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Evaluation of LED application in general lighting
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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
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2752500]
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1 Introduction

Power consumption for illumination is increasing every
year. However, the resources to produce electricity on earth
are facing shortage in the long term. Among light sources,
the light emitting diode (LED) is the most attractive be-
cause of its low power consumption and low operation
voltage. The LED has developed rapidly in available emis-
sion spectrum and applications. These improvements,
coupled with the inherent properties of solid-state devices
(small package size, high reliability, low cost, and long
operating time), have extended the LED into niche lighting
applications, such as commercial advertising, automobile
lights, large truck and bus lights, exit signs, traffic signals,
and holiday lights. In all these cases, LEDs are replacing
conventional lamps.

The most exciting and ambitious application for LEDs is
general illumination on a large scale. There are many posi-
tive reports on the advantages of LEDs for general
lighting.lf4 This article analyzes the efficacy of conven-
tional lighting sources and LEDs, and evaluates LEDs’ pro-
spective application to general lighting in comparison with
conventional light sources.

2 The Definition of Efficacy

The efficacy of light sources is the ratio of the total lumi-
nous flux emitted by the lamp and the total input power. It
is expressed in lumens per watt (Im/W). For fluorescent and
high-intensity discharge (HID) sources, the associated bal-
last power should be included in determining the general
efficacy. The expression for the efficacy is
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where F,, is the total photometric flux; P, is the total power
consumed by the lamp and the ballast; P, is the power
consumed by the lamp; P, is the spectral radiant flux; V(\)
is the photometric spectral luminous efficiency; K,, is the
ratio of the radiometric to the photometric flux; 1— 7, is the
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proportion of power consumed by the ballast, which does
not contribute to the total photometric flux F,; #», is the
ratio of the radiant flux to the power consumed by the
lamp; 7, is the ratio of the visible radiation to the radiation
in full spectrum; and K is the luminous efficacy of the
radiation. The efficacy K reaches its theoretical maximum
when 7,7,7,=1. This means that the input power is com-
pletely converted to visible light.

The value of 7, is about 0.9 for the fluorescent and HID
sources, and 1 for the incandescent lamp. Thus, the ap-
proximate value 1.0 is used here. Therefore, Eq. (1) can be
simplified to

n=7,7,k. (6)

The quantities 7, 7,, and K can be measured; then 7, can
be calculated by using Eq. (6).

3 The Efficacy of the Conventional Light
Sources

Currently the main light sources used for general lighting
are the incandescent lamp, fluorescent lamp, high-pressure
sodium lamp, and metal halide lamp. Several samples from
different manufacturers with different color temperatures
(T,) for every kind of light source have been characterized.
The compact fluorescent lamp (the energy-saving lamp) has
been tested as the fluorescent lamp in our experiments. Fig-
ure 1 shows typical spectral power distributions for each
kind of light sources.

We have measured the power consumed in the lamps,
the photometric flux, and the spectral power distribution
curve in the range of wavelength 380 to 1700 nm. Then K,
n,, 7, and 7, can be extracted by the definition. The data
are listed in Table 1, where Ra is the color rendering index.

In the case of an incandescent lamp, the operation
mechanism is thermal radiation. The temperature of its fila-
ment is higher than 2600 K. This results in a high heat loss
(7,=47.5%) and about 80% infrared light (7,=20.8%).
Consequently the proportion of visible radiation is small.
Thus the efficacy of the incandescent lamp is low. There are
some efforts to increase 7, by reflecting the infrared light
back from bulb to filament. However, it does not increase
the efficacy significantly. In the case of a fluorescent lamp,
82.7% of its radiation is the visible light, and high tempera-
ture is not required. The limitation on increasing its efficacy
is the phosphor conversion efficiency (PCE). In the cases of
a high-pressure sodium lamp or metal halide lamp, about
70% of their radiation is the visible light; however, further
increase in their efficacy is limited by the heat loss (7,),
because high temperature is needed for their operation, and
that means high heat loss.’ Therefore, no substantial
progress in increasing efficacy is expected for the four con-
ventional light sources.

