the blue portion of the spec-
trum, while the phosphor converts the rest of the blue
light into the red and green portions of the spectrum.
We call such a lamp a PC-LED.

3. Coat three kinds of phosphors on a UV LED. The
phosphors generate red, green, and blue, respectively,
and their mixture is white light. We call such a lamp
a UV-LED. Ohno et al. have analyzed this type of
LED,6 and their results are similar to that for our
PC-LED, which we analyze below. Hence we do not
analyze the UV-LED here.

.3.1 RGB-LED
e have used three primary color LEDs, as Tsao did,2 to

roduce white light, and have used the simulation model to
roduce their spectrum. We have calculated that the power
atio of the three color LEDs �R : G : B� must be
.0 : 1.2 : 1.0 to produce GLW. Then we obtain the RGB-
ED’s efficacies as shown in Table 4. In this case, the
eneral efficacy is lower than that of energy-saving lamp,
igh-pressure sodium lamp, and metal halide lamp. If we
an increase the LEE from 50% to 70%, the IQE of the
reen LED from 10% to 40%, and the IQE of the blue LED
rom 69% to 80%, as listed in Table 5, then we shall obtain
general efficacy of 146 lm/W, which is satisfactory. The
GB-LED’s chromaticity coordinates are �0.34, 0.35�, and

he color rendering index is 87. Therefore, this will be a
ood general lighting source. Furthermore, the maximum
fficacy for the RGB-LED is 355 lm/W when the IQE and
he LEE are both 100% for all the color LEDs.

.3.2 PC-LED
he PC-LED’s spectrum is composed of the blue light and

he amber light emitted from the phosphor excited by the
lue light. We simulate two spectra to produce GLW. Then
e obtain the PC-LED’s luminous efficacy as shown in
able 6. Here we assume the central wavelength of the blue

ight is 455 nm, and the spectral width �� is 25 nm. The
entral wavelength of amber light emitted from the phos-
hor is 570 nm, and the spectral width is 120 nm. These
ata are typical for this kind of white LED. It should be
ointed out that the ratio of blue light to amber light has to

Table 6 The improved

LED
�

�nm�
��

�nm�
K

�lm/W�
IQE
�%�

LEE
�%�

PCE
�%

Blue 455 25 36.8 69 50 —

Amber 570 120 421 — — 40

Assumption 80 70 60

Theor. max. 100 100 80
e 0.36 : 1 to produce white light. The white light’s chro-

ptical Engineering 074002-
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maticity coordinates are �0.32, 0.32�, the color rendering
index is 75, and the value of K is 320 lm/W.

We assume that the IQE and the LEE are 69% and 50%,
respectively �as in case of a blue LED�. Given the general
efficiency of 55 lm/W �the best commercially available�,
we can obtain a PCE of 40%. If we increase the IQE and
the LEE to 80% and 70%, respectively, as assumed for a
PC-LED with a PCE of 60%, then we obtain a general
efficacy of 127 lm/W. This result still does not reach a
satisfactory value. The maximum PCE is about 80%, the
ratio of the central wavelengths of blue light and amber
light. With a IQE of 100% and a LEE of 100%, we obtain
the maximum general efficacy of the PC-LED as
284 lm/W.

It is obvious that a significant increase in general effi-
cacy is necessary for LED application in general lighting.
Several methods, such as applying photonic crystal, thin-
ning the device layer thickness, and roughening the surface,
have been reported to increase the efficacy.9,10 However,
the white LED efficacy is still too low for general lighting
application.

5 Conclusion
We have analyzed the efficacies of four conventional light
sources: incandescent lamp, fluorescent lamp, high-
pressure sodium lamp, and metal halide lamp. Their effica-
cies are not expected to increase significantly, due to their
radiation mode of operation.

The LED, as a potentially high-efficiency solid-state
lighting source, may yet be a milestone in lighting history.
However, from the analysis of its general efficacies, the
conclusion is that a significant increase in extraction effi-
ciency and internal quantum efficiency to increase the effi-
cacy is essential for LED application in general lighting.
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