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The 50 million Americans affected by the blackout of August 2003

had ample time to reflect on the importance of electric light to

their daily lives. For close to a century, people have become so

accustomed to the availability of light at the flick of a switch that its

absence is now unthinkable. After tracing the history of manmade

light sources, the author describes how researchers in industry and

academia are working to respond to the growing worldwide

demand for more energy efficient lighting. 

O f the total electric power deliv-
ered to homes, businesses and
factories throughout the world,

no less than 25 percent is used for light-
ing. It is small wonder that efficient use
of lighting and the development of
more efficient light sources play an
important role in the energy policy of
many of the world’s governments. In
the United States, the search for
improvements in lighting efficiency is
supported by lighting companies look-
ing for a commercial advantage over
their competitors and by electricity
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generating companies hoping for a
decrease in power consumption that
could reduce the need to invest in
expensive new power plants.

The drive to increase lighting 
efficiency has led to a number of
research projects involving universities,
national laboratories and industry,
with the support of the Electric Power
Research Institute (EPRI) and the U.S.
Department of Energy (DOE). These
projects go under the general name of
ALITE, and will be described later in 
the article.

(Above) Global city lights, November 27, 2000. The eastern United States, Europe
and Japan are brightly lit by their cities, while the interiors of Africa, Asia, Australia
and South America remain (for now) dark and lightly populated. [Image by Craig
Mayhew and Robert Simmon, NASA Goddard Space Flight Center (GSFC). 
Based on data from the Defense Meteorological Satellite Program (DMSP).] 

(Inset) Graduate student Yoshi Aiura and professor James Lawler adjusting a vacuum
UV absorption experiment involving Hg atoms and ions in an Icetron lamp (see 
p. 25). This particular experiment, the most recent, features a lamp with no 
phosphor and uses radiation from the Aladdin Storage Ring at the Synchrotron
Radiation Center in Stoughton, Wisc. [The experiment is supported by the NSF,
Ushio Inc. and Osram Sylvania.] 



1852
Stokes discovers
UV excitation of
fluorescence and
gives name to
phenomenon.

The story so far
The story of man’s harnessing of artificial
light spans 20 millenia. Progress from
primitive oil lamps that used animal fat
or fish oil to more sophisticated portable
oil lanterns proceeded slowly to the end
of the Middle Ages. The Industrial
Revolution and the need for lighting in
factories and mines triggered a parallel
revolution in lighting, leading to marked
improvements in oil lamps, the introduc-
tion of gas lighting and finally to the
development of electric lamps, which
started in the late 19th century and con-
tinues today.

In London in 1802, Sir Humphry
Davy demonstrated that metal wires 
glow when an electric current is passed
through them. But it was not until 1879
that Thomas Edison in the United States
and Joseph Swan in England were able to
produce the world’s first practical incan-
descent bulb—a lamp which burned for
just 40 hours. The filaments were made
by burning carbon thread. In the space 
of two years, Lewis Latimer, an African-
American who was the son of slaves, had
found a way to make long-lived carbon
filaments suitable for use in commercial
lamps. The electric lighting revolution
was underway.

Improvements in the efficiency of
incandescent lamps continued into the
1930s, when the tungsten coiled-coil fila-
ments still in use today were introduced.
But the real advances in lighting effi-
ciency were made with the development
of gas discharge lamps, in which light is
produced when an electric current is

passed through a gas. In his experiments
on electricity around 1802, Humphry
Davy discovered the carbon arc. In 1808,
he demonstrated a lamp in which an elec-
tric current that passed between carbon
electrodes in air produced a bright glow
on the electrode. Later investigations,
performed throughout the 19th century,
concentrated on gases in which the atoms
and molecules themselves emitted light.
A major breakthrough was achieved with
the introduction of mercury vapor. The
mercury atom is an excellent radiator,
with emissions in the ultraviolet (UV)
and the visible spectrum. The discovery
in 1924 of phosphors to convert the UV
emitted from low pressure (a few milli-
torr) mercury vapor to visible light led
directly to the introduction of the fluo-
rescent lamp in 1936.