4 The Efficacy of an LED

For an LED, 7, is 1, since an LED designed for lighting
emits light entirely in the visible range. Here 7, is the ex-
ternal quantum efficiency (EQE). Therefore, the efficacy of
an LED can be expressed as
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Fig. 1 Typical spectral power distributions of conventional light
sources.

n=EQE X K. (7)

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).
Thus, the efficacy of the LED is expressed as
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Table 1 The efficacy of conventional light sources.

Power Flux 7 K 7y nr T,

Light source (W) (Im) (Im/W) (Im/W) (%) (%) Ra (K)

Incandescent 99.5 1532 15.4 156 20.8 475 100 2805

Energy-saving lamp 225 1305 58 289 82.7 243 80.3 2418

High-pressure sodium 101.5 12383 122 338 76.3 473 20.2 1482

Metal halide 103.5 9915.3 95.8 288 69.8 477 72.8 3766
7=IQE X LEE X K. (8) Blue LED

------- Simulated)
. 1 +

4.1 The Simulated and Measured LED Spectra " ;ZZ;:::
Yoshi Ohno has reported a mathematical model (Gaussian 5 n-s i
model) for LED spectra with a relative expanded uncer- s
tainty of less than 5% compared with the spectral power 5 0
distribution of a typical real blue LED.® We have measured T 0.2 X
numerous LEDs and used the same model to simulate their 0 AN
spectra. Figure 2 shows the measured spectra and simulated 400 410 420 430 440 450 460 470 480 490 500 510 520 530
spectra for four color LEDs. By comparing the measured Watelengih(fim)
and the simulated spectrum, we calculated each LED’s ef-
ficacy and chromaticity coordinates. Results are shown in 1g GreenLED

------- Simulated
i R spectrum
Measured

Table 2. The subscript “real” denotes the value extracted
from measurement spectra, while the subscript “simul” de-

notes the value extracted from the simulation spectra. From g8y e
Fig. 2, it can be seen that the simulated spectra fit the mea- E 06|
sured spectra well. We have compared K values and color 1% 04 |
coordinates extracted from the simulated and the measured g,

spectra (shown in Table 2). The difference is so small that
we use the simulation spectra for the further analysis

0

510 520 530 540 550 560 570 580 590 600 610 620 630

instead. Wavelength{nm}
4.2 The Efficacy of the Color LEDs |y RedLED
The state-of-the-art external quantum efficiency of high- | |- Simulated
power LEDs is shown in Fig. 3, which combines results .y | / spectrn
from Nichia Chemical Co., CREE, and Lumileds Lighting.3 T 08 _]sﬂ;:ii:ﬁ
The LEE is dependent on the packaging technology. If we £ 06
assume the LEE to be 50%, which is the highest value g 04
achieved today, then we obtain internal quantum efficien- 5
cies of 69%, 10%, and 85% for blue, green, and red LEDs, € 02
respectively. The efficacies of the color LEDs have been 0 e
calculated and are listed in Table 3. They are comparable to 580 590 600 610 620 530 640 650 660 670 680 630 700 710
the available data on the commercial products.7’8 Wavelength(nm)
4.3 The Efficacy of the White LEDs |5 White LED
Most of the lamps for artificial lighting are white or near ' reemn SR
white, similar to natural sunlight. Thus, we make the fol- - U _;ﬂ:zzﬂ
lowing assumption for white LEDs: The chromaticity coor- T 08t ] spectrun
dinates x, y, z are all 0.33, and the average color rendering £ 06 L
index is 80 or higher. Such light is called GLW (general &
lighting white) below. There are three main ways to manu- = 04 ¢
facture a white-light LED: €02 Y
1. Mix red LED, green LED, and blue LED light by 0330 405 430 455 430 505 530 555 580 605 630 655 530

packaging three color LEDs in one package, adjust- Wavelength{nm)