Around that time, compact light
sources (a few centimeters in length) con-
taining mercury vapor at pressures of
1 atmosphere and above were found to be
efficient sources of visible radiation, albeit
predominantly green. These high intensity
discharge (HID) lamps became popular
for outdoor lighting. The addition of
sodium, which emits mainly in the yellow,
led to the high pressure sodium lamp,
while the addition of metal iodide salts in
the 1960s produced light sources with a
very high quality “white light.” These
metal halide lamps can operate at very
high power (1,000 watts or more) and are
ideal for outdoor lighting, particularly of
sports stadiums; today, lower wattage
metal halide lamps are finding more and
more applications indoors.

Efficiency and the quality 
of light production
Any discussion of lighting efficiency 
must be considered in the context of
the application for which it is intended.
The lamps we use to light our homes,
offices and streets must provide an envi-
ronment that allows us to perform our
daily activities comfortably and effi-
ciently. Most indoor applications
require a light source that emits as
broad a spectrum of wavelengths as
daylight. Although the demand for
“white light” is not as severe for outdoor
lighting as it is for indoor, at night we
still require objects outside to be clearly
visible, a factor which again limits our
choice of light source. The lighting
industry has developed a number of
standard definitions to help us choose
the appropriate lighting source.

The efficiency of a lamp in producing
light is determined by its luminous effi-
cacy, which is a measure of the photopic
response (i.e., the response in bright
viewing conditions) of the average eye 
to light over the visible spectra [380 nm
(violet) to 780 nm (red)]. The eye’s
response is a maximum for green light at
a wavelength of 555 nm; 1 watt of radi-
ated power at this wavelength is defined
as 683 lumens. The spectrum of any
light source may thus be measured and
combined with the photopic response
curve to provide a total lumen output
for the lamp. Luminous efficacy, mea-
sured in lpw, is the number of lumens
produced by a lamp per watt of electri-
cal power required to run it.
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20,000 B.C.
First primitive
oil lamps 
(animal fat,
fish oil, 
whale oil).

3000 B.C.
Candles in
use in Egypt
and Crete.

ca 1810
Gas lighting
introduced
for street 
illumination.

ca A.D. 1650 
Invention of oil
lantern. First
street lighting.

ca 1780
Industrial 
revolution—
significant
improvements 
to oil lamps.

1802
Sir Humphry
Davy in London
discovers electri-
cal incandes-
cence and
demonstrates
carbon arc.

A  L I G H T I N G  T I M E L I N E

Davy at age 23.

Oil lantern.

Gas street lamp.

Bronze oil lamp,
before A.D. 1000. 
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A world in which all lamps were green
might provide the most efficient illumi-
nation but it would be a joyless environ-
ment, with only green and black to
distinguish objects from each other.
The most efficient light source currently
available is the low-pressure sodium
lamp, which can have a luminous effi-
cacy of up to 200 lpw, about 12 times
that of a regular incandescent bulb, but
its yellow color makes it suitable only 
for limited outdoor applications.

The appearance of the light produced
by a lamp is measured by the correlated
color temperature (CCT), which is the
temperature of the blackbody the visual
color of which most closely represents
that of the lamp. “Natural” light gener-
ally refers to daylight, which has a CCT
of 5,000 K to 7,500 K. Lamps with a low
CCT accentuate the red colors in the
spectrum and are referred to as “warm,”
while lighting with a high CCT accentu-
ates the blue and is referred to as “cool”
—a case in which our psychological per-
ception of warmth runs exactly counter
to the concept of temperature.

The color rendering index (CRI) of
a light source is a measure of the relative
consistency with which it reproduces the
colors it illuminates. CRI is obtained by
measuring the degree of change in the
apparent colors of standardized pig-
ments perceived when they are illumi-
nated by the source in question, in
comparison to their apparent colors
when they are illuminated by a standard
light source of matching CCT. For color
temperatures less than 5,000 K, the ref-

erence source is a blackbody, while for
color temperatures greater than 5,000 K,
it is daylight.

To put these quantities into perspec-
tive, a 60 watt incandescent bulb is lim-
ited to about 17 lpw, with CRI close to
100 and CCT of 3,000 K; linear fluores-
cent lamps at a rated power of 40 watts
have luminous efficacies of 80 to 100 lpw,
with CRI between 60 and 85 and a range
of CCT from 3,000 K to 6,000 K, depend-
ing on the phosphors used; 40 watt metal
halide lamps produce 85 lpw with around
80 CRI and CCT of 3,000 K.

The choice of a light source for a par-
ticular application thus depends on a
number of factors which involve our 
perception of the world around us. The
image on p. 25, which shows a glass jar
and some fruit illuminated by three dif-
ferent fluorescent lamps, illustrates some
of these subtleties. All the lamps have a
CRI of 85 but their CCT are 3,000 K
(warm), 3,500 K (medium) and 4,100 K
(cool).

The energy equation
The United States is the largest per capita
consumer of electricity in the world and
lighting contributes 22 percent to overall
national usage. By far the biggest user 
of electrical energy for lighting is the
commercial sector (51 percent), followed
by residential (27 percent), industrial 
(14 percent) and outdoor (8 percent).
Clearly, an energy saving policy which
concentrates on total electricity 
consumption should emphasize the
commercial sector. Yet although the 

residential sector uses about half as much
energy for lighting as the commercial sec-
tor does, residential users put maximum
strain on the grid in the early evening,
when peak demand might exceed supply
and cause brownouts—hence the incen-
tives in some states for consumers to
replace incandescent bulbs with more
efficient compact fluorescent lamps.

Of the 7 billion electric lamps
installed in buildings in the United States,
4.4 billion are incandescent, 2.5 billion
are fluorescent and about 100 million are
HID lamps. (An additional 150 million
HID lamps are installed outdoors.) The
distribution of these lamp types varies
between sectors. Although 63 percent of
commercial lighting is currently fluores-
cent, a surprisingly large 32 percent is
incandescent (and it supplies a mere 
8 percent of the total lumens produced).
Residential lighting is overwhelmingly
incandescent: the common light bulb is
relatively inexpensive to buy and provides
attractive light; the real energy costs are
hidden from the consumer searching the
supermarket shelves.

In a recent report, DOE projected that
through 2025, lighting will remain the
most important individual end use of
electricity in the commercial sector.
Energy use for lighting is projected to
increase by about 1.6 percent a year, due
largely to an increase in building floor
space, from 70.2 million square feet in
2001 to a projected 101.1 million square
feet in 2025. This as growth in lighting
requirements is expected to outpace the
adoption of more energy efficient light-
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1881
Lewis Latimer
patents long-lived
carbon filaments.

1879 
Thomas Edison in
the United States
and Joseph Swan in
the United Kingdom
demonstrate the first
incandescent lamp
using carbon thread; 
it lasts 40 hours.

1901 
First practical low
pressure mercury
lamp–Peter
Cooper-Hewitt.

1913 
Incandescent
bulbs with tung-
sten filaments
reach 12 lpw.

Latimer and (left) his
incandescent lamp.

Edison in his lab and (right) 
his incandescent lamp.



ing systems—unless a major break-
through in lighting efficiency can be
achieved.

Research and development
All the major lighting companies con-
duct large-scale research and develop-
ment activities. As can be seen from the
timeline, the last major innovations in
the lighting industry were the introduc-
tion of metal halide lamps in the 1960s
and compact fluorescent lamps in the
1980s. In recent years, lighting research
has led to a modest, but steady, increase
in lamp efficacy; each 1 percent improve-
ment means a proportionate energy 
saving for lighting use.