ing each LED power to produce white light. We call

such a lamp an RGB-LED. Fig. 2 The spectral power distribution of LEDs.
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Table 2 Comparison between the simulated and the measured 60%
spectra. - In,Ga, N (ALGa, )} sIn 5P
2 50% ~
2 °
. 2 | SEE ;
Color coordinates E 0% ~.. . ‘.-
£ "
LED Kreal Ksimu Xreal Xsimu Yreal Ysimu ‘é i (‘i
(nominal & . /
wavelength) =5 20% i
E 4. I
5] f
Red (640 nm) 147 128 070 0.71 0.30 0.29 & 0% [T _g50C _, »
Green (570 nm) 593 628 047 045 052 0.55 0% , : :
35D 450 550 650
Blue (460 nm) 69 52 0.14 014 0.06 0.04 Peak Wavelength (nm)
White 275 280 029 028 027 0.27
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Fig. 3 External quantum efficiency versus peak wavelength.

Table 3 The efficacy of color LEDs.

K IQE LEE EQE=IQEXLEE
LED (nominal wavelength) (Im/W) (%) (%) (%) General efficacy (Im/W)
Red (640 nm) 128 85 50 425 54
Green (570 nm) 628 10 50 5 31
Blue (460 nm) 52 69 50 345 18
Table 4 The efficacy of a white RGB-LED.
Wavelength Needed General

(spectral width) K IQE LEE EQE input power Flux efficacy
LED (nm) (Im/W) (%) (%) (%) (W) (Im) (Im/W)
Red 614 (20) 312 85 50 425 2.4 312 39
Green 546 (30) 641 10 50 5.0 24.0 769
Blue 465 (20) 55 69 50 345 2.9 55

Table 5 The efficacy of a white RGB-LED with the assumption of improved LEE and IQE.

General
Wavelength K IQE LEE EQE P Flux efficacy
LED (nm) (Im/W) (%) (%) (%) (W) (Im) (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
074002-4
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Table 6 The improved efficacy of a white PC-LED.

Needed power Needed Total

for white blue blue Input General
N AN K IQE LEE PCE light Light  light power Efficacy
LED  (nm) (nm) (m/W) (%) (%) (%) (W) (W) w) W) (Im/W)
Blue 455 25 368 69 50 — 0.36 — 2.9 8.3 55
Amber 570 120 421 — — 40 1.00 25
Assumption 80 70 60 — — 2.0 3.6 127
Theor. max. 100 100 80 — — 1.6 1.6 284

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.

4.3.1 RGB-LED

We have used three primary color LEDs, as Tsao did,2 to
produce white light, and have used the simulation model to
produce their spectrum. We have calculated that the power
ratio of the three color LEDs (R : G :B) must be
1.0 : 1.2 : 1.0 to produce GLW. Then we obtain the RGB-
LED’s efficacies as shown in Table 4. In this case, the
general efficacy is lower than that of energy-saving lamp,
high-pressure sodium lamp, and metal halide lamp. If we
can increase the LEE from 50% to 70%, the IQE of the
green LED from 10% to 40%, and the IQE of the blue LED
from 69% to 80%, as listed in Table 5, then we shall obtain
a general efficacy of 146 Im/W, which is satisfactory. The
RGB-LED’s chromaticity coordinates are (0.34, 0.35), and
the color rendering index is 87. Therefore, this will be a
good general lighting source. Furthermore, the maximum
efficacy for the RGB-LED is 355 Im/W when the IQE and
the LEE are both 100% for all the color LEDs.

4.3.2 PC-LED

The PC-LED’s spectrum is composed of the blue light and
the amber light emitted from the phosphor excited by the
blue light. We simulate two spectra to produce GLW. Then
we obtain the PC-LED’s luminous efficacy as shown in
Table 6. Here we assume the central wavelength of the blue
light is 455 nm, and the spectral width AN is 25 nm. The
central wavelength of amber light emitted from the phos-
phor is 570 nm, and the spectral width is 120 nm. These
data are typical for this kind of white LED. It should be
pointed out that the ratio of blue light to amber light has to
be 0.36 : 1 to produce white light. The white light’s chro-
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maticity coordinates are (0.32, 0.32), the color rendering
index is 75, and the value of K is 320 Im/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 Im/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 Im/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 Im/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 rougheningg the surface,
have been reported to increase the efficacy. 1% 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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