The investment costs involved in seek-
ing major advances in energy efficient
lighting are large and the risks are high, a
fact that places a prohibitive burden on
single lighting companies. In 1992, the
Electric Power Research Institute (EPRI),
based in Palo Alto, Calif., initiated a series
of discussions with the major lighting
companies to address this issue. It was
concluded that a fundamental break-
through could best be achieved by
including specialists from outside the
lighting industry. This eventually led to a
co-funding agreement, ALITE-I, between
Osram Sylvania and EPRI, which com-
menced in 1997 and issued its final
report in 2001. The project included
physicists at the University of Wisconsin,
the New York Polytechnic University,
the National Institute of Standards and
Technology (NIST) and Los Alamos
National Laboratory.

ALITE-I
ALITE-1 focused on the commercial
building sector, where fluorescent light-
ing is dominant. The initial goals were
to provide fundamental data for use in
improving the next generation of fluo-
rescent lamps and to investigate new
and potentially more efficient replace-
ment light sources.

In a fluorescent lamp, typically 50 
to 60 percent of the electrical power is
converted to UV radiation by mercury
atoms. More than half the power con-
tained in this UV radiation is lost when
it is converted to visible light, since for
each energetic UV photon which strikes
the phosphor, only one visible photon,
of much lower energy, emerges. The
resulting overall efficiency of converting
electric power to visible light is about 
25 percent, most of the remainder being
wasted in heating the lamp surface.

A number of complex atomic pro-
cesses, not all of them completely under-
stood, are responsible for transforming
electrical energy into radiation in a fluo-
rescent lamp. Through the multidisci-
plinary skills of the ALITE-1 team, a
significant amount of new data—both
experimental and theoretical—has 
been obtained, and it can be applied to
numerical models to help improve the
efficacy of fluorescent lamps. New cross
sections for some of the important
atomic processes were calculated and
measured. An extensive modeling and
experimental program was developed to
study the way in which radiation is trans-
ported through lamps. Finally, special

lamps were designed and built to enable
an extensive series of diagnostics to mea-
sure all the important physical properties
of the discharges.

Much of the experimental and theo-
retical research in the project was con-
ducted by professor James Lawler’s 
group at the University of Wisconsin at
Madison. The experiments were con-
ducted on a specially constructed version
of the Icetron* lamp. (Icetron lamps,
which operate on a radio frequency of
250 kHz, do not require electrodes.
This method allows fluorescent lamps 
to be run at higher power with longer
lifetimes.)

Lawler, who has been at the forefront
of lighting research for more than two
decades, is a firm believer in close col-
laboration with industry. “By working
with industry, we get to understand
some of their problems more clearly 
and they benefit by exposure to the 
latest experimental and theoretical 
techniques,” he says.

Researchers associated with ALITE-1
also investigated the possibility of replac-
ing mercury with barium in fluorescent
lamps. Barium atoms and ions both
radiate strongly in the visible part of the
spectrum, thus eliminating energy losses
in the phosphor. However, after an
exhaustive experimental and modeling
program, it was concluded that the frac-
tion of visible light produced in these 
discharges was too small for the desired
gain in efficacy to be achieved.
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(Above) LED 
backlight; 
(Left) LED 

traffic signal. 
These LEDs 

consume less power
and last longer than 
traditional lighting.

Sample compact
flourescent lamps.

Typical HID lamps.

1924
Discovery of 
phosphors to convert
UV to visible light.

1932
Low pressure sodium
lamp developed.

1980
Introduction of com-
pact fluorescent lamps.

1936
Demonstration
of first fluores-
cent lamp.

1961
First metal halide
lamp patented.

1965
High
pressure
sodium
lamp
devel-
oped.

2020?
• More efficient

phosphors 
• New molecular

radiators 
• LEDs for 

general 
lighting
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*Icetron is a registered trademark of Osram Sylvania.
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ALITE-II
The current phase of ALITE research,
called ALITE-II, was begun in 2002 and 
is scheduled to run until 2005. Whilst
Osram Sylvania digests the results of
ALITE-I and applies them to its own
lamp development, the mantle of
ALITE-II has been taken up by Philips
Lighting. Professor Lawler’s group is
again leading the experimental program,
with support from NIST and Los Alamos.

During 2002, ALITE-II research iden-
tified previously unexplored molecular
discharges that show great promise as
efficient, environmentally friendly light
sources. During 2003 and 2004, ALITE-II
will investigate the source of infrared
losses in high intensity discharge (HID)
lamps and devise ways to minimize these
losses to increase HID-lamp efficiency.

The future
Is there a real chance that significant
advances in efficient lighting will be
made in the next 20 years? T. J. Glauthier,
president and chief executive officer of
EPRI’s Electricity Innovation Institute
(E2I) certainly thinks so. “The potential
economic, social, and environmental
benefits of doubling the efficiency of cur-
rent light sources would be significant
and wide ranging,” he said in a recent
interview. “The technologies under study
in ALITE could offer efficacies of 200
lumens per watt. Achievement of this
degree of lighting efficiency could

improve human productivity, slow the
rate of increase of electric power con-
sumption, avoid or defer the need for
new generating capacity and slow the
growth in greenhouse gas emissions.”

The task for the research community
is to turn this potential into reality.
Before it can happen, there are some 
substantial hurdles to be overcome.

The hope remains that a more effi-
cient emitter of visible radiation might be
found. The periodic table has been virtu-
ally exhausted for new atomic radiators,
while molecular radiators are complex
systems in which much of the available
energy is stored in bands which do not
radiate. The challenge is to find an inno-
vative way to significantly reduce the
energy lost in this way.

Alternatively, the discovery of a
“quantum splitting” phosphor, in which
one photon of UV radiation would be
converted into two photons of visible
light, would double the luminous efficacy
of fluorescent lamps. This is an active
area of research, supported by DOE,
although the means of achieving this goal
remain unclear.

Semiconductor light emitting diodes
(LEDs) also have the potential to provide
a long term solution to the need for more
efficient lighting. LEDs are already widely
used for traffic lights and brake lights on
cars, since their efficacy in producing red
light is about 60 lpw. Currently, “white
light” LEDs operate at approximately 20
lpw; the industry hopes to achieve 50 lpw

by 2005 and 150-200 lpw by 2010-2015.
This increase in efficacy is being driven
by improvements in the design of the
light-producing chip to limit the amount
of light which is trapped inside the
wafer before it can escape to the surface
and contribute to the light emitted by 
the LED.

The major hurdles to be overcome if
LEDs are to make significant penetration
into the general lighting market are
related to cost and thermal management.
In the United States, a typical 60 watt
incandescent bulb that produces 900
lumens costs about $1, roughly the same
as a 5 mm LED that produces 0.6 lumens.
A general light source would require
arrays of multiple LEDs in a relatively
small area, which would present severe
technological challenges in terms of
removing the excess heat and in the
design of the electrical circuits to run the
lamps. If these problems can be solved,
however, optimistic predictions suggest a
50 percent market penetration by 2025
(for “white light” LEDs).

Collaborative programs such as
ALITE, along with investments in inno-
vation, are clearly important to ensuring
that the lights around the world keep
burning in the century ahead. The chal-
lenge has been accepted and the first
steps are well underway.

Graeme Lister (graeme.lister@sylvania.com) is a
senior scientist at the Osram Sylvania Lighting
Research Center, Beverly, Mass. 
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Photographs of three jars show the effect of color temperature: (a) warm, (b) mid-range and (c) cool lighting.

(a) (c)(b)

Tell us what you think: http://www.osa-opn.org/survey.cfm
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